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In clinical routine pathology today, detection of protein in intact formalin-fixed, paraffin-embedded tissue is
limited to immunohistochemistry, which is semi-quantitative. This study presents a new and reliable quantitative
immunohistochemistry method, qIHC, based on a novel amplification system that enables quantification of
protein directly in formalin-fixed, paraffin-embedded tissue by counting of dots. The qIHC technology can be
combined with standard immunohistochemistry, and assessed using standard bright-field microscopy or image
analysis. The objective was to study analytical performance of the qIHC method. qIHC was tested under
requirements for an analytical quantitative test, and compared with ELISA and flow cytometry for quantitative
protein measurements. Human epidermal growth factor receptor 2 (HER2) protein expression was measured in
five different cell lines with HER2 expression from undetectable with immunohistochemistry to strong positive
staining (IHC 3+). Repeatability, reproducibility, robustness, linearity, dynamic range, sensitivity, and quantifica-
tion limits were evaluated. Reproducibility and robustness were assessed in a setup to resemble daily work in a
laboratory using a commercial immunohistochemistry platform. In addition, qIHC was correlated to standard
HER2 immunohistochemistry in 44 breast cancer specimens. For all evaluated parameters, qIHC performance
was either comparable or better than the reference methods. Furthermore, qIHC has a lower limit of detection
than both immunohistochemistry and the ELISA reference method, and demonstrated ability to measure HER2
accurately and precise within a large dynamic range. In conclusion, the results show that qIHC provides a
sensitive, quantitative, accurate, and robust assay for measurement of protein expression in formalin-fixed,
paraffin-embedded cell lines, and tissue.
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In clinical routine pathology today, detection of
protein in intact formalin-fixed, paraffin-embedded
tissue is limited to immunohistochemistry, which is
semi-quantitative. Accurate and robust measurement
of protein expression from formalin-fixed, paraffin-
embedded samples, without loss of morphological
information, is a challenge. Nevertheless, in routine
assessments the expression levels of protein biomar-
kers are reported and used for treatment decisions.

The human epidermal growth factor receptor 2
(HER2) is overexpressed in 10–25% of breast
carcinomas. The Food and Drug Administration
approved the first immunohistochemistry-based
companion diagnostic HER2 test (HercepTest) in
1998 to assess protein levels in a semi-quantitative
setting followed by approval of in situ hybridization
testing for HER2 gene amplification. HER2 testing on
either gene level or protein level determines patient
eligibility for treatment with trastuzumab in breast
and in gastric cancer.1–10

In immunohistochemistry, and to some degree as
for in situ hybridization, different diagnoses for the
same patient have been reported when patient
tissues were tested at different laboratories11–15
(inter-laboratory disconcordance). One issue is local
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differences in procedures for obtaining and preser-
ving tissue before analysis. Within the last decade,
standardizing the process from the operating room to
the pathologist’s assessment has been an area of
focus. The ASCO/CAP guidelines specify the pre-
analytic, analytic, and post-analytic factors neces-
sary for achieving optimal HER2 assay results by
either immunohistochemistry, fluorescence, or
chromogenic in situ hybridization.10 Similarly, fol-
lowing guidelines from Clinical and Laboratory
Standards Institute and manufacturers’ protocols all
contributes to improve the quality of results. Panels
evaluating biomarkers have published scoring and
handling recommendations1,10,16–18 all aiming
toward standardization of diagnostic evaluation.
Nevertheless, both interobserver19–25 and intraobser-
ver variation25–29 have been demonstrated to have an
undesired role in patient diagnosis. Immunohisto-
chemistry relies heavily on the skill set of the trained
pathologist.

A number of methods to obtain more quantitative
results from formalin-fixed, paraffin-embedded
tissue have seen light within the last decade, either
directed at protein or gene level. Some examples
are the AQUA Technology,30–34 HERmark,35–38
Mammaprint,39–42 Oncotype Dx,43–47 and the
PAM50 Breast Cancer Intrinsic Classifier.48,49 A
review50 compared PAM50, Oncotype Dx, and the
immunohistochemistry-based immunohistochemis-
try 4,51–53 and concluded that PAM50 demonstrated
the most prognostic results in the TransATAC

study.50 Unfortunately, most of these new assays
providing quantitative data need to be performed at a
centralized laboratory.

