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Immunohistochemistry-quantified EGFR mutant protein
expression percentage outperforms next-generation
sequencing-derived mutational abundance for predicting
tyrosine kinase inhibitor efficacy in non-small cell lung cancer
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Abstract. Epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitors (TKIs) are the standard first-line therapy
for EGFR-mutant non-small cell lung cancer (NSCLC), yet
treatment efficacy varies widely among patients. The aim of
the present study was to investigate the correlation between
immunohistochemistry (IHC)-quantified EGFR mutant
protein expression percentage (MPEP) in tumour tissue and
EGFR-TKI efficacy, as well as the clinical predictive value
of this mutation percentage. The present retrospective study
included 50 patients with NSCLC with EGFR exon 19 deletion
or leucine-to-arginine substitution at codon 858 mutations who
received EGFR-TKI treatment. IHC was performed to quantify
the percentage of EGFR-mutant tumour cells, and the asso-
ciation between this mutation percentage and progression-free
survival (PFS), overall survival (OS) and objective response
rate (ORR) was analysed. The median [HC-MPEP was
51.18%, with an overall ORR of 50% in the cohort. Receiver
operating characteristic curve analysis identified 52.66% as
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the optimal cut-off value for efficacy prediction. Patients in
the high mutation percentage group (=52.66%; n=24) had a
significantly longer median PFS (21.0 vs. 8.5 months; P<0.05)
and OS (30 vs. 18 months; P=0.023), as well as a higher ORR
(70.8 vs. 30.7%; P=0.004), compared with the low mutation
percentage group. The EGFR mutation percentage was
confirmed as an independent prognostic factor for PFS (hazard
ratio=0.946; 95% confidence interval, 0.927-0.966; P<0.001).
Therefore, IHC-MPEP is a reliable quantitative method that
can effectively predict EGFR-TKI efficacy and survival benefit
in patients with EGFR-mutant NSCLC.

Introduction

Lung cancer remains the leading cause of cancer-related
mortality worldwide (1,2), with a particularly heavy disease
burden in China, where incidence and mortality continue to
rise. In 2022, lung cancer in China accounted for 22.0% of all
new cancer cases (n=1,060,600) and 28.5% of all cancer-related
mortalities nationwide (3,4). Non-small cell lung cancer
(NSCLC) accounts for 85% of all lung cancer cases, primarily
comprising lung adenocarcinoma (LUAD) and lung squamous
cell carcinoma subtypes, and is frequently diagnosed at advanced
stages that are not amenable to surgical resection (5). EGFR
mutations, which are detectable in 15-20% of patients with
NSCLC, predominantly in LUAD among Asian females and
never-smokers (6,7), are key oncogenic drivers of NSCLC (8).

EGFR tyrosine kinase inhibitors (TKIs) inhibit EGFR
tyrosine kinase activity, thereby suppressing the down-
stream RAS-RAF-MEK-ERK proliferative pathway and
PIBK-AKT-mTOR pro-survival pathway (9). These agents block
ligand-dependent signal initiation and inhibit tumour growth
at the molecular level. Clinically, EGFR-TKIs provide mark-
edly superior progression-free survival (PFS) compared with
conventional chemotherapy. For example, osimertinib achieves
a PFS of 18-19 vs. 5-6 months with chemotherapy (10-12),
establishing EGFR-TKIs as the standard first-line therapy for
advanced EGFR-mutant NSCLC (13).
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Beyond the canonical RAS-RAF-MEK-ERK and
PI3K-AKT-mTOR cascades, emerging evidence highlights
the involvement of additional signalling axes, such as the
JAK-STAT, Wnt/B-catenin and Notch pathways, in medi-
ating tumour progression and treatment resistance (14-17).
These pleiotropic mechanisms underscore the complexity of
EGFR-driven oncogenesis and the need for comprehensive
biomarker strategies that integrate protein-level quantification
with genomic profiling.

Despite these therapeutic advances, major challenges
remain in predicting EGFR-TKI efficacy. First-line EGFR-TKI
therapy exhibits marked heterogeneity in PFS (18), with some
patients achieving durable long-term remission, while others
experience rapid disease progression (19). This variability is
partially attributed to intratumoural heterogeneity, character-
ised by the coexistence of tumour clones harbouring driver
and non-driver mutations (20,21). This phenomenon may be
closely related to the percentage of EGFR-mutant tumour
cells, which can be quantified using immunohistochemistry
(IHC) analysis. A higher mutation percentage likely indicates
more robust activation of the EGFR signalling pathway and
reduced tumour heterogeneity. By contrast, a lower mutation
percentage may reflect compensatory activation of wild-type
EGFR or aberrant activation of alternative bypass pathways,
such as MET proto-oncogene, receptor tyrosine kinase (MET)
amplification, thereby compromising TKI efficacy (22,23).
Current bulk next-generation sequencing (NGS), the standard
clinical method for EGFR mutation detection, provides only
indirect estimates of average mutation allele frequency across
the entire tumour specimen and fails to resolve the spatial
and temporal dynamics of clonal evolution during EGFR-TKI
therapy (24). Importantly, the impact of the percentage
of EGFR-mutant tumour cells within the tumour micro-
environment on TKI efficacy remains poorly characterised.

