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Abstract

Background: Epidermal growth factor receptor (EGFR) mutation status is the most valuable indicator in the screening of
non-small-cell lung cancer (NSCLC) patients for tyrosine kinase inhibitor (TKI) therapy. Accurate, rapid and economical
methods of detecting EGFR mutations have become important. The use of two mutation-specific antibodies targeting the
delE746-A750 mutation in exon 19 and L858R mutation in exon 21 makes this task possible, but the lack of consensually
acceptable criteria for positive results limits the application of this antibody based mutation detection.

Methods: We collected 399 specimens from NSCLC patients (145 resection specimens, 220 biopsy specimens, and 34
cytology specimens) whose EGFR mutation status had been detected by TaqMan PCR assay. Immunohistochemical (IHC)
analyses using EGFR mutation-specific antibodies were employed for all samples. After staining and scoring, the sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) were calculated in accordance with different
levels of positive grades in comparison with the results of PCR-based assay.

Results: In IHC-based analyses, 144 cases were scored 0, 104 cases were scored 1+, 103 cases were scored 2+, and 48 cases
were scored 3+. With the molecular-based results were set as the ‘‘gold standard’’, the prevalence of mutation was 6.94%
(10/144), 23.08% (24/104), 67.96% (70/103) and 100% (48/48), respectively, for samples with scores 0, 1+, 2+ and 3+. When
score 3+ was considered positive, the specificity and PPV were 100%; if only score 0 was considered negative, 93.06% NPV
was obtained.

Conclusion: Patients with score 3+ have a perfect PPV (100%), and may accept TKI treatment directly without any
molecular-based assays. Patients with score 0 had high NPV (93.06%), which could reach 97.22% when the detection of total
EGFR was applied. However, samples with score 1+ or 2+ are unreliable and need further verification of EGFR mutation
status by molecular-based assays.
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Introduction

Since the beginning of use of the epidermal growth factor

receptor tyrosine kinase inhibitors (EGFR-TKIs) gefitinib and

erlotinib for treatment of advanced non-small-cell lung cancer

(NSCLC) [1], studies have shown that NSCLC patients with

EGFR-activating mutations can benefit from TKI treatment [2,3].

The status of EGFR mutations has become the best predictor of

the response to TKIs [4–9]. Direct sequencing is the ‘‘gold

standard’’ method for the detection of EGFR mutations. However,

its sensitivity is relatively low; if the percentage of tumor cells is

,25%, the probability of a false-negative result is greatly

increased. Due to lack of a sufficient number of tumor cells

available for extraction of high-quality DNA, the probability of

obtaining a false-negative is increased while testing a small biopsy

or cytology sample. However, about 70% of lung cancers are

diagnosed at advanced stages whereby small biopsies and

cytological specimens are the only source of material for the

diagnosis and mutation testing. Recent advances in molecular

methods have enabled a development of more sensitive methods

for detecting mutations. Such methods include real-time quanti-

tative polymerase chain reaction (qRT-PCR) using specific probes

(TaqMan PCR assay), amplified refractory mutation system

(ARMS) and high-resolution melting analysis (HRMA) [10–14].

However, they are expensive and invariably require good

experimental conditions and sophisticated instruments. Hence,

they are rarely applied in non-teaching hospitals.

Immunohistochemical (IHC) analyses can also be used to screen

for EGFR mutations. Yu et al. developed EGFR mutation-specific

rabbit monoclonal antibodies against EGFR with the E746–A750

deletion in exon 19 or the L858R point mutation which showed
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good consistency compared with molecular-based assays [15–26].