We have developed a new reliable quantitative
immunohistochemistry method, qIHC, based on a
novel amplification system that enables quantifica-
tion of protein directly in formalin-fixed, paraffin-
embedded tissue by counting of dots. The qIHC
method addresses the need for a robust and
quantitative assay, which can be combined with
the morphological information gained from immu-
nohistochemistry. The assay is based on the iCARD
chemistry, which has been described in Lohse
et al.54 It converts antibody/antigen complexes into
red dots, which can subsequently be counted and
quantified.

qIHC combines the ease, speed, and morphological
information gained from classical immunohisto-
chemistry assessment with a quantitative assessment
of protein expression in situ. Using HER2 as a model
system, this study assesses the analytical perfor-
mance of the qIHC assay in both formalin-fixed,
paraffin-embedded cell pellets, and patient breast
cancer specimens.

The qIHC method (Figure 1) is in principle similar
to classic immunohistochemistry, and like classic
immunohistochemistry, the basis for the amplifica-
tion is enzyme deposition (typically Horse radish
peroxidase (HRP)). Step (1) The primary antibody
binds the target (protein/receptor) of interest. Step (2)
A secondary, HRP-labeled antibody recognizes the

Figure 1 1: Primary antibody binds antigen after antigen retrieval. 2: Primary antibody is recognized by a HRP-labeled secondary antibody.
A pre-determined fraction of the secondary antibodies is labeled. 3: Enzyme substrate is added and deposited. 4: AP-labeled antibody
binds substrate and cross linker, resulting in. 5: Red dot reaction.
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primary antibody and binds. These first two steps in
the qIHC reaction are directly comparable to stan-
dard immunohistochemistry. However, in qIHC,
only a pre-determined fraction of the secondary
antibodies is labeled. The secondary-labeled anti-
body is mixed with non-labeled antibody to increase
robustness of the assay. Finally, an amplification
reaction generates a dot centered around the labeled
antibody, ie, directly at the single target (Step 3–5).
The number of dots can be counted and as the ratio
between labeled and unlabeled secondary antibody
is known, the qIHC assay allows for a direct
correlation between number of dots and amount of
biomarker present in the tissue.

In this study, analytical performance of the qIHC
assay including parameters such as precision,
repeatability, linearity, dynamic range, and sensitiv-
ity have been assessed using HER2-expressing
cancer cell lines. Furthermore, compatibility with
clinical specimens was evaluated as the assay was
applied to anonymized breast cancer patient
samples.

Materials and methods

Cells

The following cancer cell lines were obtained from
the American Type Culture Collection (ATCC, USA):
MDA-MB-468, MDA-MB-231, MDA-MB-175-VII,
MDA-MB-453, and SK-BR-3. All cell lines were
maintained in RPMI medium supplemented with
10% fetal calf serum, 1% penicillin–streptomycin,
1% sodium pyruvate, and 10mM Glutamax-I. All
media and supplements were purchased from
Invitrogen, USA. All cells were kept in a 37 °C
humidified incubator in 95% air, 5% CO2 according
to ATCC recommendations. Cells were harvested in
the exponential phase and divided into three frac-
tions for analysis. The cell fractions were respec-
tively (1) formalin-fixed, paraffin-embedded for
immunohistochemistry and qIHC analysis, (2) lysed
for ELISA or western blotting or (3) re-suspended
into a 0.01M PBS buffer pH 7.4 for flow cytometry
analysis. For immunohistochemistry, the cells were
embedded into formalin-fixed, paraffin-embedded
multi blocks including all five cell lines in one
formalin-fixed, paraffin-embedded block. Consecu-
tive serial sections were processed as described
below from the paraffin-embedded cell pellets for
immunohistochemistry analysis and qIHC and
stored cold until staining was performed.

Cell Lysis

For cell lysis, cells were harvested by trypsination
and counted. The cell pellets were lysed according to
procedure described by the manufacturer of the Cell
Lysis Buffer (Cell Signaling Technology, USA). Cell
lysates were stored at − 18 °C until further analysis.

Tissue

The study included 44 formalin-fixed, paraffin-
embedded invasive breast cancer tissue specimens
with known fixation history (10% neutral buffered
formalin, 18–24 h).