IHC is a reliable method as it enables direct cellular
quantification and spatial localisation of mutant EGFR protein
with high specificity, sensitivity and morphological correla-
tion (25). Accordingly, the present study aimed to quantify the
percentage of EGFR-mutant tumour cells in NSCLC tissue
samples using mutation-specific IHC and to investigate the
correlation between this IHC-quantified EGFR mutant protein
expression percentage (MPEP) and EGFR-TKI efficacy, as
well as its clinical value as a predictive biomarker in patients
with EGFR-mutant NSCLC.

Materials and methods

Clinical information. The present study was a retrospective,
non-interventional study using de-identified clinical data and
archived pathological specimens. A total of 50 patients with
pathologically confirmed NSCLC were included. All patients
received EGFR-TKI treatment at the People's Hospital of
Xiangxi Tujia and Miao Autonomous Prefecture (The First
Affiliated Hospital of Jishou University Medical College),
Xiangxi, China, between February 2016 and October 2024.
These patients harboured NGS-confirmed EGFR mutations
(L858R or Dell9) in their pretreatment tumour specimens.
Formalin-fixed paraffin-embedded (FFPE) tumour specimens
were obtained from the Department of Pathology of the
People's Hospital of Xiangxi Tujia and Miao Autonomous

Prefecture. Notably, only 24 of the 50 patients underwent
valid NGS assessment of EGFR mutation abundance. The
remaining 26 patients were excluded from NGS-related
analyses because of insufficient residual tumour tissue for
NGS library construction, failed NGS testing or low tumour
cellularity. The NGS subgroup comprised patients with valid
THC results and complete NGS-derived EGFR mutation abun-
dance data, whereas patients with unavailable NGS reports or
inadequate specimen quality were excluded.

Objective tumour responses were assessed every 8 weeks
using chest and abdominal computed tomography, brain
magnetic resonance imaging and routine laboratory investiga-
tion, in accordance with the Response Evaluation Criteria in
Solid Tumors (RECIST) version 1.1 (26). PFS was defined as
the interval between EGFR-TKI initiation and radiographi-
cally confirmed disease progression or death from any cause,
whichever occurred first. Overall survival (OS) was defined as
the interval between EGFR-TKI initiation and death from any
cause. ORR was calculated as the percentage of patients who
achieved a complete response (CR) or partial response (PR).

IHC for EGFR L858R or Dell9 expression. All tissue speci-
mens were routinely fixed in 10% neutral buffered formalin
(pH 7.4) and processed into FFPE blocks according to stan-
dard clinical pathology protocols. For routine paraffin section
processing, 5S-um-thick sections were first deparaffinised in
xylene (2x10 min) and rehydrated through a graded ethanol
series, then rinsed in distilled water. Antigen retrieval was
then performed using citrate buffer (pH 6.0; cat. no. ZLI-9065;
ZSGB-BIO, Beijing, China) in a pressure cooker at 121°C
and 103 kPa for 3 min. After cooling to room temperature
for 30 min, endogenous peroxidase activity was blocked by
incubating sections at room temperature for 15 min with 3%
H,0, in methanol, freshly prepared by diluting 30% H,0O,
with methanol at a 1:9 (v/v) ratio. Sections were washed three
times with PBS (5 min per wash) and blocked with 5% BSA
(cat. no. B2064; MilliporeSigma) in PBS at 37°C for 30 min to
minimise non-specific binding.

Immunostaining was performed using the UltraPATH
fully automated IHC stainer (ZSGB-BIO, Beijing, China). The
primary antibodies used were anti-EGFR L858R monoclonal
antibody (cat. no. 26082; Wuhan NewEast Biosciences Co.,
Ltd.) and anti-EGFR exon 19 deletion (Del19, E746-A750del)
monoclonal antibody (cat. no. 26235; Wuhan NewEast
Biosciences Co., Ltd.). Both antibodies were diluted 1:100 and
incubated with tissue sections overnight at 4°C. Normal lung
tissue known to express wild-type EGFR served as a negative
control to verify the specificity of the mutation-specific anti-
bodies. Quantitative analysis of IHC staining was performed
using ImagelJ (version 1.53k; National Institutes of Health),
and the percentage of positively stained area (DAB-positive
region) was calculated for each specimen. Each THC run
included a blank control in which the primary antibody was
omitted to verify the specificity of the secondary antibody and
detection system.

The sections were equilibrated to room temperature for
30 min and washed three times with PBS (5 min per wash). A
reaction enhancement solution (cat. no. ZLI-9030; ZSGB-BIO,
Beijing, China) was applied, and sections were incubated
at 37°C for 40 min. After three PBS washes, HRP-conjugated
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goat anti-mouse IgG secondary antibody (cat. no. ZLI-9028;
ZSGB-BIO) was applied at 1:200, and sections were incubated
at 37°C for 60 min. After a further wash (PBS, 3x5 min),
chromogenic development was performed using a DAB
kit (cat. no. ZLI-9017; ZSGB-BIO, Beijing, China). Colour
development was monitored under a light microscope and
terminated by immersion in distilled water once the desired
staining intensity had been achieved, typically after 3-5 min.
Sections were counterstained with haematoxylin staining solu-
tion for 90 sec, differentiated with hydrochloric acid-ethanol
ultrafast differentiating solution (cat. no. ZLI-9612; ZSGB-BIO,
Beijing, China) for 1 sec and blued with 1% lithium carbonate
solution. Finally, sections were dehydrated through a graded
ethanol series (70, 80, 95 and 100%; 2 min each), cleared in
xylene and mounted with neutral balsam.

