
The American Journal of Pathology, Vol. 179, No. 2, August 2011

Copyright © 2011 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2011.04.031
Biomarkers, Genomics, Proteomics, and Gene Regulation

Standardization of Epidermal Growth Factor
Receptor (EGFR) Measurement by Quantitative
Immunofluorescence and Impact on Antibody-Based

Mutation Detection in Non–Small Cell Lung Cancer
Anastasios Dimou,* Seema Agarwal,*
Valsamo Anagnostou,* Hollis Viray,*
Stephen Christensen,* Bonnie Gould Rothberg,*
Vassiliki Zolota,† Konstantinos Syrigos,‡

and David L. Rimm*
From the Department of Pathology,* and the Section of Medical

Oncology, Department of Internal Medicine, Yale Cancer Center,‡

Yale University School of Medicine, New Haven, Connecticut;

and the Department of Pathology,† Patras University Hospital,

Rion, Greece

Challenges in measurement of epidermal growth factor
receptor (EGFR) protein expression have led to conflict-
ing data on its prognostic value and discontinuation of
its use for prediction of response. Herein is described a
quantitative standardized assay for EGFR and its use in a
series of retrospective cohorts of patients with non–
small cell lung cancer (NSCLC). The AQUA technology of
quantitative immunofluorescence was used in conjunc-
tion with Western blot analysis to calculate the absolute
concentration of EGFR in two independent NSCLC co-
horts (170 from Yale New Haven Hospital and 335 from
Sotiria and Patras Hospitals in Greece). EGFR and mu-
tated EGFR were measured using D38B1 antibody and
two mutation-specific antibodies. All patients positive
or borderline for mutation-specific antibody were geno-
typed. A threshold for reproducible detection of EGFR
was defined as 0.85 ng/�g total protein. EGFR expres-
sion demonstrated no prognostic value in either cohort.
The mutation rate was 1.79% in the Yale cohort, and
1.52% in the Sotiria/Patras cohort, with no antibody
detection–based false-positive cases. No mutations were
detected for EGFR concentrations <1.46 ng/�g total
protein. In summary, accurate measurement of EGFR
still shows no prognostic value in NSCLC. In these two
population-based cohorts, the antibody-based EGFR
mutation rate was lower than has been frequently
reported. (Am J Pathol 2011, 179:580–589; DOI:

10.1016/j.ajpath.2011.04.031)
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Non–small cell lung cancer (NSCLC) is the leading cause
of cancer-related death in the Western world.1 Despite
progress in treatment, prognosis of the disease is still
poor. Because current treatments expose many patients
to adverse effects to help a few, there is a need for
diagnostic tests to determine which patients will benefit
from each regimen. Administration of tyrosine kinase in-
hibitors is a relatively new therapy for NSCLC. They ini-
tially showed modest efficacy in the general population
with NSCLC2; however, the observation of impressive
tumor response in a subset of patients with certain de-
mographic characteristics led to discovery of a range of
mutations in the tyrosine kinase domain of epidermal
growth factor receptor (EGFR) that can predict clinical
benefit from tyrosine kinase inhibitors.3,4 The frequency of
the mutations varies among different populations. Never
smoking status, Asian ethnicity, histologic findings of ade-
nocarcinoma, and female sex are patient characteristics
traditionally linked to the mutations.5,6 A deletion in exon 19,
DEL746-750, and a point mutation in exon 21, L858R, ac-
count for most (85% to 90%) EGFR mutations.6,7

Presence or absence of EGFR mutations has become
important baseline information in the treatment of NSCLC
because administration of tyrosine kinase inhibitors in the
first line of treatment now depends on mutational status.8

The mainstay of determining mutational status in patients
with NSCLC is direct DNA sequencing of the tumor. Re-
cently, a set of antibodies that detect EGFR with the
DEL746-750 deletion or the L858R point mutation has
become available, and was both sensitive and specific in
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two studies.9,10 However, the checkered history of EGFR
IHC may represent a challenge to broad acceptance of
these tools. Initially, measurement of EGFR was per-
formed using radioligand binding assays,11 which were
difficult to conduct and poorly reproducible. These as-
says were replaced by IHC as the standard method for
assessment of EGFR. However, this assay also demon-
strated a marked lack of reproducibility and reliability,12–15

which led to its dramatically decreased use. As a result,
neither the prognostic nor the predictive role of EGFR in
NSCLC has been definitively determined despite the large
number of studies published. For example, in some stud-
ies, EGFR predicted a worse prognosis,16–18 whereas in
others, it demonstrated no prognostic value.19–21 The
wide range of findings reflects the number of different
antibodies used (recognizing different epitopes) and the
relatively unreliable, nonstandardized, subjective meth-
ods used to assess the level of expression of EGFR.

