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Introduction

Of all the disciplines in laboratory medicine, quantita-
tive measurement of analytes in histopathological 
specimens has presented some of the most challeng-
ing hurdles. Some of these unique hurdles include the 
requirement for tissue fixation, dehydration, embed-
ding, and microtomy before analysis. In addition, the 
field is hampered by the unavailability of calibrators 
and standards as well as the lack of objective units of 
measure that are traceable to the number of analyte 
molecules. Against this backdrop, there are increasing 
demands for standardization, accuracy, and day-to-
day reproducibility, especially for companion diagnos-
tics. Methods and guidelines to address these clinical 
needs are well established in clinical laboratory 

medicine but have been difficult to apply to clinical IHC. 
Technical limitations frustrate the application of practi-
cal solutions that have proven effective in other clinical 
laboratory disciplines. For example, IHC is unusual 
among laboratory tests because the test output is 
expressed in terms of color: stain intensity, or percent-
age of cells that achieve a detectable stain intensity, or 
presence/absence of a stain. In all of these measures, 
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Summary
An important limitation in the field of immunohistochemistry (IHC) is the inability to correlate stain intensity with specific 
analyte concentrations. Clinical immunohistochemical tests are not described in terms of analytic response curves, namely, 
the analyte concentrations in a tissue sample at which an immunohistochemical stain (1) is first visible, (2) increases 
in proportion to the analyte concentration, and (3) ultimately approaches a maximum color intensity. Using a new 
immunostaining tool (IHControls), we measured the analytic response curves of the major clinical immunohistochemical 
tests for human epidermal growth factor receptor type II (HER-2), estrogen receptor (ER), and progesterone receptor 
(PR). The IHControls comprise the analytes HER-2, ER, and PR at approximately log concentration intervals across the 
range of biological expression, from 100 to 1,000,000 molecules per test microbead. We stained IHControls of various 
concentrations using instruments, reagents, and protocols from three major IHC vendors. Stain intensity at each analyte 
concentration was measured, thereby generating an analytic response curve. We learned that for HER-2 and PR, there 
is significant variability in test results between clinical kits for samples with analyte concentrations of approximately 104 
molecules/microbead. We propose that the characterization of immunostains is an important step toward standardization. 
(J Histochem Cytochem 65:273–283, 2017)
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there is no traceability to the actual analyte concentra-
tion. This would be analogous to expressing a serum 
glucose concentration as “dark pink” or “3+” based on 
the appearance of the colorimetric glucose oxidase 
reaction. Our inability to routinely correlate stain inten-
sity to analyte concentration is a serious limitation in 
the field, frustrating the goals of standardization and 
reproducibility.

All quantitative laboratory assays are characterized 
by analytic response curves. Such curves correlate 
signal intensity with analyte concentration. At low ana-
lyte concentrations, no signal is detected. As the ana-
lyte concentration is increased, the signal becomes 
detectable and then increases in proportion to the 
analyte concentration. This is conventionally termed 
the linear range of measurement, or “analytic mea-
surement range.” With even higher analyte concentra-
tions, the increases in signal intensity eventually 
become smaller and ultimately reach a maximum, or 
“plateau.”

The inability to generate analytic response curves 
for commonly used clinical immunohistochemical tests 
complicates the standardization of test results. 
Previously published studies demonstrated that, like 
other immunoassays, human epidermal growth factor 
receptor type II (HER-2) and estrogen receptor (ER) 
immunostains are no exception in having analytic 
response curves.1,2 However, there has never been a 
quantitative tool that can be broadly applied on a 
national level to characterize them. In this article, we 
describe the use of IHControls to quantitatively com-
pare analytic sensitivities of the major clinical immuno-
histochemical tests used for HER-2, ER, and 
progesterone receptor (PR). The clinical tests we eval-
uated collectively comprise >95% of the tests used in 
the United States for breast cancer management.3