After slide preparation, digital images were acquired using
the Motic Digital Slide Assistant System (MoticEasyScan Pro;
Motic Incorporation, Ltd.). A total of five non-overlapping fields
were randomly selected from each section and imaged under a
20X objective using a DM2500 microscope (Leica Microsystems,
GmbH). ImageJ software was used to quantify the percentage of
positively stained brown-yellow area relative to the total tumour
area in each field. The mean value across the five fields was
calculated and recorded as the final EGFR expression percentage
for each specimen. Positive staining was defined as specific
brown-yellow staining in =10% of tumour cells.

Scoring criteria for EGFR staining intensity. The staining
intensity and positive rate of EGFR mutation-specific THC
were independently evaluated by two trained researchers who
received specific training in IHC scoring under the supervi-
sion of a senior pathologist prior to the study. Both evaluators
were blinded to the patients' clinical information and outcomes.
Any discrepancies were resolved through discussion. Staining
intensity and the positive rate of EGFR mutation-specific IHC
were scored according to the following criteria. Staining inten-
sity was scored as follows: 0, no staining or only non-specific
staining at the target site; 1, light yellow staining; 2, tan-yellow
staining; and 3, brown staining. For positive area scoring, it was
scored as follows: 0, 0-10; 1, 10-50; 2, 50-75 and 3, 75-100%.
The final EGFR staining grade was categorised into four grades
based on the product of the staining intensity and positive rate
scores: Grade 0, O; grade 1, 1-3; grade 2, 4-6; and grade 3, 7-9.

Statistical analysis. PFS was defined as the time from initia-
tion of EGFR-TKI treatment to radiographically confirmed
disease progression or death from any cause. OS was defined
as the time from EGFR-TKI initiation to death from any cause.
ORR was calculated according to the Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1.

All statistical analyses were performed using SPSS 27.0
(IBM Corp.) and R software (version 4.4.1; Posit Software,
PBC.). A two-sided P<0.05 was considered to indicate a
statistically significant difference. The normality of contin-
uous variables was assessed using the Shapiro-Wilk test.
Between-group comparisons of normally distributed contin-
uous variables were performed using the independent-samples
Student's t-test, whereas the Mann-Whitney U test was used
for non-normally distributed data. Spearman's rank correla-
tion analysis was performed to assess associations between
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EGFR mutation metrics and clinical outcomes. For multiple
comparisons, the Benjamini-Hochberg false discovery rate
(FDR) method was applied, and adjusted P-values <0.05 were
considered statistically significant. PFS and OS were estimated
using the Kaplan-Meier method and compared between groups
using the log-rank test. Patients alive at the final follow-up
were censored. Univariate and multivariable Cox proportional
hazards regression analyses were performed to identify inde-
pendent prognostic factors. For the univariate Cox analysis,
IHC-MPEP was dichotomized into high (=52.66%) and low
(<52.66%) groups based on optimal cut-off value determined
by the Youden index via ROC curve analysis, with the low
group as the reference. A multivariable Cox proportional
hazards regression model was constructed using the Enter
method, with IHC-MPEP treated as a continuous variable
(per 1% increase) and adjusted a priori for smoking status,
brain metastases and EGFR mutation subtype. The propor-
tional hazards assumption was evaluated using Schoenfeld
residual tests. Observed statistical power for the two-group
log-rank test was estimated using the asymptotic Schoenfeld
approximation (27) (Table SI).

Results

Clinical data. Of the 50 enrolled patients, the median age was
60 years (range, 38-85 years), 33 were female (66%) and 33
were never-smokers (66%). All patients had pathologically
confirmed LUAD (100%). According to the 8th edition of
the TNM staging system (28), 43 patients (86%) had stage IV
disease, and 7 patients (14%) had stage I1I disease at baseline
(EGFR-TKI initiation). Baseline brain metastases were present
in 15 patients (30%). Regarding EGFR mutation subtypes,
33 patients (66%) harboured Dell9 mutations, whereas
17 patients (34%) harboured L858R mutations.

Objective tumour response was assessed in all 50 patients
according to RECIST version 1.1. No patient achieved a CR,
whereas PR, stable disease (SD) and progressive disease
were observed in 25 (50%), 22 (44%) and 3 (6%) patients,
respectively. The ORR was 50% (25/50). The median PFS for
the entire cohort was 13.0 months, and the median OS was
23.0 months. Regarding EGFR-TKI treatment, most patients
received first- or second-generation TKIs (n=39, 78.0%;
including icotinib, gefitinib and erlotinib), whereas 11 patients
(22.0%) received third-generation TKIs (osimertinib or
aumolertinib). Although various EGFR-TKIs were admin-
istered, the distribution of specific agents was skewed (for
example, erlotinib, n=1). Therefore, statistical comparisons
were not performed between individual agents (Table I).