All specimens were bought from commercial
tissue vendors. All specimens were completely
anonymized prior to receipt. Specimens were not
individually identifiable and it was impossible to
trace the identity of the patients.

According to the Danish law on the Research
Ethics Committee System and handling of biomedi-
cal research projects and communication between
Dako and the Danish Committee on Biomedical
Research Ethics and the Regional Ethics Committee,
the tests performed at Dako on anonymous residual
tissue are not subject to an approval by the Regional
Ethics Committee system because such studies are
considered quality control projects. Therefore, no
Regional Ethics Committee approval for this work
has been obtained.

Blocks were selected based on their HER2 immu-
nohistochemistry scores (HercepTest standard cate-
gories of expression), in accordance with the
HercepTest scoring system. The slides were chosen
to have a balanced distribution of 0, 1+, 2+, and 3+
HER2 categories.

Formalin-Fixed, Paraffin-Embedded Processing, and
Antigen Retrieval

Formalin-fixed, paraffin-embedded blocks were sec-
tioned at a thickness of 4 μm, dried for 1 h at 65 °C,
deparaffinized, rehydrated, and subjected to target
retrieval in the pre-treatment module, PT Link (Dako,
Denmark) at 95 °C for 40min in Epitope Retrieval
Solution (Dako) according to manufacturer’s instruc-
tion for HercepTest (Dako).

Immunohistochemistry

Immunohistochemical analysis was performed using
the HercepTest kit (Dako). The sections were stained
within 5 days of cutting using an Autostainer Link 48
(Dako) in strict accordance with the manufacturer’s
instructions. Control cell lines for run control,
supplied with the kit, were included together with
a negative control sample in each run.

qIHC

The qIHC assay was stained using an Autostainer
Link 48, and quantitative assessment was done by
counting dots/cell using image analysis. HER2 anti-
body and Epitope Retrieval Solution were from
HercepTest kit and used according to manufacturers’
instruction. qIHC HER2 assays were performed as
previously described.54
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An example of a qIHC stain and the corresponding
immunohistochemistry stain is presented in
Figure 2, wherein cut sections from the same tumor
on two neighboring cut sections were stained with
either HER2 immunohistochemistry or HER2 qIHC,
respectively.

Whole-Slide Scanning and Image Analysis

Whole-slide digital image acquisition was performed
using the Aperio ScanScope CS System (Aperio
Technologies, USA), × 20 objective. HER2 immuno-
histochemistry was quantified in tissues using
Aperio Membrane v9 algorithm, version 9.2. Image
analysis was applied using a dot counting algorithm
(Indica Labs in situ hybridization quantification tool
v. 1.2, Indicalab, Corrales, NM) developed for bright-
field in situ hybridization, and intended for research
use only. The image algorithm identified cells based
on their nuclear staining with hematoxylin. Only
qIHC dots within the cell were evaluated. Other dots
were disregarded as background noise, and not
evaluated. A total number of cells with individual
information of dots per cell was evaluated for each
case. Each case was reported as a unified median of
average number of dots/cell (including s.d).

Histoscore is a measure to convert classic immuno-
histochemistry into a more quantitative range. Histo-
score or H-score is based on staining intensity and
percentages of stained cell. Histoscore is based on four
immunohistochemistry categories reported in percent
cells: negative (0), weak (1+), moderate (2+), and
strongly (3+) stained membranes. In each case, a
histoscore with a potential range of 0–300 was
calculated as follows: HistoScore= ((1×% weakly
stained cells)+(2×% moderately stained cells)+(3×%
strongly stained cells)).

Statistical Analysis

All statistical analyses were performed in a uni-
variate setup, without any studies being reanalyzed,
thus there was no need for P-value correction. A P-
valueo0.05 was considered statistically significant.
For analytical performance testing, sample size
calculations were performed using alpha at 0.05
and power of 0.95. SPSS 21 (IBM Corp. Released
2012. IBM SPSS Statistics for Windows, Version
21.0. Armonk, NY: IBM) or GraphPad Prism version
5.04 for Windows, (GraphPad Software, La Jolla, CA,
USA) was used for statistical analysis.

Flow Cytometry

Flow cytometry analyses were performed using a
monoclonal mouse anti-HER2 antibody developed
internally at Dako. The specificity was characterized
by epitope mapping and examined for cross reactiv-
ity to HER1, HER3 and HER4 by western blot.