However, the practical application of this method was severely

limited because of the appreciable difference in the criteria used

for positive results among the different research teams. Some

researchers scored data according to staining intensity, and

divided samples into four grades: 0, 1+, 2+ and 3+. However,

some authors advocated a score above 1+ to be considered

positive,and others even argued that a score above 2+ should be

scored positive. The specificities of these two approaches were

relatively close (96–100%), but their sensitivities varied widely (47–

92%) [15–19]. Some researchers also obtained a score for

expression by multiplying the staining intensity by the percentage

of staining area (0–300 or 400), and respectively advocated a score

of .10 or .20 to be categorized as positive, but an appreciable

difference in sensitivities (42.2–100%) and specificities (77–100%)

was observed [20–22]. Recently, Kawahara et al. proposed that

immunostaining should be classified as positive (score of 2+),

negative (score of 0) or equivocal (score of 1+), indicating

questionable, negative or weak expression, respectively, which

can obtain a sensitivity of 81.4%, specificity of 97.5%, positive

predictive value (PPV) of 94.6%, and negative predictive value

(NPV) of 90.6% [23]. Consensus of a universally accepted

criterion for ‘‘positive’’ is lacking, which severely hinders the

clinical use of EGFR mutation-specific antibody to detect EGFR

mutations.

In the present study, we analyzed the IHC results of 399

samples of NSCLC patients which were scored by a four-grading

method taking into account the intensity and area of staining. We

then compared the results with a molecular-based assay to explore

the possibility of screening for EGFR mutations in NSCLC

samples by IHC analyses.

Materials and Methods

Ethics Statement
All human tissues and cells were obtained in accordance with

Human Subject Research Protocols approved by the China

Medical University Review Board. Tumor tissues and cells were

obtained with written informed consent from adult patients with

NSCLC.

Specimen selection and the molecular-based assay
We collected 399 specimens (145 resection specimens, 220

biopsy specimens, and 34 cytology specimens) from NSCLC

patients who had applied for the molecular-based assay of EGFR

mutations in the Department of Pathology of China Medical

University (Shenyang, China) from August 2008 to August 2012.

The age range of the lung cancer patients was 26–89 years

(median, 62 years); there were 214 men and 185 women. The

histological types were 341 adenocarcinomas, 47 squamous cell

carcinomas, and 11 other types (Table 1). The EGFR mutation

status of each specimen was detected by the TaqMan PCR assay.

Resection and biopsy tissues were fixed in 10% formalin and

embedded in paraffin. The supernatants of pleural-effusion

specimens were removed by centrifugation, and the remaining

cellular components were then fixed in 10% formalin and

embedded in paraffin. The paraffin blocks were cut at a thickness

of 8 mm for investigation of PCR-based EGFR gene mutations.

Mutations of the EGFR gene were examined in exons 19 and 21

using the TaqMan PCR assay. Genomic DNA from paraffin-

embedded tissue or cytology samples was extracted and purified

using a QIAamp DNA Micro kit (Qiagen, Valencia, CA, USA).

The primers for mutation detection and TaqMan probes targeting

E746–A750 and L747–P753insS deletion mutations in exon

19,and L858R and L861Q point mutations in exon 21 were

purchased from GP Medical Technologies (Beijing, China). The

TaqMan PCR assay was carried out using a 7900HT Real-time

PCR system (Applied Biosystems, Foster, CA, USA).

IHC analyses
Paraffin blocks were cut to a thickness of 4 mm for immuno-

staining. Conventional de-waxing and hydration treatment were

undertaken using xylene and a graded series of ethanol,

respectively. Specimens were boiled in a water-bath at 100uC
for 20 min in 1 mmol/L ethylenediamine tetra-acetic acid

(EDTA) at pH 9.0 and target retrieval solution (Dako, Glostrup,

Denmark) to recover antigens. Intrinsic peroxidase activity was

blocked by treatment with peroxidase blocking reagent (Dako) for

15 min at room temperature. The non-specific binding points

were blocked by incubating with normal nonimmune goat serum

for 15 min at room temperature. After washing in Tris-buffered

saline (TBS; Dako) for 15 min, three primary antibodies (i.e.,

EGFR monoclonal antibody (D38B1), delE746–A750 mutation-

specific monoclonal antibody (6B6) and L858R mutation-specific

monoclonal antibody (43B2); Cell Signaling Technology, Danvers,

MA, USA) were diluted separately at 1:400 and added to the

specimens. Specimens were incubated at 4uC overnight, washed in

TBS for 15 min, and incubated with labeled polymer-horseradish

peroxidase secondary antibody (ChemMate Envision kit; DAKO)

for 30 min at room temperature. After washing in TBS for

15 min, the slides were visualized using 3,39-diaminobenzidine.