EGFR monoclonal antibody LS58R and Dell9 IHC staining
results. A total of 50 pathological specimens were used for
THC analysis of EGFR mutation percentage using L858R- and
Del19-specific monoclonal antibodies. In these specimens,
mutant EGFR protein was predominantly localised to the
cytoplasm and cell membrane, and adjacent non-neoplastic
cells (including stromal cells and normal lung epithelial cells)
showed no positive staining. All 50 patients had NGS-verified
EGFR L858R or Dell19 mutations in their pretreatment tumour
specimens. However, valid NGS-derived mutation abundance
data were available for only 24 patients because of insufficient
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Table I. Patient characteristics (n=50).

Percentage
Characteristics Value of patients
Age, years
Median 60 -
Range 38-85 -
Sex
Male 17 34
Female 33 66
Smoking status
Never smoker 33 66
Former/current smoker 17 34
Types of EGFR mutations
Exon 19 deletion 33 66
Leucine-to-arginine substitution 17 34
at codon 858
TNM stage
v 43 86
I 7 14
Brain metastases
Brain metastases 15 30
No brain metastases 35 70
Line of TKI therapy
First 43 86
Second, third 7 14
EGFR-TKI drug type
First-generation: Icotinib, Gefitinib 39 78
or Erlotinib
Third-generation: Osimertinib and 11 22
aumolertinib
EGFR-TKI efficacy
Complete remission 0 0
Partial remission 25 50
Stable disease 22 44
Progressive disease 3 6

TKI, tyrosine kinase inhibitor.

residual tumour tissue for NGS library construction, failed
NGS analysis or low tumour cellularity. Positive and negative
staining regions coexisted within the same tissue sample, and
the proportion of positive staining varied among samples.
These findings indicated that mutant and non-mutant clones
coexisted within the same patient and that the proportion of
EGFR mutations varied among patients. IHC staining showed
concordance between these mutation-specific antibodies and
NGS testing for detecting EGFR Dell9 and L858R mutations
in this cohort. Representative results are shown in Fig. 1.

Comparison of IHC-detected EGFR mutation percentage,
NGS-derived mutational abundance and traditional IHC
staining scoring. Using FFPE tumour tissue sections from
24 enrolled patients with confirmed EGFR Dell19 or L§58R

mutations, a paired comparative analysis was performed using
three EGFR mutation quantification metrics: IHC-quantified
EGFR mutation percentage, NGS-derived EGFR mutation
abundance and conventional IHC staining intensity score. THC
quantification was performed using an EGFR L858R-specific
mouse monoclonal antibody and a Dell9-specific mouse
monoclonal antibody.

Between-metric difference analysis. Before application
of the paired-samples Student's t-test, the normality of differ-
ences between paired measurements was assessed using the
Shapiro-Wilk test. Subsequently, a paired-samples Student's
t-test was performed to compare IHC-detected EGFR muta-
tion percentage with NGS-derived mutation abundance.
The results showed that the IHC-detected EGFR mutation
percentage was significantly higher than the NGS-derived
mutation abundance, with a mean difference of 14.949% [95%
confidence interval (CI), 4.247-25.651; t=2.738; degrees of
freedom (df)=23]. The mean IHC-detected EGFR mutation
percentage was 42.05%, whereas the mean NGS-derived
mutation abundance was 27.101%.

Inter-method consistency analysis. Bland-Altman analysis
was performed to evaluate quantitative agreement between
IHC-detected EGFR mutation percentage and NGS-derived
mutation abundance. The mean difference between the two
metrics was 14.949 (95% CI, 4.247-25.651), with wide 95%
limits of agreement (LoA) ranging from -37.479-67.377. The
repeatability coefficient was 59.099 (Table SII). These wide
95% LoA values indicated substantial systematic bias between
the two methods, suggesting that they should not be used
interchangeably for absolute quantification of EGFR mutation
burden in clinical practice (Fig. 2).

Rank consistency analysis of multiple mutation metrics.
Kendall's W test was performed to assess rank concordance
among the three mutation-related metrics: IHC-detected
EGFR mutation percentage, NGS-derived mutation abundance
and THC staining intensity score. The analysis demonstrated
a significant, moderate level of concordance among the three
metrics (W=0.771; y*=37; Table SIII).

These findings indicate that, although NGS-derived muta-
tion abundance and IHC-quantified mutant protein expression
exhibited significant rank-order concordance, substantial
systematic bias existed between the two measures, rendering
their absolute quantitative values non-interchangeable.
Therefore, NGS-derived mutation abundance should not
be interpreted as a direct surrogate for the proportion of
EGFR-mutant tumour cells measured by THC.