Cells were harvested by trypsination and counted.
Samples of 5 × 105 cells were permeabilized to
enable intracellular staining of the HER2 membrane
protein according to instructions for use (Dako,
Denmark). Subsequently, the cells were labeled
according to the procedure described in QIFIKIT
(Dako) for quantitative analysis of indirect immuno-
fluorescence staining by flow cytometry. Mouse IgG1
(Dako) was used as negative control antibody. Flow
cytometry analysis was performed on a FacsCalibur
cytometer (BD Biosciences, San Jose, CA). FITC
fluorescence intensity of labeled cells was deter-
mined on a FL1 detector (530/30 band filter).
FluoroSpheres (Dako) was used for calibration of
the instrument setting prior to analysis.

ELISA HER2 protein levels were measured by
sandwich ELISA in accordance with the recom-
mended procedure by the manufacturer of c-erbB2/
c-neu Rapid Format ELISA kit (Merck Millipore,
Germany).

The total protein content in the individual cell
lysate was determined using the BCA method (BCA
Protein Assay Reagent, Pierce, Thermo Scientific,
Rockford, IL, USA) according to the BSA standard.
The total protein content was used to normalize the
HER2 values for each sample.

Cell lysates were tested and measured in duplicate
serial dilutions.

Results

The ASCO/CAP guideline for HER2 testing10,55
covers standardized setup for analytic processing
procedures for HER2 testing using immunohisto-
chemistry or fluorescence in situ hybridization. All
Food and Drug Administration-approved HER2
immunohistochemistry diagnostic assays include
control cell lines based on immortalized cancer cell

Figure 2 HER2-expressing breast cancer specimen stained with
standard HER2 IHC in top of the image, and stained with HER2
qIHC below the thin red line.
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lines with different HER2 expression for internal run
controls. As a result the accuracy of the tests can
only be estimated and not fully determined, although
the precision of the assay can be measured.56 There
are currently no HER2 immunohistochemistry assays
for direct HER2 quantification.

In our study, the recommended principles and
practices57–59 for validating a quantitative test were
followed including testing for accuracy, reproduci-
bility, repeatability, robustness, and precision using
cancer cell lines. The HER2 expression in the cell
lines ranged from undetectable with current HER2
immunohistochemistry (~1000 receptors/cell) to
strongly positive (immunohistochemistry 3+,
45.5×106 receptors/cell). Using cell lines for analy-
tical validation instead of patient samples provides the
advantage that the HER2 expression in cell lines can be
quantified using other linear and quantitative methods.
Hence, we were able to correlate qIHC analysis on
tissue sections and sections of paraffin-embedded cell
pellets with ELISA measurements of HER2 protein in
cell lysates and flow cytometric quantification of HER2
in living cells. Comparison of the results from the
different tests and methods is used for demonstrating
the quantitative nature of the qIHC assay.

Accuracy

Closeness of agreement between the test result and
an accepted reference value was tested by assessing
multiple independent cell lines. HER2 protein levels
for all cell lines have previously been characterized
and reported with established quantitative methods,
such as western blot,60,61 ELISA,31,36,60 or flow
cytometry.36,37,60,61 Variance in HER2 protein levels
reported in the literature suggests local laboratory
variation, most likely due to difference in cell
handling, HER2 antibody, or methodology setup. In
order to reduce the cell handling parameter, mea-
surements of HER2 protein levels were performed on
five different cell lines but the same cell culture
using HER2 qIHC in parallel with ELISA and flow
cytometry (Table 1).

The cell lines were selected on basis of the span in
HER2 protein level, and cover a dynamic range of
103 receptors/cell. The resulting data demonstrated
overall concordance, and all methods demonstrated
ability to measure and rank the five cell lines
according to expected HER2 profile.