Table 1. Clinicopathological characteristics in subjects with lung cancer.

Total (n = 399) Resection (n = 145) Biopsy (n = 220) Cytology (n = 34)

Age (average) 61.7 60.2 62.7 61.7

Sex

Male 214 70 126 18

Female 185 75 94 16

Histology

Squamous cell carcinoma 47 15 32 0

Adenocarcinoma 341 127 188 26

Other types 11 3 0 8

doi:10.1371/journal.pone.0059183.t001
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IHC scoring
The IHC staining score was based on the staining intensity and

percentage of staining area in the membrane and/or cytoplasm of

tumor cell. Four grades were employed: 0, 1+, 2+, 3+. Zero

denoted no staining; 1+ denoted light yellow staining with no

obvious particulates or yellow staining with obvious particulates in

,10% of tumor cells; 2+ denoted yellow staining with obvious

particulates in .10% tumor cells or brown staining with obvious

particulates in ,10% of tumor cells; and 3+ denoted brown

staining with obvious particulates in .10% tumor cells. Staining

assessment was carried out only if .5 tumor cells were present in a

needle biopsy or cytology specimen. All immunohistochemical

analyses were evaluated by three experienced investigators (YL,

JHY and YZ) who were unaware of patients’ clinical conditions or

pathologic diagnosis.

Statistical analyses
The sensitivity, specificity, PPV and NPV of the IHC-based

assay were calculated using the molecular-based assay as a

reference. The agreement between the 2 techniques was calculated

using Cohen k. All data were analyzed using SPSS 13.0 for

Windows.

Results

Molecular-based EGFR mutational status of 399 NSCLC
samples

A total of 399 NSCLC specimens were detected using the

TaqMan PCR assay. An EGFR mutation was detected in 162

cases (40.6%, 162/399). This included an E19 (E746–A750)

deletion mutation in 86 cases (21.55%, 86/399), E21 (L858R)

point mutations in 70 cases (17.54%, 70/399), both E746–A750

and L858R mutations in 4 cases, E19 (L747–P753insS) deletion

mutations in 4 cases (1.03%, 4/399),E21 (L861Q) point mutations

in 6 cases (1.5%, 6/399), and no mutation in 237 cases (59.4%,

237/399). The rate of mutations in resection specimens was

40.69% (59/145), in biopsy specimens was 36.82% (81/220), and

in cytology specimens was 35.29% (12/34).

Comparative analyses of IHC-based and molecular-based
EGFR mutational status

The staining patterns of EGFR mutation-specific antibody are

shown in Figure 1. Out of 399 NSCLC specimens, 144 cases were

scored 0 (in which 10 cases harbored EGFR mutations and the

rate of mutations in this category was 6.94%, 10/144); 104 cases

were scored 1+ (there were 24 cases of EGFR mutations and the

rate of mutation was 23.08%, 24/104); 103 cases were scored 2+
(EGFR mutations were present in 70 cases and the rate of

mutations was 67.96%, 70/103); 48 cases were scored 3+ (48 cases

harbored EGFR mutations, and the rate of mutation was 100%,

48/48). Detailed results are shown in Table 2. The samples scored

3+ have a perfect PPV (100%), and those scored 0 have a good

NPV (93.06%).

The agreement between the IHC-based and molecular-based

assays in accordance with different levels of positive grades was

calculated using Cohen k. When the groups with score of 0 or 1+
were considered as negative, and those with score of 2+ or 3+
were considered as positive, the agreement between the 2

different detection methods was highest (k= 0.644). However,

there would be 24 false-negative cases (23.08%, 24/104) in the

group of score 1+ and 33 false-positive cases (32.04%, 33/103) in

that of score 2+, resulting in a sensitivity of 77.63%, specificity of

86.64%, PPV of 78.14%, and NPV of 86.4% for the detection by

immunohistochemistry. None of these values was ideal (shown in

Table 3).