Correlation between EGFR mutation percentage and
survival outcomes. The Shapiro-Wilk test was used to assess
the normality of THC-detected EGFR mutation percentage,
NGS-derived EGFR mutation abundance, PFS and OS. The
results showed that IHC-detected EGFR mutation percentage
and NGS-derived EGFR mutation abundance were normally
distributed, whereas PFS and OS were not (Table SIV).
Accordingly, Spearman rank correlation analysis was
performed to evaluate the association between each EGFR
mutation metric and clinical survival outcomes. After
Benjamini-Hochberg FDR correction for multiple comparisons,
IHC-detected EGFR mutation percentage remained signifi-
cantly positively associated with PFS (Spearman's p=0.710).
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Figure 1. Representative IHC staining and corresponding quantitative analysis of EGFR mutant-specific proteins in non-small cell lung cancer tissues. The
columns represent staining intensity grades: Grade 0, negative control using normal lung tissue, showing no mutant EGFR expression; Grade 1, weak;
Grade 2, moderate; and Grade 3, strong. The first and third rows show representative IHC images of EGFR del E746-A750 and EGFR L858R mutant
proteins, respectively, while the second and fourth rows show their corresponding quantitative analysis images generated in ImageJ, where red areas represent
positively stained regions (EGFR mutant protein expression). The normal lung tissue negative control shows 0% positive area, confirming the specificity
of the mutant-specific antibodies and ruling out cross-reactivity with wild-type EGFR. Scale bar, 200 ym. EGFR, epidermal growth factor receptor;
THC, immunohistochemistry; L858R, leucine-to-arginine substitution at codon 858.
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Figure 2. Bland-Altman plot comparing IHC-quantified EGFR mutant protein expression percentage and next-generation sequencing-derived mutation abun-
dance. The solid line indicates the mean difference, and dashed lines indicate the 95% limits of agreement. IHC, immunohistochemistry; SD, standard
deviation.
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However, its association with OS was no longer statistically
significant following FDR correction (Spearman's p=0.384).
By contrast, NGS-derived EGFR mutation abundance was not
significantly associated with either PFS (Spearman's p=0.106)
or OS (Spearman's p=0.151). Furthermore, IHC EGFR staining
intensity score was significantly associated with IHC-detected
EGFR mutation percentage (Spearman's p=0.588), but not
with NGS-derived mutation abundance (Spearman's p=-0.054;
Table II).

Within the entire cohort, 33 patients (66%) harboured
EGFR Dell9 mutations and 17 patients (34%) harboured
EGFR L858R mutations. The distribution of IHC-detected
EGFR mutation percentage was compared between these two
mutation subtypes. Normality was confirmed for both the
Del19 and the L858R (Table SIV). An independent-samples
Student's t-test showed no statistically significant difference
in mean THC-detected EGFR mutation percentage between
the two groups (Table SV; Fig. 3). These findings suggest
that baseline mutant EGFR protein expression quantified by
[HC is comparable between the two principal classical EGFR
mutation subtypes in the present cohort.

Univariate Cox proportional hazards regression analysis
demonstrated that IHC-MPEP was the only variable signifi-
cantly associated with both PFS (HR=0.19,95% CI: 0.09-0.38)
and OS (HR=0.42, 95% CI: 0.20-0.88), whereas smoking
status, brain metastases and EGFR mutation subtype were not
significantly associated with either outcome (Table SVI). A
multivariable Cox proportional hazards regression analysis was
subsequently performed using the Enter method. IHC-MPEP
was treated as a continuous variable (per 1% increase), with
a priori adjustment for smoking status, brain metastases
and EGFR mutation subtype. The analysis confirmed that
IHC-MPEP remained an independent prognostic factor for
PFS (HR=0.946, 95% CI, 0.927-0.966; Table III). Notably,
when analysed as a continuous variable, IHC-MPEP was not
significantly associated with OS in the multivariable model
(HR=0.988, 95% CI, 0.971-1.005), suggesting a possible
threshold effect rather than a linear association for OS predic-
tion. Schoenfeld residual testing supported the proportional
hazards assumption for IHC-MPEP (PFS, P=0.101; OS). The
present retrospective study did not systematically document
performance status, so it was unavailable for adjustment.

Collectively, the present findings indicate that IHC-based
quantification of EGFR mutation percentage provides greater
predictive value for EGFR-TKI treatment response and
survival outcomes in patients with NSCLC than NGS-derived
mutation abundance or conventional THC staining intensity
scoring. In addition, IHC-MPEP was identified as an indepen-
dent prognostic factor for PFS in patients with EGFR-mutant
NSCLC receiving EGFR-TKI therapy.

EGFR mutation percentage predicts TKI efficacy. The
[HC-detected EGFR mutation percentage showed a statisti-
cally significant positive correlation with ORR (Spearman's
p=0.316), but this association was no longer significant after
FDR correction. By contrast, NGS-derived EGFR muta-
tion abundance showed no significant correlation with ORR
(Spearman's p=0.260; Table II).

Subgroup analysis was subsequently performed in patients
stratified according to their best overall response to EGFR-TKI

Table II. Correlation of multifactorial analysis of assays with the efficacy of EGFR-tyrosine kinase inhibitor.

IHC EGFR staining

Progression-free
survival time, months

intensity score

Objective response rate

Overall survival time, months

P_FDR

pearman's p  P-value

P_FDR S

pearman's p  P-value

pearman's p P-value P_FDR S

P_FDR S

Spearman's p  P-value

Variable

0.012°

0.003¢
0.800

0.588

-0.054

0.066

0.025°
0.220

0.316

0.066

0.033°
0.640

0.384

<0.008*

<0.001*

0.710

IHC EGFR mutation percentage
Next-generation sequencing

0.800

0.352

0.260

0.731

0.623 0.731 0.151

0.106

EGFR mutation abundance

P<0.001, *P<0.05, “P<0.01. P-values were determined using Spearman's correlation analysis. P_FDR values were adjusted for multiple comparisons using the Benjamini-Hochberg procedure.