Materials and Methods

IHControls

The IHControls are similar to those previously 
described4 but with a few modifications. In this study, 
we developed additional breast cancer IHControls at 
multiple different analyte concentrations, ranging from 
approximately 102–106 copies per bead. The precise 
number is established by quantitative fluorescence 
microscopy (described below, next section). Briefly, 
IHControls are composed of two different microbeads: 
analyte-coated glass test microbeads (7–8 µm diam-
eter) and color standard microbeads (4.5 µm diame-
ter). The analyte-coated microbeads bear covalently 
linked peptide epitopes for HER-2, ER, and PR. 
Between all of the various IHControls products used in 

this study, peptide analytes for all of the major clinical 
HER-2, ER, and PR tests are represented. The various 
IHControls differ in the concentration of HER-2, ER, 
and PR analytes. The microbeads are suspended in a 
proprietary clear liquid that hardens after application to 
the glass microscope slide, thereby retaining the 
microbeads on the glass slide during baking, deparaf-
finization, antigen retrieval, and staining. Once dried, 
the droplet can be treated as one would treat a tissue 
sample. Each dried microliter droplet on the slide 
incorporates approximately 5000 analyte-coated (test) 
microbeads.

The IHControls microbead suspension also includes 
color standard microbeads, which are permanently 
colored dark brown regardless of the IHC staining pro-
cedure. The small size (4.5 µm diameter) of these 
microbeads distinguishes them from the test micro-
beads. The color standard microbeads serve as a 
color intensity reference for standardizing color inten-
sity measurements by image analysis, independent of 
the camera and microscope optical settings.

The IHControls microbeads were manufactured at a 
series of different analyte (peptide) concentrations that 
differ by approximately 1 log, from 106/bead (termed 
“level 5,” the highest concentration) to 102 (“level 1,” the 
lowest concentration). Peptide conjugation reactions 
to the glass microbeads are always performed at the 
same total peptide concentration, thereby saturating 
the available glass cross-linking sites. The peptides 
comprising HER-2, ER, and PR epitopes are 18–30 
amino acids long. Each peptide incorporates end-
capped amino acids, that is, N-terminal acetylation 
and C-terminal amidation. Moreover, each peptide has 
a single (terminal) chemically available (epsilon) amine 
group for cross-linking to aminosilane on the glass 
microbead. Each peptide is also synthesized with an 
additional lysine located near the carboxy or amino 
termini, distant from the antibody epitope, conjugated 
with fluorescein. The epsilon amine group of any other 
internal lysines that derive from the native protein 
sequence were blocked with an ivDde [1-(4,4-dimethyl-
2,6-dioxocyclohex-1-ylidene)-3-methylbutyl] cleavable 
protecting group. This ivDde group blocks the epsilon 
amine, preventing it from binding to aminosilane dur-
ing the cross-linking step to glass microbeads.

All peptide conjugations to glass microbeads were 
performed with an excess amount of peptide, thereby 
saturating the available aminosilane cross-linking sites 
on the microbead. For level 5 (highest analyte concen-
tration) microbeads, only one peptide was conjugated, 
saturating the microbead with a single type of peptide. 
For other (lower analyte concentration) microbeads 
(levels 1–4), we performed the conjugation at defined 
molar ratios of a mixture of fluorescein-conjugated 
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peptides, keeping the total peptide concentration con-
stant. The molar concentration of each peptide in solu-
tion was calculated by spectrophotometry (492 nm), 
based on the molar extinction coefficient of fluorescein 
(74,000). An irrelevant peptide, constructed with the 
same design constraints as described above, was 
used to dilute out the relevant peptides so as to obtain 
any desired ratio. This maintained a constant (saturat-
ing) peptide concentration during the cross-linking 
reactions. For level 1–4 IHControls, the microbeads 
bear all of the HER-2, ER, and PR analytes at equiva-
lent concentrations. The concentration of any individ-
ual peptide analyte is estimated by multiplying the 
molar ratio of that peptide in the mix of peptides used 
for conjugation to the glass microbeads by the total 
amount of peptide attached to the bead (as measured 
by quantitative fluorescence microscopy).