With molecular testing as a standard, the delE746–A750

mutation-specific antibody (6B6) could detect 69 of the 86 cases

with an E746–A750 deletion mutation (40 with score 2+ and 29

with score 3+) whereas it was negative in the remaining 17 cases (4

with score 0 and 14 with score 1+) (k= 0.584, sensitivity: 80.23%,

specificity: 85.3%, PPV: 60%, NPV: 94.01%); the L858R

mutation-specific antibody (43B2) could identify 53 of 70 cases

with a L858R point mutation (31 with score 2+ and 22 with 3+),

whereas it was negative in the remaining 17 cases (7 with score 0

and 10 with score 1+) (k= 0.639, sensitivity: 75.71%, specificity:

91.79%, PPV: 66.25%, NPV: 94.67%).

Additionally, we also detected total EGFR in all 399 cases using

monoclonal antibody against EGFR. The results showed 27 cases

were scored 0, 38 cases were scored 1+, 193 cases were scored 2+,

and 141 cases were scored 3+. EGFR monoclonal antibody

(D38B1) is different from the two mutation-specific antibodies.

DelE746–A750 mutation-specific antibody (6B6) can specifically

recognize the EGFR proteins with an E746–A750 deletion

mutation in exon 19, and L858R mutation-specific antibody

(43B2) is able to specifically identify the EGFR protein with a

L858R point mutation in exon 21; in contrast, EGFR monoclonal

antibody (D38B1), which is not a mutation-specific antibody,

identifies the total EGFR protein regardless of the mutation status.

Although total EGFR was highly expressed in most cases, there

were still 38 cases with score 1+ and 27 cases with score 0, in

which 12 cases were tested positive for EGFR gene mutations by

molecular method. This may be explained by the fact that the

levels of total EGFR in tumor cells are so low, that the staining of

the two mutation-specific antibodies may be negative in some

cases, even though they have EGFR gene mutations detected (as

shown in Figure S1). Therefore, detecting the level of total EGFR

using the EGFR monoclonal antibody (D38B1) could prevent the

emergence of similar false-negative results above, while the

sensitivities of delE746–A750 and L858R mutation-specific

antibodies could be increased to 82.56% and 90% respectively.

Comparative analysis of the IHC-based results of
resection, biopsy and cytology specimens

The staining patterns of resection specimens using EGFR

mutation-specific antibodies were shown in Figure 2. According to

our scoring criteria, of the 145 resection specimens, 52 were scored

0, in which 2 cases harbored EGFR mutations and the mutation

rate was only 3.85% (2/52); 40 cases were scored 1+, in which

there were 10 cases of EGFR mutations and the mutation rate was

25% (10/40); 35 cases were scored 2+, in which EGFR mutations

were present in 29 cases, and the mutation rate was 82.56% (29/

35); 18 cases were scored 3+, in which 18 cases harbored EGFR

mutations, and the mutation rate was 100% (18/18). The detailed

results were shown in Table 2.

The staining features of biopsy specimens using EGFR

mutation-specific antibodies were shown in Figure 3. According

to our scoring criteria, of the 220 resection specimens, 77 cases

were scored 0, in which 6 harbored EGFR mutations and the

mutation rate was 7.79% (6/77); 55 cases were scored 1+, in which

10 cases harbored EGFR mutations and the mutation rate was

18.18% (10/55); 60 cases were scored 2+, in which 37 harbored

EGFR mutations, and the mutation rate was 61.67% (37/60); 28

cases were scored 3+, in which 28 cases harbored EGFR

mutations, and the mutation rate was 100% (28/28). The detailed

results were shown in Table 2.

The staining features of cytology specimens using EGFR

mutation-specific antibodies were shown in Figure 4. According
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PLOS ONE | www.plosone.org 3 March 2013 | Volume 8 | Issue 3 | e59183



to our scoring criteria, of the 34 cytology specimens, 15 cases were

scored 0, in which 2 cases harbored EGFR mutations and the

mutation rate was 13.33% (2/15); 9 cases were scored 1+, in which

4 cases had EGFR mutations and the mutation rate was 44.44%

(4/9); 8 cases were scored 2+, in which 4 contained EGFR

mutations, and the mutation rate was 50% (4/8); 2 cases were

scored 3+, in which 2 cases harbored EGFR mutations, and the

mutation rate was 100% (2/2). The detailed results are shown in

Table 2.