The objective of the present study was to develop and
test a method for assessment of the expression of EGFR in
a standardized, quantitative, objective manner. Measure-
ment of total EGFR and mutated EGFR was assessed in two
independent cohorts of patients with NSCLC to determine
prognostic value and mutation frequency in each population.

Materials and Methods

Patient Cohorts

The first cohort was accrued by serial collection of formalin-
fixed paraffin-embedded tissue from the Department of Pa-
thology at Yale University (New Haven, CT). Of the lung
cancer samples collected, 170 were classified as NSCLC.
The second cohort, with 335 patients, was from the Pathol-
ogy Departments of Sotiria General Hospital (Athens,
Greece) and Patras University Hospital (Rion, Greece). In
patients in the Yale cohort (median age, 67 years; age
range, 42 to 90 years), NSCLC was diagnosed between
1993 and 2003, and median follow-up was 27.4 months
(range, 0.1 to 127.79 months). In the Sotiria/Patras cohort
(median age, 64 years; age range, 34 to 84 years) NSCLC
was diagnosed between 1990 and 2004, and median fol-
low-up was 21 months (range, 0.1 to 223 months). Demo-
graphic data for the two cohorts are given in Table 1. The
study was approved by the institutional review boards of all
centers. Written informed consent was obtained from all
patients before inclusion in the study.

Tissue Microarray Construction

Formalin-fixed paraffin-embedded tissue blocks from the
patients were cored twice in representative tumor areas
using 0.6-mm cores and arrayed into a recipient block by
the Yale Pathology Tissue Services facility. Formalin-fixed
paraffin-embedded pellets from the cell lines MCF7,
SKBR3, H1299, H1355, H441, H2282, H1666, H193, and
HCC2279 were used as positive controls, and HT29,
H2126, A549, SW480, HC15, H1819, Calu-1, A431, and
H1650 as negative controls. Culture conditions have
been published in detail elsewhere.22 An index array

containing the cell lines and tissue from 30 patients with
a range of EGFR expression in twofold redundancy was
assayed with each cohort array.

Western Blot Analysis and Quantification

Cell lines selected to represent the range of EGFR ex-
pression in NSCLC were MCF7, SKBR3, H1299, H1355,
H441, H2282, H1666, H193, and HCC2279. Whole-cell
lysates were prepared, and total protein concentration
was measured using the Bradford assay (BioTek Instru-
ments, Winooski, VT). Five micrograms total protein for
each lysate was resolved using SDS-PAGE on an 8%
Bis-Tris gel (NuPAGE; Invitrogen Corp., Carlsbad, CA)
using NuPAGE MOPS [3-(N-morpholino) propane sul-
fonic acid] SDS running buffer at 45 mA. On each gel,
seven dilutions (10, 25, 50, 125, 250, 500, and 1000 ng)
of recombinant intracellular domain of EGFR (recEGFR;
Cell Signaling Technology, Inc., Beverly, MA) were also
resolved for construction of the standard curve. Resolved
protein was transferred using NuPAGE transfer buffer at
50V for 2 hours. Western blot analysis was performed
according to standard procedures using EGFR rabbit
monoclonal D38B1 antibody diluted 1:2000. � -Tubulin
(Cell Signaling Technology, Inc.) diluted 1:4000 was
used as a loading control. Bands were quantified using
ImageJ software (National Institutes of Health, Washing-
ton, DC), and were normalized to �-tubulin. The area under
the curve was correlated with the nanograms of protein
loaded for each band of recEGFR, and linear regression
was fit to the linear portion of the curve. This equation was
used to transform the normalized area under the curve for
each cell line to an EGFR quantity (in nanograms) and to
calculate the concentration of EGFR in nanograms per mi-
crogram total protein for each cell line by dividing raw EGFR
quantity (in nanograms) by total protein loaded (5 �g). Sub-
sequently, a correlation was drawn between the concentra-
tions in nanograms per microgram total protein and the
AQUA (Automated Quantitated Analysis technology; Yale
University, New Haven, CT) scores of those cell lines. The
generated equation (standard curve) was used to transform
patient AQUA scores into absolute concentrations of EGFR.
The cut-point for the threshold of EGFR detection is ad-
dressed in the Results section.