The IHControls also include a second type of glass 
microbead that is not immunoreactive with the anti-
body in question. The antigenically irrelevant micro-
beads serve as an unstained, internal negative control 
(illustrated in Fig. 2). For level 5 (highest analyte con-
centration) IHControls, the unstained, internal nega-
tive control comprises the microbeads coated with 
peptides to a different primary antibody. For example, 
the microbead coated with the SP3-immunoreactive 
peptide is unstained when immunostaining with the 
HercepTest antibody. For level 1–4 IHControls, the 
unstained, internal negative control bead bears an 
irrelevant peptide that is not immunoreactive with any 
of the HER-2, ER, or PR antibodies.

Quantitative Fluorescence Microscopy

Analyte concentration on the glass microbeads is cal-
culated using a calibration curve that correlates fluo-
rescence intensity with molecular concentration. This 
calibration curve is generated using commercial fluo-
rescein calibrator microbeads (cat. no ECFP-F1-5K, 
Spherotech FITC calibration particle kit; Lake Forest, 
IL). Fluorescence intensity is quantified after photomi-
croscopy using a cooled-CCD Spot Imaging camera, 
Model 2.3.0 (Diagnostic Instruments Inc., Sterling 
Heights, MI). To measure fluorescence intensity, 1 µl of 
a bead suspension is mixed with 2 µl of a fluorescence 
quenching inhibitor (SlowFade Gold; Life Technologies/
Thermo Fisher Scientific, Waltham, MA), deposited on 
a slide, and coverslipped. Photomicroscopy was per-
formed using a 40× objective magnification with an 
8-bit depth data capture (gray scale).

The number of fluorescein molecules per calibrator 
bead is expressed in units of “molecular equivalents of 
fluorochrome” (MEF). This unit of measure is used in 
the field of flow cytometry. Soluble fluorochrome, such 

as fluorescein, can be directly correlated with molar 
concentration by virtue of fluorescein’s molar extinc-
tion coefficient. However, these parameters change 
slightly for bead-bound fluorescein. The extinction 
coefficient and fluorescent yield of immobilized (insol-
uble) fluorescein is not exactly the same as for soluble 
fluorescein. MEF is a similar measure to the absolute 
number of molecules except it accounts for this 
difference.

A 2-point calibration is performed using calibrator 
microbeads from Spherotech. Each calibration data 
point is measured in triplicate. Fluorescence intensity 
of analyte-coated (test) microbeads, coated with a fluo-
rescein-conjugated analyte peptide, is then measured 
by quantitative fluorescence microscopy. The fluores-
cence intensity measurement of the test microbeads is 
then interpolated on the calibration curve, thereby 
identifying the MEF of HER-2, ER, or PR on each batch 
of test microbeads. Fluorescence quantification was 
performed using the thresholding function in ImageJ 
(provided as a free download at imagej.nih.gov).

Photomicroscopy

Images were acquired with (1) a Nikon Eclipse E400 
microscope fitted with a Spot Imaging Solutions RT 
cooled-CCD color camera, Model 2.3.0 (Diagnostic 
Instruments Inc.), or (2) a Zeiss Axioskop microscope 
fitted with a Spot Imaging Solutions Insight Gigabit 
CCD camera (Diagnostic Instruments Inc.). For any 
single experiment, the same camera was used for 
photomicroscopy. For brightfield photomicroscopy of 
IHControls, the microscope optics are first set for 
Köhler illumination. Once Köhler illumination was 
established, the condenser aperture is then opened 
wide because the microbeads have more than suffi-
cient contrast. With this adjustment, unstained test 
microbeads are faintly visible alongside stained micro-
beads. The camera software was set at a gamma of 
1.0, using manual (fixed) photographic exposure times. 
Before photography, the camera was white-balanced 
and a flat-field correction was performed. Whole slide 
imaging was not used. Each slide’s color intensity was 
measured by averaging three images per spot (slide). 
Each data point in the “Results” section represents the 
mean ± standard deviation (SD) of triplicate slides.