When score 3+ was considered to be positive, the specificity and

PPV in the IHC-based assay was 100% for all the three types of

specimens. When score 0 was considered to be negative, the

resection specimens resulted in the highest NPV (96.15%),

followed by biopsy specimens (92.21%), and cytology specimens

had the lowest NPV (88.24%). When score 0 and 1+ were

considered to be negative and score 2+ and 3+ considered to be

positive, the specificity of resection specimens had the highest NPV

(93.02%), followed by biopsy specimens (83.45%), and cytology

specimens had the lowest NPV (81.82%)(Table 3).

There were 12 patients with both resection and cytology

specimens in our samples, and 6 of them harbored EGFR

mutations (3 cases of E746–A750 deletion mutation and 3 cases of

L858R point mutation) by molecular-based assay. By IHC-based

assay on the resection specimens, 4 of the 6 samples with EGFR

mutations were identified as having score of 3+, and the other 2

were identified as having a score of 2+. In contrast, on the cytology

specimens, only 1 case had a score of 3+ and 1 case had a score of

2+, and the other 4 cases were all score 1+. In the 6 samples

without an EGFR mutation, only 1 case had a score of 1+ by IHC-

based assay on the resection specimens, and the other five samples

had a score of 0. In contrast, the results on the corresponding

cytology specimens included a score of 2+ in 1 case, score 1+ in 1

case, and score 0 in the other 4 cases (Table 4).

Discussion

EGFR mutations can be detected in NSCLC by IHC methods

using EGFR mutant-specific antibodies. However, due to the

appreciable differences among the criteria for positivity defined by

different research groups, the readers or diagnosticians may be

confused with or even misled by in regard to a practical

application of this method. Therefore, a more extensive research

is required to reach a consensus. The results of the present study

and other reports [15–19,23] suggest that scoring criteria based on

the staining intensity of the membrane and/or cytoplasm of tumor

cells and the percentage of the staining area (which was divided

into four grades: 0, 1+, 2+ and 3+) may be the best of all available

scoring systems. The agreement between IHC-based and molec-

ular-based assays was calculated using Cohen k in accordance

with different levels of immunohistochemical grading. Although

the agreement between the 2 testing methods was highest

(k= 0.644) when the score 2+ and 3+ were considered as positive,

there were still 33 false-positive cases (32.04%, 33/103) in score 2+

Figure 1. Staining of EGFR mutation-specific antibodies. Representative immunostaining of both histology and cytology samples in NSCLC
patients (A, D, G and J, resection specimens, 2006; B, E, H and K, biopsy specimens, 2006; C, F, I and L, cytology specimens, 4006). Four grades
were employed: 0, 1+, 2+ and 3+. 3+ denoted brown staining with obvious particulates in .10% tumor cells (A, B and C); 2+ denoted yellow staining
with obvious particulates in .10% tumor cells or brown staining with obvious particulates in ,10% of tumor cells (D, E and F); 1+ denoted light
yellow staining with no obvious particulates or yellow staining with obvious particulates in ,10% of tumor cells (G, H and I); Zero denoted no
staining (J, K and L).
doi:10.1371/journal.pone.0059183.g001
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cases and 24 false-negative cases (23.08%, 24/104) in score 1+
cases, resulting in a sensitivity of 77.63%, specificity of 86.64%,

PPV of 78.14%, and NPV of 86.4%, none of which was ideal.

Hence, with a molecular test as a standard, even if a sample is

graded as positive by IHC method, the molecular-based assay may

still be needed to verify EGFR mutation status, and thus the

screening of EGFR mutations by IHC seems not to be applicable.