Antibodies and Quantitative
Immunofluorescence

Arrays were deparaffinized in xylene (soaking twice for
20 minutes) and rehydrated with alcohol (twice in 100%
alcohol for 1 minute, and then in 95%, 85%, and 70%
alcohol for 1 minute each). Antigen retrieval was per-
formed using a PT module (Lab Vision Corp., Fremont,
CA) with EDTA buffer, pH 8, at 97°C for 20 minutes.
Endogenous peroxidase activity was blocked via 30-min-
ute incubation in 2.5% hydrogen peroxide in methanol at
room temperature. Nonspecific antigens were blocked
via incubation in 0.3% bovine serum albumin in Tris-
buffered saline solution and Tween 20 for 30 minutes at
room temperature. Slides were then incubated overnight

with a cocktail of a primary antibody (details of primary



allis tes

582 Dimou et al
AJP August 2011, Vol. 179, No. 2
antibodies are given in Table 2) and a mouse monoclonal
cytokeratin antibody (Dako Corp., Carpinteria, CA). Ideal
titers were determined as an optimal combination of im-
age appearance and a quantitative ratio of signal to
background for each of the primary antibodies after try-
ing a range of titers in a series of test arrays. Next, a
cocktail of Alexa 546–conjugated goat anti-mouse sec-
ondary antibody (Molecular Probes, Inc., Eugene, OR)
diluted 1:100 in rabbit EnVision reagent (Dako Corp.) was
applied to the slides for 1 hour at room temperature. For
signal amplification, cyanine 5–tyramide (PerkinElmer,
Inc., Waltham, MA) diluted 1:50 was used at room tem-
perature for 10 minutes. Finally, Prolong Gold (Molecular
Probes, Inc.) containing DAPI was used to detect nuclei.

Table 1. Clinicopathologic Characteristics of Yale and Sotiria/Pa

Variable

Yale coho

Total EGFR (ng/�g o

No. (%) Median (ra

All patients 170 2.326 (0.21–1
Sex

Male 85 (50) 2.718 (0.21–1
Female 85 (50) 2.126 (0.21–8
NA 0

Stage
IA 60 (35.2) 1.998 (0.29–1
IB 27 (15.8) 2.32 (0.21–9
II 26 (15.3) 2.98 (0.26–9
III 37 (21.7) 2.4 (0.21–1
IV 16 (9.4) 2.107 (0.7–13
Data not available 4

Differentiation
High 9 (5.3) 0.86 (0.63–5
Moderate 39 (22.9) 2.90 (0.29–1
Low 80 (47) 2.58 (0.21–1
Data not available 63

Histotype
Adenocarcinoma 91 (53.5) 1.815 (0.91–1
Squamous cell carcinoma 33 (19.4) 4.238 (0.347–
Bronchioloalveolar carcinoma 7 (4.1) 1.498 (0.41–5
Large cell cancer 18 (10.5) 1.847 (0.21–1
Adenosquamous carcinoma 13 (7.6) 3.49 (0.5–9.0
Other/data not available 5

Race/ethnicity
White 143 (84.1) 2.4 (0.21–1
African American 17 (10) 1.28 (0.29–5
Other 5 (2.9)
Unknown 5 (2.9)

Smoking status
Current/former 158 (92.9) 2.291 (0.209–
Never 9 (5.3) 2.807 (0.513–
Unknown 3

NA, not available.
*P values calculated using the Mann-Whitney U-test or the Kruskal-W

Table 2. Antibodies and Reagents

Variable Clone Dilution

Total EGFR D38B1 1:100
DEL746-750 6B6 1:500
L858R 43B2 1:100
recEGFR EGFR kinase NA
All antibodies and reagents obtained from Cell Signaling Technology, Inc.
NA, data not available; recEGFR, recombinant EGFR.
An index array was stained aside each cohort array to
enable standardization of the assay, along with negative
(no primary) and positive controls. Single slides with for-
malin-fixed paraffin-embedded cell pellets (H1975; Cell
Signaling Technology, Inc.) were used as positive con-
trols for the experiments using L858R-specific antibody.
All antibodies sources and reagents are given in Table 2.