Image Analysis

To promote consistency, we kept the photomicroscopy 
settings constant within each experiment. This includes 
both the optical settings, such as condenser and illu-
mination apertures, as well as camera settings, such 
as exposure time. For the quantification of IHControls 

http://imagej.nih.gov
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stain intensity, we developed a custom algorithm 
embedded in MATLAB, as previously described.4 The 
algorithm measures image intensity of the test micro-
beads’ rims relative to an internal color intensity stan-
dard bead. Because of its smaller size, the color 
standard bead is easily distinguished from a test bead. 
Consequently, IHControls stain intensity is expressed 
as a ratio. A score of 1.0 means that the test micro-
beads, stained for HER-2, ER, or PR, are equally 
intense in color as the color standard microbeads. 
Scores ≥1 represent strong stains.

Immunohistochemistry Staining

IHC staining was performed using three automated 
immunostainers, in three separate sites. For stains using 
HER-2, ER, or PR antibodies supplied by Dako Corp./
Agilent, a Dako Autostainer (Dako Corp., Carpinteria, CA) 
was used. These stains included HercepTest, PR 636, 
PR 1294, and ER 1D5/2-123. The HER-2 and ER/PR 
PharmDx kits are sold with prediluted solutions and 
reagents. Slides were initially baked at approximately 57C 
for 40 min, deparaffinized in xylene, and then hydrated in 
decreasing grades of ethanol. Antigen retrieval was per-
formed using Dako’s antigen retrieval solutions provided 
with the HER-2 or ER/PR kits. For HER-2, antigen 
retrieval was performed in a 97–98C water bath for 40 
min, as per the manufacturer’s instructions. For ER/PR 
antigen retrieval, the slides were processed for 25 min in 
a Biocare Medical Decloaking Chamber pressure cooker 
(Biocare Medical Inc., Concord, CA). For all subsequent 
steps, the manufacturer’s reagents, buffers, and instruc-
tions were followed. PR antibody 636 was purchased 
separately from Dako and coupled with the ER/PR 
PharmDx kit detection system.

For immunostains using antibodies supplied by 
Leica Corp. (Leica Biosystems Inc., Buffalo Grove, IL), 
we performed the testing on a Bond III instrument. 
Slides were baked at 60–62C for 20–30 min. Depa-
raffinization and antigen retrieval were performed on 
the instrument using the manufacturer’s reagents and 
protocols. We used the Leica ER 6F11, PR 16, and 
HER-2 CB11 antibodies with the kit detection reagents.

For immunostains using antibodies supplied by 
Ventana Medical/Roche (Ventana Medical Systems, 
Tucson, AZ), we performed the testing on a Benchmark 
XT. These samples were not baked, as per the usual 
protocol for that clinical IHC laboratory. Deparaffinization 
and antigen retrieval were performed on the instru-
ment, using the manufacturer’s solutions and proto-
cols. We used Ventana ER SP1, PR 1E2, and HER-2 
4B5 antibodies coupled with the kit detection reagents.

At the end of each immunostaining protocol, the 
slides were removed from the instruments, dehydrated 
through increasing grades of ethanol, immersed in 

xylene, and coverslipped using Permount (ThermoFisher 
Corp., Waltham, MA).

We also included the HER-2 SP3 rabbit monoclonal 
antibody in these evaluations. The SP3 antibody was 
supplied as a hybridoma cell culture supernatant from 
Abcam (Cambridge, MA). The manufacturer does not 
supply the antibody concentration. Before use, the anti-
body preparation was diluted 1:100 in Tris-buffered 
saline with 0.05% Tween-20, pH 7.4 (TBST), as sug-
gested by the manufacturer. The SP3 stain was per-
formed on a Dako Autostainer because of the 
instrument’s open architecture. There is no company-
specified detection kit for the SP3 antibody, so we 
paired it with the Ventana/Roche detection kit. The 
slides were incubated with the primary antibody at 
room temperature for 30 min. Subsequent steps were 
performed with the Ventana detection kit diluted 1:3 in 
TBST, for the following incubations: 30 min (detection 
reagent), 10 min (DAB), 10 min (copper enhancer), 10 
min (hematoxylin), and 10 min (bluing reagent). Ventana 
detection reagents were diluted 3-fold for use on the 
Dako Autostainer so as to approximately match the on-
slide concentration on the Ventana Benchmark XT. 
(Reagents on the Benchmark XT are dispensed into a 
residual buffer volume already on the slide, thereby 
diluting the reagent approximately 3-fold on the slide.)