Even though the number of false-positive cases has been very few

in other studies [15–19], further molecular detection cannot be

entirely abandoned. In this study, we noted that samples with a

score of 3+ had a perfect PPV (100%), and score 0 samples had a

good NPV (93.06%). If a score of 3+ is considered to be a positive

criterion, the patients with positive samples by IHC-based assay

could directly receive TKI therapy without need for the

verification by a molecular test. The applicability of TKI therapy

could be assessed rapidly by immunohistochemistry using EGFR

Table 2. Comparative analyses of IHC-based and molecular-based EGFR mutational status.

IHC-based assay Molecular-based assay (TaqMan PCR assay)

Mutation+ Mutations-

Score Numbers delE746–A750 L858R Mutation Or

prevalence other mutations

0 144 3 7 6.94%(10/144) 134(93.06%)

Resection 52 1 1 3.85%(2/52) 50(96.15%)

Biopsy 77 1 5 7.79%(6/77) 71(92.21%)

Cytology 15 1 1 13.33%(2/15) 13(86.67%)

1+ 104 14 10 23.08%(24/104) 80(76.92%)

Resection 40 8 2 25%(10/40) 30(75%)

Biopsy 55 5 5 18.18%(10/55) 45(81.82%)

Cytology 9 1 3 44.44%(4/9) 5(55.56%)

2+ 103 40 31 67.96%(70*/103) 33(32.04%)

Resection 35 14 16 82.56%(29*/35) 6(17.14%)

Biopsy 60 24 13 61.67%(37/60) 23(38.33%)

Cytology 8 2 2 50%(4/8) 4(50%)

3+ 48 29 22 100%(48*/48) 0(0)

Resection 18 10 8 100%(18/18) 0(0)

Biopsy 28 18 13 100%(28*/28) 0(0)

Cytology 2 1 1 100%(2/2) 0(0)

Total 399 86 70 38.1% (152*/399) 247(61.9%)

*:The cases with both E19 (E746–A750) and E21 (L858R) mutations were not counted twice.
Other mutations:L747–P753insS deletion mutation in exon 19 and L861Q point mutation in exon 21.
doi:10.1371/journal.pone.0059183.t002

Table 3. Comparative analyses of the IHC-based results on resection, biopsy and cytology specimens.

Judgment regarding positive
result Type Sensitivity (%) Specificity (%) PPV (%) NPV (%) k

Total 93.42 54.25 55.69 93.06 0.422

= 0 as negative Resection 96.61 58.14 61.29 96.15 0502

$1 as positive Biopsy 92.59 51.08 52.45 92.21 0.335

Cytology 83.33 59.09 52.63 86.67 0.181

Total 77.63 86.64 78.14 86.4 0.644

#1 as negative Resection 79.66 93.02 88.68 86.96 0.739

$2 as positive Biopsy 80.25 83.45 73.86 87.89 0.626

Cytology 50 81.82 60 75 0.331

Total 31.58 100 100 70.37 0.364

#2 as negative Resection 30.51 100 100 67.72 0.342

= 3 as positive Biopsy 34.57 100 100 72.4 0.4

Cytology 16.67 100 100 68.75 0.206

doi:10.1371/journal.pone.0059183.t003

The New Algorithm Detecting EGFR Status by IHC

PLOS ONE | www.plosone.org 5 March 2013 | Volume 8 | Issue 3 | e59183



mutation-specific antibodies in nearly 50% of all patients (those

scored as 0 or 3+). The chance of mutations in the samples with a

score of 1+ was about 23.08%, and a probability of no mutation in

them was 76.92%, per our analysis. The rate of mutation in the

samples with a score of 2+ was 67.96%, strongly suggesting the

possibility of an EGFR mutation in this group. Thereafter, if used

Figure 3. Staining of biopsy specimens using EGFR mutation-specific antibodies. The total EGFR protein in biopsy samples could be
stained with EGFR (D38B1) antibody (A, D and G, 406and the upper left corner 2006). Samples without EGFR mutations were not stained with two
mutation-specific antibodies (B and C, 406 and the upper left corner 2006). Samples with E746–A750 deletion mutation were stained with E746–
A750 deletion (6B6) specific antibody (E, 406 and the upper left corner 2006) and samples with L858R mutation were stained with L858R mutant
(43B2) specific antibody (I, 406 and the upper left corner 2006).
doi:10.1371/journal.pone.0059183.g003