IHC, immunohistochemistry; EGFR, epidermal growth factor receptor.
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Table III. Multivariable Cox proportional hazards regression analysis of prognostic factors for PFS and OS.

PFS (n=50) 0OS (n=31)
Variable HR (95% CI) P-value HR (95% CI) P-value
IHC-MPEP, per 1% increase 0.946 (0.927-0.966) <0.001* 0.988 (0.971-1.005) 0.162
Smoking status, ever vs. never 1.205 (0.610-2.383) 0.591 0.759 (0.321-1.794) 0.530
Brain metastases, yes vs. no 0.734 (0.368-1.462) 0.379 0.749 (0.295-1.901) 0.543
EGFR mutation subtype, leucine-to-arginine 1.077 (0.551-2.103) 0.828 1.091 (0.440-2.702) 0.851

substitution at codon 858 vs. exon 19 deletion

Multivariate Cox proportional hazards regression analysis was performed using the Enter method, pre-specified to adjust for the clinically
relevant covariates (smoking status, brain metastases and EGFR mutation subtype). IHC-MPEP was treated as a continuous variable (per 1%
increase) to maximize statistical power in the multivariable model. *P<0.001. IHC-MPEP, immunohistochemistry-quantified EGFR mutant
protein expression percentage; HR, hazard ratio; CI, confidence interval; PFS, progression-free survival; OS, overall survival.
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Figure 3. Distribution of IHC-quantified EGFR mutant protein expression
between EGFR Dell9 and L858R subgroups. No significant difference was
observed between groups. IHC, immunohistochemistry; EGFR, epidermal
growth factor receptor; Dell9, exon 19 deletion, L858R, leucine-to-arginine
substitution at codon 858.

treatment (PR vs. SD). The results showed that IHC-MPEP
was significantly higher in the PR group (56.76+14.29%) than
in the SD group (44.01+£22.45%), with a mean difference of
-12.76% (95% CI: -23.507 to -2.005, t=-2.397, df=40.704;
Table SVII).

Spearman's rank correlation analysis was subsequently
performed to evaluate the association between treatment
response metrics (PR/SD) and EGFR mutation quantification
results. The analysis revealed no significant association between
EGFR-TKI treatment response (PR/SD) and NGS-derived
EGFR mutation abundance (Spearman's p=0.211). By contrast,
EGFR-TKI treatment response was significantly and positively
associated with the IHC-detected EGFR mutation percentage
(Spearman's p=0.361).

Optimal cut-off values of EGFR mutation percentage by IHC
and correlation with EGFR-TKI therapeutic efficacy and
clinical prognosis. ROC curve analysis identified 52.66% as
the optimal cut-off value for the IHC-detected EGFR mutation
percentage for predicting EGFR-TKI efficacy, as determined
using the Youden index. The analysis yielded an area under
the curve of 0.724 (95% CI, 0.583-0.865), with a sensitivity

ROC curve
1.0
0.8 #
0.6 |
>
= —
P
()
w 04
\
0.2 4
0 0.2 0.4 0.6 0.8 1.0
Specificity

Figure 4. ROC curve for predicting EGFR-tyrosine kinase inhibitor efficacy
using immunohistochemistry-quantified EGFR mutant protein expression
percentage. The optimal cut-off value was 52.66% (area under the curve,
0.724; 95% confidence interval, 0.583-0.865). ROC, receiver operating
characteristic.

of 72.0% and a specificity of 76.0% (Fig. 4). Patients with
an [HC-detected EGFR mutation percentage =52.66% were
classified as the high mutation percentage group, whereas
those with values <52.66% were classified as the low mutation
percentage group.

The median PFS was significantly longer in the high than
in the low mutation percentage group (21.0 vs. 8.5 months).
Similarly, the median OS was significantly longer in the
high mutation percentage group than in the low mutation
percentage group (30.0 vs. 18.0 months). The overall cohort
ORR was 50.0% (25/50). The ORR was 70.8% (17/24) in the
high mutation percentage group, compared with 30.7% (8/26)
in the low mutation percentage group, representing a signifi-
cant difference between the groups (Fig. 5).

The observed statistical power for the primary PFS
endpoint was 100.0% (50 progression events; HR=0.189; 95%


https://www.spandidos-publications.com/10.3892/ol.2026.15945

8 XIANG et al: EGFR MUTATION PERCENTAGE PREDICTS TKI EFFICACY IN NSCLC

0.8

0.6

0.4

Survival probability

0.2

0 20

A. Number at risk for progression-free survival (PFS) analysis

1 Low IHC-MPEP group
—r1 High IHC-MPEP group

40 60 80

PFS (months)

Number at risk 0 20 40 60 80
Low IHC-MPEP group 26 3 0 0 0
High IHC-MPEP group 24 13 5 2 0
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B. Number at risk for overall survival (OS) analysis
Number at risk 0 20 40 60 80 100
Low IHC-MPEP group 16 7 1 0 0 0
High IHC-MPEP group 15 10 6 1 1 0

Time points are in months. OS analysis included 31 patients with documented death events. Low IHC-MPEP group, n = 16;

High IHC-MPEP group, n = 15.