Statistical Analysis

Each data point represents the mean ± SD from tripli-
cate slides. Each slide bears a spot of IHControls con-
taining approximately 5000 analyte-coated microbeads. 
To quantify a single IHControls spot, we sampled three 
different areas. This is analogous to sampling three 
fields of a patient’s breast carcinoma for the assess-
ment of HER-2 or ER/PR. From these three fields, we 
calculated the mean stain intensity per spot (slide). 
Each data point in the graphs represents the mean ± 
SD of three separate IHControls spots, each on a sep-
arate slide. The data illustrated in this article are repre-
sentative from multiple similar experiments.

Results

Generation of Test Samples Across the Analytic 
Range

Measuring analytic response curves requires a series 
of test samples at regularly spaced, well-characterized 
analyte concentrations. For the analytes HER-2, ER, 
and PR, those concentrations are ideally expressed as 
the number of molecules per cell. Until now, samples 
with known analyte concentrations, at regularly spaced 
concentration intervals, were not readily available (see 
the “Discussion” section). To overcome this problem, 
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we created test samples comprising cell-sized glass 
microbeads coated with HER-2, ER, or PR peptide 
analytes (Fig. 1). We use these microbeads as a model 
solid phase substrate in lieu of cells, accepting one 
important approximation—test microbeads (8 µm 
diameter) and cells have slightly different surface 
areas. Therefore, 100,000 analyte molecules on a 
microbead will be packed at a slightly different density 
than in a cell. Nonetheless, it is reasonable to compare 
different clinical immunostains’ analytic response 
curves provided that the comparison data are all 
derived using the same solid phase object (micro-
beads or cells). The analyte response curves mea-
sured using cells will parallel those measured with 
microbeads, except that they will be shifted right or left 
to account for the slightly different spatial density of 
the analyte.

We measured the analyte concentration of 
IHControls test microbeads by synthesizing the ana-
lytes with a fluorescein reporter molecule (Fig. 1). This 
fluorescein served both to quantify the molar concen-
tration of the peptide in solution (before glass micro-
bead conjugation) and to quantify the total amount of 
peptide bound to glass microbeads. Both of these 
measurements depend on the molar extinction coef-
ficient of fluorescein (see the “Materials and Methods” 
section). Consequently, fluorescence intensity of the 
IHControls test microbeads correlates with molecular 

concentration. As there is one fluorescein per peptide 
analyte, the number of fluorescein moieties equals 
the number of peptide analytes. We generated a fluo-
rescence intensity—molecular concentration calibra-
tion curve using commercial fluorescent microbeads 
that are calibrated in units of fluorescein molecules 
per microbead (see the “Materials and Methods” sec-
tion). The unit of measure for these commercial cali-
brator microbeads is “molecules of equivalent 
fluorochrome” (“MEF,” see the “Materials and Methods” 
and “Discussion” sections). The IHControls micro-
beads are suspended within a proprietary clear liquid 
that hardens on the application to a glass slide, thus 
retaining the microbeads on the slide during baking, 
deparaffinization, antigen retrieval, and immunostain-
ing. The HER-2, ER, and PR peptide analytes coating 
the microbeads are composed of 18–30 amino acids 
that incorporate the linear epitope where the primary 
antibody binds.4–6

Analytic Response Curves for Clinical HER-2 IHC 
Tests

Figure 2 illustrates the stain intensity curve of four clin-
ical HER-2 tests across a 3-log range of HER-2 con-
centration. The HercepTest, 4B5, and CB11 primary 
antibodies all bind to the same carboxy-terminal 
HER-2 peptide. The SP3 antibody binds to a separate 