Figure 2. Staining of resection specimens using EGFR mutation-specific antibodies. The total EGFR protein in resection samples could be
stained with EGFR (D38B1) antibody (A, D and G, 2006). Samples without EGFR mutations were not stained with two mutation-specific antibodies (B
and C, 2006). Samples with E746–A750 deletion mutation were stained with E746–A750 deletion (6B6) specific antibody (E, 2006) and samples with
L858R mutation were stained with L858R mutant (43B2) specific antibody (I, 2006).
doi:10.1371/journal.pone.0059183.g002

The New Algorithm Detecting EGFR Status by IHC
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properly, screening EGFR mutation status by immunohistochem-

istry may have a diagnostic value for therapeutic decision making,

especially in a medical center that does not have a capacity of

molecular testing.

As recommended Wu et al. [22], the expression of total EGFR

was also tested in all 399 cases in our study. Unlike the two

mutation-specific antibodies, EGFR monoclonal antibody

(D38B1) identifies the total EGFR protein regardless of the

mutation status. Because the levels of total EGFR in certain cases

are very low, the mutant proteins may not be detectable by using

two mutation-specific antibodies, even though the cases harbor

mutated EGFR gene (as shown in Figure S1). Nonetheless, using

the EGFR monoclonal antibody (D38B1) in combination with

mutation-specific antibodies likely reduced false-negative results

per our analysis. With this approach, the sensitivities of delE746–

A750 and L858R mutation-specific antibodies could be increased

to 82.56% and 90% respectively. The sensitivity of L858R

mutation-specific antibody (43B2) seems higher than delE746–

A750 mutation-specific antibody (6B6), which is consistent with

what has been reported by Ambrosini-Spaltro A et al [16].

Table 4. Comparative analyses of IHC-based results between resection and cytology specimens.

Patients Molecular-based assay IHC using EGFR mutation-specific antibodies

(TaqMan PCR assay) Resection Cytology

1 E19 (E746–A750) deletion mutation 3+ 3+

2 E19 (E746–A750) deletion mutation 3+ 2+

3 E19 (E746–A750) deletion mutation 2+ 1+

4 E21 (L858R) point mutation 3+ 1+

5 E21 (L858R) point mutation 3+ 1+

6 E21 (L858R) point mutation 2+ 1+

7 No mutation 1+ 0

8 No mutation 0 2+

9 No mutation 0 1+

10 No mutation 0 0

11 No mutation 0 0

12 No mutation 0 0

doi:10.1371/journal.pone.0059183.t004

Figure 4. Staining of cytology specimens using EGFR mutation-specific antibodies. The total EGFR protein in cytology samples could be
stained with EGFR (D38B1) antibody (A, D and G, 4006). Samples without EGFR mutations were not stained with two mutation-specific antibodies (B
and C, 4006). Sample with E746–A750 deletion mutation were stained with E746–A750 deletion (6B6) specific antibody (E, 4006) and samples with
L858R mutation were stained with L858R mutant (43B2) specific antibody (I, 4006).
doi:10.1371/journal.pone.0059183.g004
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In addition, we have conducted a comparative analysis of the

IHC-based results on resection, biopsy and cytology specimens.