Figure 5. Kaplan-Meier survival curves stratified by IHC-MPEP. (A) PFS (n=50). (B) OS (n=31). Log-rank test revealed significant differences between
high and low IHC-MPEP groups. IHC-MPEP, immunohistochemistry-quantified EGFR mutant protein expression percentage; OS, overall survival; PFS,

progression-free survival.

CI, 0.094-0.381), substantially exceeding the conventionally
accepted threshold of 80% and confirming adequate statistical
power for the primary endpoint analysis. For the secondary
OS endpoint, observed statistical power was 68.5% (31 death
events; HR=0.416; 95% CI, 0.196-0.884), below the 80%
threshold (Table SI).

Discussion

As precision oncology advances, molecularly targeted
therapy has become a cornerstone of cancer treatment (29).

EGFR, a transmembrane tyrosine kinase receptor, is one of
the best-characterised oncogenic drivers in NSCLC (30).
Its downstream signalling pathways serve pivotal roles in
regulating cancer cell proliferation, differentiation and migra-
tion (31), making EGFR an established therapeutic target
in NSCLC (32). For patients with advanced EGFR-mutant
NSCLC, EGFR-TKIs represent the standard first-line treat-
ment and have consistently improved survival outcomes and
quality of life (33-35). However, substantial interpatient vari-
ability in treatment response and long-term survival remains
an important clinical challenge. Although intratumoural
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heterogeneity is widely recognised as a major contributor to
this variability (20,21), current clinical assessment methods
have important limitations. NGS-derived mutation abundance
can be affected by tumour cellularity, stromal contamina-
tion and necrotic tissue within bulk tumour specimens (24),
whereas conventional semi-quantitative IHC scoring is prone
to interobserver variability and does not adequately reflect
the overall burden of functional mutant EGFR protein (25).
In this context, the present study systematically evaluated the
predictive value of IHC-MPEP for EGFR-TKI efficacy and
performed the first direct comparison of this protein-level
metric, conventional IHC staining intensity scoring and
NGS-derived genomic mutation abundance within the same
patient cohort. IHC-MPEP was an independent prognostic
factor for PFS and showed notable associations with OS and
ORR when patients were stratified using the ROC-derived
optimal cut-off value of 52.66%, suggesting a threshold effect
rather than a purely linear association.

These findings are consistent with several landmark studies
and extend current knowledge on predictive biomarker develop-
ment for EGFR-targeted therapy. In agreement with the pivotal
study by Azuma et al (36), conventional semi-quantitative
[HC staining intensity scores for mutant EGFR were signifi-
cantly associated with PFS in EGFR-TKI-treated NSCLC,
but not with OS. The present study further demonstrated that
continuous digital quantification of mutant EGFR protein
expression can overcome this limitation. [HC-MPEP showed
a strong independent association with PFS, together with
significant threshold-based associations with OS and ORR.
This difference is biologically plausible because conventional
semi-quantitative scoring reflects staining intensity within
individual tumour cells rather than the overall tumour burden
of mutant EGFR protein, whereas IHC-MPEP directly quanti-
fies the expression level of the therapeutic target itself, which is
closely associated to the mechanism of action of EGFR-TKIs.
A marked positive association was also observed between
conventional THC staining intensity scores and IHC-MPEP,
indicating that although both measures reflect mutant EGFR
protein expression, continuous percentage-based quantifi-
cation provides a more comprehensive, reproducible and
prognostically informative assessment of EGFR pathway
activation within tumour tissue.

Similarly, the present findings are consistent with the
landmark study by Zhou et al (37), which reported that higher
NGS-derived EGFR mutation abundance was associated
with prolonged PFS but not with ORR or OS in patients with
NSCLC treated with EGFR-TKIs. The present study extends
these observations by demonstrating that NGS-derived muta-
tion abundance was not significantly associated with any of
the three clinical endpoints in this cohort and showed no
significant correlation with IHC-based protein expression
metrics. This discrepancy may reflect the inherent limitations
of bulk NGS. Bulk sequencing determines the average mutant
allele frequency across all cells within a specimen and may
therefore be influenced by non-tumour cell contamination,
tumour necrosis and low tumour cellularity. In addition, it does
not directly reflect the functional expression level of mutant
EGFR protein, which represents the immediate therapeutic
target of EGFR-TKIs (24). By contrast, IHC-based protein
quantification is performed exclusively within histologically
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confirmed viable tumour regions, thereby minimising these
potential confounding factors. Collectively, these exploratory
findings suggest that genomic- and protein-level quantification
capture distinct biological aspects of EGFR mutation burden.
The observed lack of correlation between the two approaches
indicates that they may provide complementary rather than
interchangeable information for predicting EGFR-TKI
efficacy. Larger prospective studies are warranted to directly
compare their predictive performance.