Automated Quantitative Analysis

AQUA is a method of calculating protein concentration in
subcellular compartments, and has been described in
detail elsewhere.23 In brief, monochromatic images of
DAPI and of the complexes target–cyanine 5 and cytok-
eratin–Alexa 546 were captured using a microscope (PM-
2000; HistoRx, Inc., New Haven, CT). A tumor “mask” is
generated to define the tumor area after binarization of
the cytokeratin signal so that every pixel is either on or off
on the basis of a clustering algorithm. The AQUA scores
in the tumor mask were calculated as the ratio of the sum
of the target pixels in the tumor mask divided by the area
of the tumor mask. The AQUA scores were normalized for
exposure time, bit depth, and lamp hours for optimal

horts

Sotiria/Patras cohort

rotein) Total EGFR (ng/�g of total protein)

P value* No. (%) Median (range) P value*

0.04 335 1.65 (0.15–89.78) 0.03

274 (81.8) 1.93 (0.15–9.54)
41 (12.2) 0.956 (0.23–9.78)

20
0.13 0.3

26 (7.7) 1.216 (0.15–8.39)
76 (22.6) 1.778 (0.23–9.78) 87 (25.9)
87 (25.9) 2.279 (0.15–9.54)
90 (26.8) 1.483 (0.21–7.78)
35 (10.4) 1.394 (0.1505.8)

21
0.2 0.68

22 (6.5) 1.2 (0.3–6.38)
149 (44.4) 2.14 (0.15–9.78)
133 (39.7) 1.59 (0.15–9.54)

31
�0.0001 �0.0001

124 (37) 0.879 (0.15–9.74)
) 160 (47.7) 27 (0.23–9.78)

5 (1.5) 0.65 (0.3–0.69)
3 (0.9) 2.32 (2.23–2.68)

0
43

0.03 NA
335 (100)

0.5292 0.516
) 252 (75.2) 1.703 (0.152–9.781)

28 (8.3) 1.391 (0.276–6.849)
55

t.
tras Co

rt

f total p

nge)

3.58)

3.58)
.57)

2.18)
.85)
.04)
0.32)
.58)

.37)
3.58)
2.58)

3.58)
12.785
.37)
0.42)
4)

3.58)
.19)

12.188
13.58)
standardization and reproducibility. Then, using the stan-
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dard curve, the AQUA scores were transformed into
nanograms per microgram total protein.

Genotyping of EGFR Mutations

Cases that were positive or marginally above the back-
ground using quantitative immunofluorescence (QIF) for
the 746–750 deletion in exon 19 or the L858R point mu-
tation in exon 21 were genotyped using direct Sanger
sequencing for these two specific mutations. Tissue
blocks from the corresponding tumors were cored after
review of an H&E slide and circling the tumor area to
guide the coring. One 0.6-mm core per case was used to
extract genomic DNA using the RecoverAll Total Nucleic
Acid Isolation kit (Ambion, Inc., Austin, TX). The regions
of interest were amplified using PCR, and the amplicons
were sequenced. Primers used in PCR and sequencing
have been published elsewhere.24,25

Statistical Analysis

Tumor heterogeneity of total EGFR was assessed using
Pearson’s correlation coefficient (R) between the AQUA
scores from redundant cores, and reproducibility of the
assay was assessed via correlation between serial cuts
of the index array. R2 � 0.5 was considered acceptable
core-to-core reproducibility (correlation between redundant
tissue cores), and R2 � 0.9 was considered acceptable
serial section reproducibility (correlation between serial cuts
of the same block). The log-rank test was used to assess
statistical significance of Kaplan-Meier curves. The Kruskal-
Wallis test and Mann-Whitney U-test were used to compare
continuous EGFR concentrations between groups with dif-
ferent clinicopathologic characteristics. All statistical analy-
ses were performed using either JMP or StatView software
(both from SAS Institute, Inc., Cary, NC).

Results

Antibody Validation in the Index Array

Reproducibility of total EGFR was assessed via correla-
tions of the AQUA scores between serial cuts and redun-
dant cores of the index array, respectively. These corre-
lations showed good reproducibility between serial cuts
(Pearson’s r � 0.965; Figure 1A) or different cores (Pear-
son’s r � 0.939; data not shown). Total and mutation-
specific antibodies were tested in a panel of cell lines
serving as positive and negative controls. H2279 and
H1650 were positive using the deletion-specific antibody,
whereas H1975 was positive using the L858R-specific
antibody. The other cell lines in the index array were
negative (Figure 1B). All of the cell lines with the exception
of MCF7 were positive for total EGFR. The pattern of both
total and mutated EGFR in the positive controls was homo-
geneous and strongly cytoplasmic (Figure 1C). AQUA
scores were calculated for total and mutated EGFR for each