Precision

To evaluate the variability of repeated measure-
ments’ precision, studies were based on Interna-
tional Standard ISO 5725 as well as independent
Clinical and Laboratory Standards Institute guide-
lines EP05-A3.62 The same batch of reagents was
used for all tests. In addition, the ability to separate
the five different cell lines by qIHC was evaluated.
For precision testing, three staining runs, includingT
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the same formalin-fixed, paraffin-embedded five cell
line multi block, were tested in nine replicates,
resulting in a total of 135 data points. Data for the
individual cell lines were pooled between the
individual test runs, thus adding run-to-run variation
on top of the expected within-run variation. Com-
bined data of five different cell lines were tested 45
times (five runs, nine replicates in each), and
separation between the individual cell lines were
tested by multiple comparisons using Kruskal–Wallis
test with Dunn's multiple comparison which compare
inter and intraspecific variability. qIHC measurements
of all five cell lines were statistical significantly
different (Po0.0001–0.0033, with an overall
Po0.0001), and are well separated (Figure 3).

Sensitivity

Sensitivity is often measured by diluting the analyte
until it cannot be measured. This is not possible for
immunohistochemistry assays because no reference
analyte for tissue exists. Instead, the analytical
sensitivity of HER2 qIHC was tested by the ability
to obtain measureable results with HER2 qIHC on
cell lines with low HER2 expression. The cell lines,
MDA-MB-468 and MDA-MB-231, cannot be mea-
sured by immunohistochemistry and are both
immunohistochemistry negative. Furthermore,
although MDA-MB-231 is quantifiable with ELISA,
MDA-MB-468 is not as demonstrated in this study
and in an earlier study.60 To determine the back-
ground level, control experiments without HER2
antibody were run. Nine formalin-fixed, paraffin-
embedded cell multi blocks were stained with and
without primary HER2 antibody and assessed using
image analysis. The qIHC value of MDA-MB-468 is
well separated from the MDA-MB-231 value
(unpaired t-test Po0.0001) and both are above
observed background level (Figure 4).

Limit of detection is the lowest amount of analyte
that is statistically distinguishable from background
or a negative control. Limit of quantification on the
other hand is the lowest and highest concentrations
of analyte that can be quantitatively determined with
suitable precision and accuracy.63 In order to claim
limit of detection, a signal to noise level above three
must be obtained, whereas limit of quantification
requires a signal to noise level above 10. The signal
to noise levels verify that MDA-MB-468 is detectable,
however at the limit of the system, whereas MDA-
MB-231 represents limit of quantification (Table 2
and Figure 4). The measurements on the cell lines
have a coefficient of variation ranging from 4 to 15%,
which compares well to immunoassays used for
blood testing, for example.

Reproducibility and Robustness

To be able to trust a quantitative method, the method
should be reproducible and not be affected by day-

to-day variation. In the clinical pathology laboratory,
the same formalin-fixed, paraffin-embedded block
should return the same result if the specimen needs
to be reassessed at a later date. We combined
reproducibility (testing for consistent results when
performing the same HER2 qIHC procedure on the

Figure 3 Precision analysis of five different HER2-expressing cell
lines. Combined results on three different runs, at different days.
Nine replicates per run. n=27 for each cell line.

Table 2 Signal to noise table for HER2 qIHC of the tested five cell
lines, n=108

Cell line qIHC dot/cell S/N %CV

MDA-MB-468 0.02 3.7a 14.5
MDA-MB-231 0.05 10.2b 11.2
MDA-MB-175 0.15 28.8 8.7
MDA-MB-453 1.93 332.1 8.3
SK-BR-3 5.25 865.3 3.6

aLimit of detection.
bLimit of quantification.

Figure 4 Analytical Sensitivity and specificity tested using nine
FFPE cell blocks tested with and without addition of HER2
antibody. MDA-MB-468 is distinct from both MDA-MB-431 and
background level (Blank=MDA-MB-231 without primary anti-
body) (Po0.0001).
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same instrument) with robustness testing to mimic
the process in a clinical pathology laboratory.
Guidelines point toward 20 separate runs in order
to evaluate day-to-day variability, but in this study a
smaller initial assessment of run variation was
assessed. Sections from the same formalin-fixed,
paraffin-embedded block containing the SK-BR-3
cell line were cut and processed on five different
days. The sectioning was done by different trained
operators. Each of the five days, 12 sections were cut
from the formalin-fixed, paraffin-embedded block
(nine for HER2 qIHC testing, and three serving as
negative controls). The slides were stained with
qIHC method the same day as the sections were cut.
Antibody retrieval and qIHC staining were per-
formed on the same instrument each time, but four
different trained technicians performed the staining
(setup according to Figure 5). The overall % CV for
all five days was 6.21 %, and the within run
variation from the five different test days ranged
from 3.94% to 8.48% (Figure 6 and Table 3).