Figure 1.  Schematic illustration of a peptide analyte (e.g., HER-2, 
ER, or PR). Each sphere represents a single amino acid in a pep-
tide. The letters represent the single-letter abbreviations for amino 
acids. This particular sequence is for illustrative purposes only and 
does not correspond to an actual epitope. The peptide is covalently 
linked to a glass microbead (left). At one end, a fluorescein reporter 
moiety (illustrated as a small yellow glowing sphere) is attached 
to an epsilon amine group of lysine. The fluorescein facilitates 
calculation of the peptide concentration per bead, as the bead’s 
fluorescence intensity is proportional to the peptide concentration. 
Abbreviations: HER-2, human epidermal growth factor receptor 
type II; ER, estrogen receptor; PR, progesterone receptor.

Figure 2.  Stain intensity curve as a function of HER-2 concentra-
tion. The x-axis reflects analyte concentration (in scientific nota-
tion) on a logarithmic scale. Analyte concentration is expressed 
in MEF, molecules of equivalent fluorochrome, as described in 
the “Materials and Methods” section. The y-axis, stain intensity, 
is measured by image analysis. The stain intensity number is a 
ratio of the stain intensity of the stained test microbeads to the 
stain intensity of the color standard bead. Scores ≥1.0 represent 
strong stains. The data points in the dotted rectangle are depicted 
in Fig. 3. Each data point is the mean ± SD of triplicate slides, that 
is, three independent staining replicates. The stain intensity value 
for each slide was derived by sampling three different areas of 
the same IHControls spot. Abbreviations: HER-2, human epidermal 
growth factor receptor type II; SD, standard deviation.
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HER-2 peptide. To fit the broad analyte concentration 
range being tested, the graph is log-linear. A sample 
with an even lower concentration than shown in the 
figure, at the 140 molecules per bead, was also tested 
but yielded no measurable stain. For each HER-2 test, 
the stain intensity increases from zero to a maximum 
over the span of a 1–2 log concentration difference in 
HER-2.

Figure 2 illustrates that the HercepTest and SP3 
tests have similar analytic response curves. Stain 
intensity is zero at 103 molecules (MEF) per bead and 
approaches a maximum at approximately 105 mole-
cules (MEF) per bead. Beyond 105 molecules (MEF) 
per bead, increasing analyte concentrations produce 
progressively smaller increases in stain intensity until 
a response plateau is reached. Analyte concentrations 
on a response plateau yield the same maximal signal 
regardless of analyte concentration.

The analytic response curves of the other two 
HER-2 antibodies, 4B5 and CB11, are shifted to the 
right relative to the HercepTest and SP3 stains. They 
achieve their maximal stain intensities at approximately 
106 molecules (MEF) per bead. In fact, their response 
curves are shifted sufficiently far to the right so as to not 
demonstrate a response plateau over the tested range 
of analyte molecules per bead. The strong staining on 
this level of HER-2 expression (106 molecules per 
bead) parallels observations on cells; namely, tumor 
cells that express approximately 106 molecules per cell 
also stain strongly positive (3+).7,8

The exact concentrations of each of the different 
concentration levels of IHControls are shown in Table 1. 
The analytes on the IHControls microbeads are cate-
gorized by levels 1 (lowest concentration) to 5 (highest 
concentration). Each level is approximately 1 log differ-
ent (in analyte concentration) than the next. The left-
hand column of Table 1 describes the analytes on the 
IHControls microbeads. The analytes are defined by 
both the name of the protein (i.e., HER-2, ER, PR) and 
the specific peptides comprising antibody epitopes. For 
this reason, analytes are designated by both the name 
of the protein and the names of antibodies to which 
they bind. The right-hand column describes the analyte 
concentration, in molecules (MEF) per microbead.