of the cell lines of the index array (Figure 1B).
Figure 1. Antibody validation in positive and negative controls. A: Re-
producibility of the AQUA assay between experiments performed on
different days. AQUA scores of the index array correlate with Pearson’s
coefficient r � 0.965. B: Quantification (AQUA scores) of immunofluo-
rescence in the cell lines of the index array. Data for H1975 are available
only for the L858R-related experiments because H1975 was tested as a
separate slide (positive control) in those runs. C: Immunofluorescence in
positive and negative controls for total and mutated EGFR. H1975 is
positive when stained with the L858R-specific antibody, whereas A431
and HCC2279 are negative (top row). H1650 and HCC2279 are positive
when stained with the DEL746-750–specific antibody, whereas A431 is
stained with the total EGFR antibody (bottom row).
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Construction of the Standard Curve

A panel of cell lines was selected to reflect the range of
EGFR expression in patients with NSCLC. EGFR was
detected using Western blot analysis in this panel (Figure
2A), along with a series of different quantities of recEGFR.
Band intensity of recEGFR was correlated with the corre-
sponding quantities in nanograms, and the linear portion

Figure 2. EGFR standardization. A: Immunoblotting of a panel of cell lines
(MCF7, SKBR3, H1355, H1666, H1299, H441, H193, H2882, and HCC2279)
along with recombinant intracellular domain of EGFR (recEGFR; molecular
weight, 91 kDa) at different quantities (10, 25, 50, and 125 ng). For each cell
line, 5 �g total protein was loaded. �-Tubulin was used for normalization.
This experiment was performed twice. B: EGFR concentration plotted against
the AQUA score of each cell line. Intercept was set at zero so that no negative
EGFR concentrations would occur at low AQUA scores. Pearson’s R coeffi-
cient is 0.782. Error bars indicate variance between the two experiments. C:
EGFR concentration for each of the cell lines after applying the standard curve
generated in B to their AQUA scores. A threshold of 0.85 ng/�g was set between
the negative (MCF7) and positive (SKBR3) cell lines. D: EGFR concentration was
calculated for each spot of the cases of the index array. The threshold was set to
differentiate EGFR-positive from EGFR-negative cases.
of the generated curve (including the 10-, 25-, 50-, and
125-ng recEGFR bands) was used to transform the band
intensity of each cell line into an absolute EGFR quantity
in nanograms. The concentration of EGFR in the cell lines
(in nanograms per microgram total protein) was calcu-
lated as the ratio of the EGFR quantity to the total protein
loaded (5 �g). The experiment was performed twice, and
the calculated EGFR concentrations were averaged.
Subsequently, a regression of EGFR concentrations with
the corresponding AQUA scores (obtained from the in-
dex array) was drawn for the cell line panel (Figure 2B).
The intercept of the curve was set at zero so that no case
would demonstrate a negative EGFR concentration. The
best linear fit was (EGFR concentration) � 0.0008 �
AQUA score. This standard curve enables transformation
of the AQUA scores of the two cohorts into an EGFR
concentration (in nanograms per microgram total pro-
tein). AQUA scores were normalized for run-to-run vari-
ability before transformation to EGFR concentrations by
using the correlation of the AQUA scores in the index
arrays of each run.

The standard curve was applied to the cell lines (Fig-
ure 2C), and the cases (Figure 2D) of the index array and
EGFR concentrations were calculated. The threshold of
EGFR detection was set between the negative (MCF7)
and the first positive (SKBR3) cell line in the Western blot
analysis and was determined to be 0.85 ng/�g total pro-
tein. This level was concordant with our visual impression
of the threshold of immunofluorescence images of the
negative and positive cases in the index array.

Prognostic Role of EGFR in NSCLC

All EGFR AQUA scores from the Yale and the Sotiria/
Patras cohorts were transformed into absolute EGFR con-
centrations (in nanograms per microgram), and the
threshold, defined from the index array, was used to
separate positive from negative cases. In the Yale cohort,
35 patients (20.5%) were classified as negative, and 135
(79.5%) as positive (range of expression, 0.864 to 13.58
ng/�g for positive cases). In the Sotiria/Patras cohort, 110
patients (32.8%) were classified as negative, and 225 as
positive (range of expression, 0.863 to 9.781 ng/�g for
positive cases). No differences in survival between
EGFR-positive and EGFR-negative cases were observed
between patients in either cohort (P � 0.7265 in the Yale
cohort and P � 0.4277 in the Sotiria/Patras cohort; Figure
3,A and C). In the Yale cohort, median survival was 33.9
months for EGFR-positive patients, and 48.43 months for
EGFR-negative patients, whereas in the Sotiria/Patras co-
hort, median survival was 30.5 months for EGFR-positive
patients, and 35.5 months for EGFR-negative patients.
The same was the case for adenocarcinoma histology
(P � 0.8018 for the Yale cohort, and P � 0.7145 for the
Sotiria/Patras cohort, Figure 3, B and D). In addition, no
difference in survival was observed in the subgroup with
squamous cell carcinoma in the Sotiria/Patras cohort
(P � 0.497; data not shown). Analysis of squamous cell
carcinomas in the Yale cohort was not useful because of
the low number of patients and events. Further stratifica-
tion according to stage and sex did not demonstrate any