Repeatability

To further assess within-run reproducibility, we
examined a small formalin-fixed, paraffin-embedded

cell block containing cell pellets of all five indivi-
dual cell lines embedded. Each staining run was
comprised of nine HER2 qIHC stainings, as well as
three negative control stains. Staining 1 was plotted
against staining 2–5, resulting in a linear plot,
demonstrating high repeatability without any sig-
nificant day-to-day variation (Figure 6).

All five runs were compared using two-way
ANOVA and Turkey post test for multiple compar-
isons, resulting in all P-values of40.999, thus no
significant difference between each run. Pearson
correlation demonstrated statistical significant cor-
relation and thus linearity (Pearson’s r: 0.9995–
0.9998, R2: 0.9991–0.999, P: 0.0002–0.0005).

Linearity and Correlation to Reference Quantitative
Analytical Methods

The ability of the test to return values that are
directly proportional to the concentration of the
analyte in the sample is of great importance for
quantitative methods. The standard approach for
determining linearity is using a dilution, as sug-
gested by Clinical and Laboratory Standards Institute
guideline EP6-A,64 however it is not possible to
dilute a formalin-fixed, paraffin-embedded cell pel-
let, or tissue section, thus a setup using other
quantitative methods was needed in order to be able
to demonstrate linearity. Two established reference
methods were used, and if both reference methods
have linear correlation, qIHC must correlate to both
methods in a linear fashion to demonstrate linearity.
The dynamic range and linearity of the assay was
investigated by correlating the qIHC on repetitive
runs on all five cell lines in nine replicates to results
of an in-house developed flow cytometry assay as
well as a commercial available ELISA kit for HER2
measurement. See Figure 7 for linearity plots.

All tests demonstrated statistical significant corre-
lation with Po0.0001 (Pearson’s r: qIHC vs flow
cytometry: r=0.9813, qIHC vs ELISA: r=0.9918 and

Table 3 Robustness and repeatability testing on a single cell line,
tested on 5 different days

Average Day 1 Day 2 Day 3 Day 4 Day 5

Dot/Cell 4.63 4.49 4.58 4.56 4.71 4.79
s.d. 0.29 0.38 0.16 0.35 0.19 0.24
% CV 6.21 8.48 3.53 7.77 3.94 5.04

A coefficient of variation of 6.21% for all the 5 days was obtained.
Within-run variation ranged from 3.53 to 8.48%.

Figure 5 Combined reproducibility and robustness testing of
HER2 qIHC. Twelve cut sections from one FFPE cell block were
cut on 5 different days by different trained operators. Nine slides
were tested with HER2 qIHC, three slides were tested without
HER2 antibody (negative control). Four different technicians
tested the slides with HER2 qIHC. Antibody retrieval and qIHC
were performed on the same instruments.

Figure 6 Repeatability of five different HER2-expressing cell lines
were tested in nine replicates in five different runs and correlated
(Pearson’s r=0.9995–0.9998, P=0.0002–0.0005).
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ELISA vs flow cytometry: r=0.9967). No overlap was
observed between the different cell lines, and a
broad dynamic range could be demonstrated ranging
from 4400 receptors/cell up to 565 000 receptors/
cell.

HER2 Breast Tumor Concordance

In order to evaluate qIHC on tissue specimens,
consecutive formalin-fixed, paraffin-embedded sec-
tions were cut from 44 breast cancer resection

specimens and tested in triplicates with either
HercepTest or HER2 qIHC, using the same HER2
antibody and antigen retrieval. The HER2 qIHC
antibody used is the same as for HercepTest. Several
tissue sections stained by HER2 qIHC assay was
examined thoroughly by trained observers to verify
that dots were located in relevant tissue areas (see
Figure 2), ie, the same areas as HercepTest. Control
stainings without HER2 antibody were also per-
formed, and only a few single dots evenly spread
over tissue could be observed.

All samples were stained on the same instrument.
The 44 breast cancer specimens were selected on
basis of their HER2 immunohistochemistry score
(HER2 immunohistochemistry distribution Figure 8).
For examples of immunohistochemistry and qIHC-
stained specimens, respectively, please see Figure 9.
Slides were analyzed using histoscore algorithm
(H-score), which is a semi-quantitative indexation of
the immunohistochemistry HER2-staining intensities.