The different analytical sensitivities illustrated in Fig. 2 
mean that samples at the 104 molecules (MEF) concen-
tration range can produce completely different test results 
depending on which the kit is used. A sample expressing 
104 molecules (MEF) HER-2 is unstained by the 4B5 
stain, moderately stained by the CB11 stain, and strongly 
stained by HercepTest and SP3. This concentration level 
is highlighted by the dotted area in Fig. 2 and illustrated in 
Fig. 3. To orient the reader to the objects in Fig. 3, there 
are (1) HER-2-coated test microbeads; (2) permanently 

stained color standard microbeads, as an optical (color) 
reference; and (3) negative control microbeads with an 
irrelevant analyte. Frames A (SP3) and B (HercepTest) 
show strongly stained microbeads, frame C (CB11) 
shows moderate staining of HER-2-coated microbeads, 
whereas frame D (4B5) is unstained. Figure 3 illustrates 
that a single HER-2 concentration, at 8187 molecules 
per microbead, produces dramatically different test 
results depending on which clinical HER-2 stain is used.

It is important to point out that the HercepTest, 4B5, 
and CB11 antibodies bind to the very same peptide 
antigen, on the same test microbead. All three antibod-
ies are immunoreactive with the same carboxy-terminal 
protein sequence of HER-2. Consequently, the differ-
ences in the analytic response curves cannot be due to 
variability in the IHControl as it is constant across all 
three stains. Differences in the analytic response curves 
also cannot be due to preanalytic variables such as 
length of tissue fixation, cold ischemic time, dehydra-
tion, or embedding in paraffin. None of those preanalytic 
variables apply in this context. The differences in the 
analytic response curves among the three HER-2 stains 
are a direct measure of analytic sensitivity, incorporat-
ing aspects of both antigen retrieval and the immunos-
tain (see the “Discussion” section).

Table 1. Analyte Concentrations (in MEF) For Each Antibody

Analytea Concentration (MEF)

Level 5 IHControl
  HER-2
    For HercepTest, 4B5, CB11b 1,086,658
    For SP3 1,023,265
  ER
    For 1D5 934,651
    For 6F11, 2-123 703,460
    For SP1 904,259
  PR
    For 636 800,503
    For 1294, 1E2 1,379,113
    For 16 1,089,808
Level 4 IHControl (All)c 77,913
Level 3 IHControl (All) 8187
Level 2 IHControl (All) 1331
Level 1 IHControl (All) 140

Abbreviations: MEF, molecular equivalents of fluorochrome; HER-2, 
human epidermal growth factor receptor type II; ER, estrogen receptor; 
PR, progesterone receptor.
aThe analytes are defined not only by the molecule to which they bind 
but also by their antibody epitopes. For this reason, specific antibodies 
are listed in the “Analyte” column.
bThe HercepTest, 4B5, and CB11 antibodies all bind to the same HER-2 
peptide, on the same microbead.
cThe term All refers to all of the HER-2, ER, and PR analytes together on 
the same microbead.
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Analytic Response Curves for Clinical ER and PR 
IHC Tests

Figure 4 illustrates the stain intensity curve of three clini-
cal ER tests across a broad 4-log range of ER concentra-
tion. All three ER tests demonstrate a similar analytic 
range, each approaching a maximum stain intensity in 
the 104 molecules per microbead range. The data point 
for the 6F11 ER stain at the highest analyte concentra-
tion (106 molecules per bead) is not shown. Background 
staining of the matrix confounded accurate image quan-
tification using our MATLAB-based algorithm. The back-
ground staining was present across multiple experiments 
but only at the highest analyte concentration and only 
with the 6F11 stain.

Figure 5 illustrates the analytic response curve of 
four clinical PR tests across a similar, broad 4-log 
range of PR concentration. These curves, like those 
associated with HER-2, demonstrate substantial vari-
ability for samples in the 104 molecules (MEF) per 
microbead concentration range. The IHControls at this 
concentration are almost imperceptibly reactive with 
the 1E2 antibody but yield a dark brown stain with the 
1294 or 636 stains. It is important to note that the 1294 
and 1E2 antibodies bind to adjacent epitopes on the 
same exact peptide, on the same bead. As the ana-
lyte-coated microbead is constant for these two immu-
nostains, the different stain intensity must be due to 
another factor. The difference in stain intensity most 
likely relates to analytic variables, such as reagent 