prognostic potential of EGFR positivity (data not shown).
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Mutational Status of EGFR
The mutational status of EGFR, assessed using quantita-
tive immunofluorescence, was available in 167 patients in
the Yale cohort and 262 patients in the Sotiria/Patras
cohort. Three cases in the Yale cohort were found to be
mutated. Specifically, one male patient with large-cell
carcinoma tested positive for the deletion between
codons 746 and 750 in exon 19, and one male with
adenosquamous carcinoma and one female patient with
adenocarcinoma tested positive for the L858R point mu-
tation in exon 21. Three cases were found to be mutated
in the Sotiria/Patras cohort. One patient with adenocarci-
noma harbored the deletion 746–750 in exon 19, and two
patients with squamous cell carcinoma tested positive for
the L858R point mutation in exon 21. The staining pattern
of the mutated cases was homogeneous and strongly
cytoplasmic (Figure 4A). Quantification of the signal us-
ing AQUA demonstrated a broad dynamic range with a
few patients who had scores marginally above back-
ground (borderline) in both cohorts (data not shown).
Direct sequencing of the regions of interest in exons 19
and 21 was possible for four of six positive cases and
eight of eleven borderline cases (Table 3). All four cases
that were positive using quantitative immunofluorescence

Figure 3. EGFR shows no prognostic value in
NSCLC. A: Survival analysis in the entire Yale co-
hort when patients are grouped according to the
presence or absence of EGFR. The inset shows
the frequency distribution of EGFR concentration
in this cohort, and the arrowhead shows the cut-
point. B: Subgroup analysis in patients with histo-
logic findings of adenocarcinoma or bronchioloal-
veolar disease in the Yale cohort. C: Survival
analysis, and frequency distribution (inset), of
EGFR for the Sotiria/Patras cohort. D: Subgroup
analysis in patients with histologic findings of ad-
enocarcinoma or bronchioloalveolar disease in the
Sotiria/Patras cohort.

Figure 4. EGFR mutations in the Yale and
Sotiria/Patras cohorts A: Immunofluorescence
images of a large-cell carcinoma positive for the
deletion in exon 19 (top row) and of an adeno-
squamous cell carcinoma positive for the point
mutation in exon 21 (bottom row). In the cy-
tokeratin images (Cy3 channel), the inside box
shows the tumor mask that defines the area of
the tumor in the AQUA algorithm. In the com-
partment images, blue represents the nuclear
compartment, and green the cytoplasmic com-
partment. The remainder of the images demon-
strate the signal for total EGFR, L858R point mu-
tation, and 746–750 deletion (targets) in the
cyanine 5 channel. The compartment and target
images are magnified threefold in comparison to
the cytokeratin images. B: Distribution of EGFR
concentration in the 170 patients in the Yale
cohort. Arrows indicate patients with mutated
EGFR. C: Distribution of EGFR concentration in
the Sotiria/Patras cohort. All mutations were de-
tected in patients with EGFR concentration at
least 1.466 ng/�g.
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with the mutation-specific antibodies were found to be
mutants after sequencing. In addition, one patient from
the Yale cohort among those proved to harbor both
L858R and P856L (phenylalanine-to-leucine) mutations.
P856L is a rare missence mutation that has been re-
ported once previously.26 DNA sequencing revealed one
additional mutant (a female patient with adenocarci-
noma) among the eight borderline cases tested. For the
rest of the positive and borderline cases, there was no
available tissue for sequencing. The overall mutation rate
was 1.79% in the Yale cohort and 1.52% in the Sotiria/
Patras cohort. Matching of EGFR mutational status data
with total EGFR quantification demonstrated that in all
EGFR mutations detected, total EGFR concentration was
at least 1.466 ng/�g total protein (Figure 4, B and C).