When a score of 2+ was considered to be positive, the rate of false-

positive values for resection specimens was only 17.14% (6/35),

whereas the rates of false-positive values for biopsies and cytology

specimens were 38.33% (23/60) and 50% (4/8), respectively. This

finding suggested that, because of the smaller amount of tissues

and tumor cells than resection specimens, the heterogeneity of

tumor cells in biopsy or cytology specimens may become more

prominent, and thus cause an increased variability of testing

results. In addition to the limited number of tumor cells in pleural

fluid (cytology specimen), the composition of cellular components

was more complex, which often includes many red blood cells,

inflammatory cells and mesothelial cells, and thus dilutes the

tumor cells. Although cytology specimens can be used for both

molecular-based and IHC-based assays, the latter assay tends to

show more false-negative values compared with tissue specimens

(especially when compared with resection specimens). This may

explain a markedly decreased sensitivity of mutant detection in

cytology specimens (Table 3). In addition, we have examined 12

cases with both resection and cytology specimens collected. Of

these, 6 harbored EGFR mutations by molecular-based assay and

the other 6 did not. When score 3+ was used as a threshold, IHC-

based assay could identify 4 out of the 6 samples with EGFR

mutations in resection specimens, but detect only 1 case in

cytology specimens. If score $2+ was applied, the assay could

identify all the 6 cases with EGFR mutations in resection

specimens, but detect only 2 out of the 6 cases in cytology

specimens. These results suggest that, with respect to IHC based

detection of EGFR mutations, resection specimens were much

better than biopsy specimens, and biopsy specimens were

significantly better than cytology specimens.

In theory, EGFR proteins on cell membrane or in cytoplasm

play different roles in tumor cells and have different interaction

with TKIs. However, the treatment effects of TKIs in patients who

show a different subcellular distribution of EGFR in tumor cells

have not been well investigated yet. As reported previously, we

observed that EGFR could locate on tumor cell membrane, in

cytoplasm or both on membrane and in cytoplasm by immuno-

histochemical analysis. In order to determine the functional

features of different subcellular distributions in EGFR proteins, we

tried to analyze a potential correlation between EGFR mutation

status and subcellular distribution of the proteins, but found out no

correlation between them. Instead, the staining intensity shows a

strong correlation with EGFR mutation status. Therefore, the

staining of "the membrane and/or cytoplasm" was equally and

jointly considered in our scoring system.

The high activity of EGFR protein in lung cancer is due to the

activation mutations, but the gene amplifications may also play a

significant role. In this study, 334/399 (83.7%) cases of NSCLC

were demonstrated to have elevated expression of EGFR protein

($2+) by using monoclonal antibody, the rate much higher than

standard detection at genetic level (40.6%). It remains to be further

investigated if this elevated expression of EGFR in some cases

without detectable mutations is mediated by ampification of its

gene or other alternative mechanisms. Whether or not the TKIs

can be empirically applied to these patients needs to be verified by

additional experimental studies and clinical trials.

In summary, according to our analyses of EGFR mutation

status by IHC, patients with a score of 3+ had a perfect PPV

(100%), and may accept the TKI treatment directly without need

for a confirmatory molecular-based assay. Patients with a score of

0 had a high NPV (93.06%). However, samples with score 1+ or

2+ are unreliable and need further verification of EGFR mutation

status by molecular-based assay. Therefore, by using our

diagnostic algorithm, in nearly half of all patients (patients with

scores 0 or 3+), an applicability of TKI therapy could be

determined by immunohistochemistry and more complex, expen-

sive molecular test be avoided. Samples with score 0 in IHC-based

assay with the two EGFR mutation-specific antibodies should be

Figure 5. The new flow diagram of screening for EGFR mutations in NSCLC samples. ‘‘IHC’’ refers to immunohistochemical analyses.
doi:10.1371/journal.pone.0059183.g005
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further tested for expression of total EGFR using EGFR

monoclonal antibody (D38B1), in order to further reduce the

false negative rate (Figure 5). Take together, compared with using

IHC-based assay alone, this integrated approach combining IHC-

and molecular-based assays demonstrates a higher sensitivity

(97.37%), specificity (100%) and k value (0.979),and is thus more

practical for the patients screened for a possible TKI therapy. Our

diagnostic algorithm may potentially optimize therapeutic options,

reduce costs and save time.

Supporting Information

Figure S1 The false negative mutation results of IHC
due to the low level of total EGFR. The level of total EGFR

in tumor cells was so low (A and D, 2006) that mutant proteins

were undetectable with mutation-specific antibodies in certain

cases (B, C, E and F, 2006), even though the mutations were

identified by molecular-based assay in the cases.

(TIF)
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