ROC curve analysis identified 52.66% as the optimal
IHC-MPEP cut-off value for predicting EGFR-TKI efficacy.
This threshold effectively stratified patients into distinct prog-
nostic groups. Patients with IHC-MPEP =52.66% exhibited a
2 .47-fold longer median PFS, a 1.67-fold longer median OS
and more than double the ORR compared with those below
the threshold. Subgroup analyses by treatment response (PR
vs. SD) further supported these findings, showing that higher
IHC-MPEP values were associated with a higher likelihood of
achieving PR and more favourable survival outcomes. Together,
these results suggest that this cut-off may have potential clin-
ical utility for risk stratification beyond a simple prognostic
association. From a biological perspective, these observa-
tions are consistent with the concept of oncogene addiction,
which underpins the therapeutic activity of EGFR-TKIs (38).
These findings further suggest that the degree of oncogene
addiction may relate to the overall burden of mutant EGFR
protein expression within tumour tissue. Higher IHC-MPEP
values indicate that a greater proportion of tumour cells is
driven by mutant EGFR signalling, potentially resulting in
more profound and sustained tumour suppression following
EGFR-TKI treatment. Conversely, lower mutant EGFR protein
expression may reflect greater intratumoural heterogeneity,
with a larger proportion of tumour cells driven by wild-type
EGFR signalling or alternative bypass pathways, such as MET
amplification and fibroblast growth factor receptor dysregula-
tion, which are recognised mechanisms of primary resistance
to EGFR-TKIs (39). These findings complement the estab-
lished association between genomic EGFR mutation status
and EGFR-TKI efficacy by providing a direct protein-level
assessment. Accordingly, I[HC-MPEP may serve as both a
predictive biomarker of EGFR-TKI response and a surrogate
indicator of functional EGFR pathway activation.

The clinical and translational feasibility of this biomarker
represents a major strength of the present study. Validation
using normal lung tissue as a negative control supported the
high specificity of the mutation-specific antibodies, which
showed 0% positive staining area and no detectable cross-reac-
tivity with wild-type EGFR. These findings further support
the reliability of the THC-based quantification approach.
Compared with NGS, IHC-based quantification offers several
practical advantages, including technical simplicity, minimal
requirements for specialised instrumentation and substantially
lower operational costs, estimated at 10-20% of the per-test
cost of NGS. Such advantages facilitate implementation in
resource-limited community and primary care settings and
support the potential utility of IHC-MPEP as a practical tool
for predicting EGFR-TKI response across diverse healthcare
environments. Importantly, the identified threshold may extend
beyond conventional biomarker applications by linking quan-
titative protein assessment to therapeutic decision-making.
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As such, it could support more refined prognostication,
cost-effective implementation of precision oncology and indi-
vidualised treatment selection. Furthermore, given evidence
that patients with EGFR-mutant NSCLC derive limited benefit
from immune checkpoint inhibitor monotherapy (40), this
threshold may help guide initial treatment strategies. Patients
with high IHC-MPEP values may be suitable candidates for
upfront EGFR-TKI monotherapy, particularly older indi-
viduals or those with substantial comorbidity burdens. By
contrast, patients with low IHC-MPEP values may require
closer surveillance and could potentially benefit from more
intensive therapeutic approaches aimed at reducing the risk
of primary resistance, although this hypothesis requires
prospective validation.

Several limitations should be considered when inter-
preting these findings. First, this single-centre retrospective
study involved a relatively small cohort of 50 patients, which
may have introduced selection bias and limited the gener-
alisability of the results. However, the strong independent
association observed between IHC-MPEP and PFS supports
its potential value as a predictive biomarker. Second, for OS,
multivariable analysis treating IHC-MPEP as a continuous
variable showed no significant linear association. This
finding was likely influenced by the relatively small number
of OS events and the resulting limited statistical power.
Notably, application of the ROC-derived optimal cut-off
value of 52.66% revealed a significant difference in OS by
Kaplan-Meier analysis. This observation suggests that the
effect of IHC-MPEP on long-term survival may be charac-
terised by a threshold phenomenon, whereby patients with
sufficiently high mutant protein expression (=52.66%) derive
greater clinical benefit. Third, the NGS subgroup analysis
was limited by the small sample size, reducing power to
detect associations with clinical outcomes. Fourth, the distri-
bution of individual EGFR-TKI agents was imbalanced, with
some treatments represented by few patients, precluding
meaningful comparisons between agents. In addition, owing
to the retrospective design and the limited availability of
archived specimens, EGFR wild-type tissue was not included
as a tissue-based negative control. Instead, a blank control
generated by omission of the primary antibody was used.
Furthermore, the heterogeneous staining patterns observed
within individual tissue sections provided additional support
for antibody specificity. Finally, performance status was not
systematically documented and was therefore unavailable
for inclusion in the multivariable analyses. These limita-
tions emphasise the need for larger, prospectively collected,
multicentre studies to validate the clinical utility of IHC-MPEP
and its capacity for threshold-based risk stratification.

In conclusion, the present study demonstrates that
[HC-quantified EGFR mutant protein expression percentage
is a robust, cost-effective and clinically feasible biomarker
for predicting EGFR-TKI efficacy and survival outcomes in
EGFR-mutant NSCLC. By providing a direct, histologically
validated measure of functional EGFR pathway activation,
this IHC-based approach complements the genomic informa-
tion obtained through NGS. Following prospective validation,
[HC-MPEP may provide a practical tool for risk stratification
and personalised treatment optimisation in patients with
EGFR-mutant NSCLC.
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