A one-way ANOVA with Turkeys post test for
multiple comparisons demonstrated that all four
categories could be separated from each other
(adjusted P-values: 0.0003–o0.0001).

To ensure a correct correlation without any tissue
variation, the same tumor regions were evaluated on
all six slides (three slides of HER2 immunohisto-
chemistry and three slides of HER2 qIHC). Correlat-
ing qIHC with traditional immunohistochemistry
resulted in a statically significant correlation

Figure 7 Linearity of HER2 protein measurements using ELISA and flow cytometry resulted in statistical significant correlation for all
methods (Po0.0001). I: qIHC correlation to flow cytometry: Pearson’s r=0.9813, Po0.0001. II: qIHC correlation to ELISA Pearson’s r:
0.9918, Po0.0001. III: ELISA correlation to flow cytometry: Pearson’s r=0.9967, Po0.0001.

Figure 8 HER2 IHC categorical score distribution assessed on
breast cancer specimens and cell lines using histoscore (0–300: (%
1+)+(% 2+ * 2)+(% 3+ * 3)).
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Figure 9 HER2-expressing breast cancer specimen stained with standard HER2 IHC to the left of the image, and stained with HER2 qIHC to
the right. Tissues were classified as follow; a=0, b=1+, c=2+, d=3+.
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(Figure 10, Pearson’s r: 0.9606, P: o0.0001). By
analyzing the plot, it is evident that while HER2
qIHC can quantify protein expression also in the high
range, traditional immunohistochemistry reaches a
saturation level (3+ for all cells). Immunohistochem-
istry is recognized as having a limited dynamic
range. This feature does not have any clinical impact
for HercepTest since it is designed to robustly
separate 0, 1+ (HER2 negative) from 2+ (HER2
equivocal, which needs to be tested with fluores-
cence in situ hybridization), and 3+ (HER2 positive,
which is eligible for trastuzumab treatment). Never-
theless, the ability to separate both high and low
levels of HER2 protein present in tumors with qIHC
is evidence for an enhanced dynamic range on tissue
compared with immunohistochemistry.

Discussion

IHC-based methods are appealing from a practical
perspective. Factors such as ease of use, turnaround
time, cost, and morphological information are rea-
sons for the widespread use of IHC as a routine test.
However, traditional IHC is semi-quantitative at best,
which has been evaluated in different studies.65–71
Assessment of qIHC-stained tissue sections is per-
formed using bright-field microscopy displaying
intact and assessable tissue morphology. The con-
cept of dot counting circumvents potential issues
with linearity of DAB intensity, which has been
discussed in literature.72,73 Another potential benefit
relates to robustness. Small changes in the reagents,
lab-to-lab variation etc, can have a significant effect
on a classic IHC stain in the form of lower or higher
staining intensity. This is not the case for qIHC, here
the size of the dot will change in response to the
variation. Most importantly, the dot will still be there
and will be counted as a dot. Furthermore, if an
image analysis algorithm is used to count the dots on
digitally scanned slides, the risk of interpretation
bias is removed. However, like immunohistochem-
istry, accurate results of qIHC are dependent upon

antibodies with high specificity and standardization
of pre-analytical factors.

At the present time, no existing guideline includes
analytical validation of quantitative protein measure-
ments in tumor tissue. Internal or external standards
do not exist; instead correlation has been made to
other methods using similar references. In this study,
HER2 levels in cells harvested in the same passage
were analyzed with three different techniques. Flow
cytometry applied on living cells and ELISA on cell
lysates were used as reference methods and com-
pared with the results of qIHC HER2 analysis on
formalin-fixed cells embedded in paraffin. Keeping
the analyte as similar as possible allows for a
correlation of the obtained results across different
techniques. It must be stated, however, that a
variation in protein levels can be expected as the
methods measure HER2 in different sample types (ie,
living cells for flow cytometry, lysed cells for ELISA
and formalin-fixed, paraffin-embedded cells for IHC
and qIHC).