Discussion

In the present study, we developed a quantitative, repro-
ducible, standardized assay to measure EGFR concen-
tration in NSCLC. It was determined that the threshold of
EGFR detection for our assay was 0.85 ng/�g total pro-
tein, and then this assay was applied to two cohorts of
patients with NSCLC. It was demonstrated that the pres-
ence or absence of EGFR was not prognostic in either
cohort or any subgroup of either cohort. In addition, the
two most common mutations in the tyrosine kinase do-
main of EGFR were detected using mutation-specific an-
tibodies and immunofluorescence in the two cohorts.
Only a few patients were found to harbor the mutations.
There was no detectable pattern in clinical characteris-
tics of the patients with mutated EGFR. All cases positive
in the quantitative immunofluorescence assay were also
mutated using direct sequencing. Cases that stained
marginally above background using quantitative immu-
nofluorescence were also sequenced, and EGFR was
observed to be mutated in one case. Matching of EGFR
concentrations with the corresponding mutational status
revealed that all mutated cases had EGFR concentra-
tions �1.466 ng/�g.

Several studies have reported that the frequency of
mutations in the tyrosine kinase domain of EGFR is 8% to
15%27–31 in white patients with NSCLC, and 15% to 25%
in white patients with histologic findings of adenocarci-
noma.10,31 However, this effort in two population-based

Table 3. Mutation Detection Using QIF and Sequencing of Posit

Variable

Yale cohort

QIF DNA se

Positive
DEL 1 Mut
L858R 2 Mut

Borderline
DEL 2/167 Wild
L858R 4/167 Wild

Negative 158/167 NA
Overall mutant 3/167 (1.79%)

NA, data not available.
predominantly white cohorts suggests a much lower mu-
tation rate. It is tempting to attribute this discrepancy to
lower sensitivity of the mutation-specific antibodies and
inability of the antibody-based method to detect muta-
tions other than the two most prominent. Future efforts will
be required to determine whether the issue is sensitivity
or variability in populations. Although a range of mutation
incidence has been reported, large population-based
studies such as SEER (Iowa Surveillance, Epidemiology,
and End Results registry) have not yet been assessed. A
possible explanation of the low frequency of mutation is
the low rate of never smokers in our cohorts, which is
compatible with previous reports in white populations
with NSCLC.32,33 Our work raises the possibility that the
EGFR mutation rate in white populations with NSCLC
might be less than what has been previously reported.
However, inasmuch as we can address only two specific
mutations using the antibody approach, further work will
be required to compare the sensitivity and specificity of
this approach in large populations.

It has been reported that there are NSCLC patients
who harbor a mutation in the tyrosine kinase domain of
EGFR but in whom no total EGFR is detected using an
EGFR specific antibody in quantitative immunofluores-
cence.10,34 However, in the present study, total EGFR
was detected in all patients who were proved to harbor
mutated EGFR. A novel antibody for total EGFR was used
that has not been used in previous studies. Total EGFR in
our cohorts was detected with clone D38B1, which de-
tects the intracellular domain of the receptor and uses
heat-induced antigen retrieval rather than protease-me-
diated methods, which are subject to challenges in stan-
dardization. Clones 31G7 and 18C9 were used in previ-
ous studies.10,34 Both detect the extracellular domain of
EGFR and require protease-mediated antigen retrieval. In
our previous work, these and other EGFR antibodies have
been historically difficult to validate.12 In addition, an
objective standardized assay was used to calculate the
EGFR concentration and to set a threshold below which
no EGFR mutations were detected. Most patients who
were found harbor the mutation exhibited high EGFR
expression. Previous reports have demonstrated a posi-
tive correlation between EGFR expression, EGFR gene
copy number, and the presence of EGFR mutations.35

The prognostic role of EGFR has been studied exten-
sively in NSCLC and other malignant diseases. However,