A practical feature of qIHC is the ability to tune the
assay for the biomarker of interest, ie, adjust the ratio
between labeled and unlabeled secondary antibody.
If the biomarker is a ‘low expressor’, such as HER2
in MDA-MB-468, it is possible to amplify a larger
percentage of receptors, whereas for a highly
expressed biomarker, such as HER2 in SK-BR-3, an
assay where a smaller fraction of the antigens are
converted into red dots can be used. In this way, a
simple titration enables adjustment of the assay to
optimize the performance in concordance with
clinical need. For this study, the assay was titrated
to show dynamic range and the same titration was
used for all experiments.

qIHC was tested under requirements for an
analytical quantitative test, and compared with
established methods for quantitative protein mea-
surements. Reproducibility and robustness were
assessed in a setup to resemble daily work in a
laboratory using a commercial IHC platform. For all
evaluated parameters, qIHC performance was either
comparable to or better than the reference methods.
It was thereby demonstrated by means of a defined
analytical validation and verification process, based
on current standards and guidelines, that the qIHC
test is a quantitative, robust, and precise test that can
be performed reproducibly and accurately.

The lower end of the dynamic range is limited by
the ability to separate a data point from a blank
sample. In the high end of the qIHC assay, dots
overlap to an extent that the algorithm cannot
separate them as individual and the readout at the
maximum detection level will no longer be within its
linear range. In this study, HER2 could be measured
using qIHC even in IHC-negative cell lines, and at the
same time it was possible to separate higher levels of
HER2 protein in the tumors, which is traditionally
defined as 3+ in IHC. None of this is possible with
IHC, concluding that qIHC has a substantially
broader dynamic range than IHC. The ability to

Figure 10 Concordance to HER2 IHC: 44 breast cancer specimens
were tested in triplicates using IHC and qIHC resulting in a
significant correlation (Pearson’s r: 0.9606, P: o0.0001).
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cover the dynamic range tested in this study is an
advantage compared with, for example, previously
reported results with the AQUA technique, a
fluorescence technique, which applies two different
assays depending on the HER2 concentration.31
Furthermore, qIHC has a lower limit of detection
than both IHC and the ELISA reference method. The
high sensitivity and larger dynamic range compared
with IHC allows for a better separation with greater
precision of protein expression. Being able to
differentiate even low levels of HER2 could open
up applications of new HER2 targeted therapies,
which are targeted to the patient population without

benefit of trastuzumab or other high HER2 levels
targeted therapies. Two clinical studies, NSABP B-47
(NCT01275677) and NeuVax (NCT015170036), are
currently in progress, which target low levels
(IHC 1+ and 2+) of HER2 in breast cancer. Using a
method such as qIHC could potentially allow
accurate assessment of small differences in low
levels of HER2 in the HER2-negative patient popula-
tion. With HER2 qIHC, it is possible to measure the
low levels of HER2 expressed in the cell lines MDA-
MB-468, which are not measurable with ELISA, and
MDA-MB-231, which is the de facto IHC 0 control
cell line in Food and Drug Administration-approved

Figure 11 IHC stains to the left, qIHC stains to the right. (a) ER on breast, (b) CK18 on prostate and (c) CK-PAN on prostate.
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HER2 IHC products. We have shown that the two cell
lines can be measured and quantified, and the results
are easily separated.

To demonstrate the utility of qIHC in a clinical
setting, a successful comparison with HER2 IHC was
done by performing a study on a small cohort of 44
breast cancer patients. The aim was to show that
qIHC could give a result correlating to HER2 IHC
scores used in clinics today, no analytical parameters
were challenged. Despite the fact that HER2 IHC is
designed for optimal separation and sensitivity in
the equivocal range, we found a good correlation
between qIHC and IHC. In the HER2-overexpressed
range, traditional IHC was no longer able to
differentiate the HER2 levels (no clinical impact).
This was not a challenge for qIHC with its broader
dynamic range.

Other biomarkers including membrane, cyto-
plasm, and nuclear markers have been tested with
qIHC in our laboratory. In a similar way as for HER2,
all those biomarkers followed the same staining
pattern as their corresponding IHC stain (some
examples in Figure 11).

In conclusion, the results show that qIHC provides
a sensitive, quantitative, accurate, and robust assay
for measurement of protein expression in formalin-
fixed, paraffin-embedded cell lines and tissue. It is
potentially a valuable tool for patient selection in
clinical investigations. The use of a more sensitive
and quantitative test could provide better and more
precise diagnosis and thus improved patient care.
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