Borderline Cases

Sotiria/Patras cohort

ing QIF DNA sequencing

1 NA
2 Mutant (1 tested)

5/266 1 Mutant (2 tested)
0/266 NA

254/262 NA
4/262 (1.52%)
ive and

quenc

ant
ant

type
type
results have been conflicting and diverse, most likely
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owing to small cohorts, semiqualitative analysis, poorly
standardized and nonvalidated methods, and other fac-
tors. As a consequence, EGFR has been reported to
predict a worse outcome in some studies and to have no
prognostic value in other studies. Moreover, the threshold
dividing the prognostic groups according to EGFR ex-
pression has been variable and not well defined. Thus,
the literature on EGFR has been difficult to reproduce,
and is not broadly accepted. In the present study, we
used the threshold of detection as a cut-point, and found
no prognostic value. Prognostic value could be observed
in the cut-point was varied. However, the cut-point that
showed prognostic value in the first cohort was not vali-
dated in the second cohort, and, thus, is not considered
meaningful (data not shown). While this work may also
not be considered definitive, it demonstrates a standard-
ized method for measurement that is reproducible and
can be normalized to both cell lines and recombinant
proteins. Given the reproducibility of the method, it is
tempting to speculate about potential clinical value. For
example, future studies assessing response to EGFR in-
hibitor therapy, even in the absence of mutations, might
be considered.

In the various clinical settings, laboratories provide
measurements of clinically important variables that are
interpreted as positive or negative and are used to en-
able decision making. In this context, our assay quanti-
fies the expression of EGFR in tumors in patients with
NSCLC and provides an instrument-specific but repro-
ducible sensitivity-based cut-point for defining the group
of patients who express the receptor versus those who do
not. The quantification is based on the combination of
Western blot analysis in a panel of cell lines and AQUA-
based assessment of immunofluorescence signal. A
standard curve is generated from Western blot analysis
to convert AQUA scores into absolute EGFR concentra-
tions. EGFR concentration measured in nanograms per
microgram is more generalizable than the raw AQUA
score in the clinical setting because the AQUA score
depends on the affinity of the receptor to the antibody
that was used to detect it. The assay proved to be highly
reproducible, both in Western blot analysis and quantita-
tive immunofluorescence, because EGFR AQUA scores
and concentrations were close and correlated well when
measured on different days and with different experi-
ments. A similar method that combines the AQUA assay
with an enzyme ligand immunoassay (enzyme-linked im-
munosorbent assay) to provide absolute concentrations
of HER-2 and �-catenin has been reported.22,36

Use of cell lines to construct the standard curve has
certain limitations. Specifically, variables such as cell
density, passage number, serum brand and batch, and
other variables result in changes in concentration that are
not reproducible. These variables decrease the quality of
the correlation between EGFR concentrations calculated
using Western blot analysis and the corresponding
AQUA scores. Finally, the dynamic range of EGFR ex-
pression in the cell lines does not necessarily coincide
with what is observed in patients. Other limitations of the
quantitative immunofluorescence approach are that the

current antibodies can detect only the DEL746-750 de-
letion in exon 19 and the L858R mutation in exon 21. In
comparison, genotyping can reveal additional less com-
mon mutations in the tyrosine kinase domain of EGFR.
The sensitivity of the mutation-specific antibodies, al-
though high, is not 100%, and after the initial reports,
more recent studies have calculated the sensitivity to be
as low as 80%.37,38 In their cohort, Kitamura et al39 were
able to detect only 47% of mutations using the mutation-
specific antibodies, probably because of the high fre-
quency of nonclassic deletions in that particular cohort.

Mutations in the tyrosine kinase domain of EGFR have
been traditionally detected using direct DNA sequenc-
ing40 or other methods.24,41,42 Use of antibodies that are
specific to mutated protein present a potentially less ex-
pensive and more routine method for mutation detection.
However, new technologies and methods may soon neu-
tralize any cost difference between DNA and protein
analyses. Protein analysis also has the advantages of re-
vealing spatial and context information that enables assess-
ment of the distribution of the mutations in different areas
of the tumors and of demonstrating that mutations are
present in sparsely represented epithelial cells. This ap-
proach also addresses the problem of low tumor con-
tent often encountered in sequencing with potential for
false-negative results. With appropriate controls and
standardization, this method requires only minimal
amounts of tissue, which can be a clinical challenge
when only tiny amounts of tissue are obtained using min-
imally invasive techniques.

In summary, quantitative immunofluorescence can aid
in genotyping for determination of EGFR mutational sta-
tus and enable subsequent decisions about the use of
tyrosine kinase inhibitors as first-line therapy in patients
with NSCLC. The method can be highly reproducible,
inexpensive, and specific, and can be used in any pa-
thology laboratory that performs routine IHC. Our assay
reveals no prognostic potential for EGFR in NSCLC, and
enables setting a threshold for EGFR that can act as a
screening test before genotyping. The low mutation rate
in our two cohorts raises the possibility that the frequency
of the mutations might be lower than the 8% to 15% often
quoted in the general population of white patients with
NSCLC.
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