Figure 3.  Photomicroscopic images of representative areas of IHControls that express 8187 molecules (MEF) of HER-2 per bead. These 
images relate to data points within the dotted rectangle of Fig. 2. Each of the stains illustrated in Fig. 2 is included: HercepTest (A), 
SP3 (B), CB11 (C), and 4B5 (D). In frame D (4B5 antibody), the test microbeads are unstained. The smaller 4.5-mm-diameter brown 
microbeads are color standard microbeads that are always colored brown, regardless of the immunostain. These microbeads serve as 
an internal stain intensity reference, for image analysis quantification of test bead stain intensity. Scale bar, 10 µm. Abbreviations: MEF, 
molecular equivalents of fluorochrome; HER-2, human epidermal growth factor receptor type II.
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concentrations, primary antibody affinity, time and 
temperature of incubations, buffers, staining protocol, 
and so forth (see the “Discussion” section).

Discussion

The most important new finding in this study is the use 
of IHControls for the quantitative characterization of 
immunohistochemical analytic response curves. For the 
first time, we have characterized widely used clinical 
tests for HER-2, ER, and PR, correlating stain intensity 
with analyte concentration. These immunostains are 
among the prototypical IHC companion diagnostic 
tests, requiring the highest level of performance. They 
are among the most rigorously validated immunohisto-
chemical tests. Their Food & Drug Administration (FDA) 

Class II classification reflects this; most of these  
immunostains went through a 510(k) submission.  
Most of these kits are produced under  current Good 
Manufacturing Practices (cGMP) conditions. If one were 
to expect a high level of standardization and reproduc-
ibility for any set of immunohistochemical stains, it 
would be these. Nonetheless, we find log differences in 
analytical sensitivity that produces discrepancies in the 
104 molecules per microbead of analyte concentration 
range. These findings emphasize the importance of 
analytical tools for characterizing immunostain perfor-
mance. Generating analytic response curves is a requi-
site step toward standardization among clinical tests.

Generating an analytic response curve is a well-
established protocol in clinical laboratory medicine but 
new to the field of IHC. The reason for this is largely 
because of technical limitations. Calibrated test sam-
ples, traceable to an objective standard of measure, 
were not previously available in diagnostic IHC. We 
overcame that limitation with the IHControls, which 
represent a set of samples with a broad spectrum of 
analyte concentrations. The IHControls comprise 
microbead-bound analytes, a concept previously 
described by Shi et al.9 The method we describe in 
this report is a step toward creating traceability of test 
results to an objective unit of measure. Quantitative 
assessment of analytic sensitivity is an important step 
in transitioning IHC from a “stain” into the world of 
quantitative clinical diagnostic assays.

In this article, we introduce a new standard of mea-
sure that is traceable to molecules of equivalent fluoro-
chrome, or MEF, also known as molecules of equivalent 
soluble fluorochrome, or MESF. The measure derives 
from the field of flow cytometry where commercially 
available microbeads with defined MEF values are 
used in verifying the linearity of fluorescence mea-
surements on flow cytometers. MEF units are deter-
mined by comparing the fluorescence intensity of the 
fluorochrome-conjugated microbeads with the soluble 
fluorochrome. Equal numbers of conjugated and solu-
ble fluorochrome molecules are not necessarily of 
equivalent fluorescent brightness because the conju-
gation of the fluorochrome to the microbead can affect 
the extinction coefficient and fluorescence quenching. 
Despite this limitation, traceability to MEF units has 
two important advantages: (1) The unit of measure is 
traceable to a physical constant, the molar extinction 
coefficient of the fluorescein molecule and (2) we do 
not require separate protein standards for each cellu-
lar protein (HER-2, ER, PR). As long as we can attach 
a fluorescein moiety to the peptide analyte, any ana-
lyte can be quantified.

Although the MEF scale does not exactly represent 
the number of analyte molecules in cells, our data 

Figure 5.  Stain intensity curve as a function of PR concentra-
tion per microbead. Each data point is the mean ± SD of three 
replicate slides. Abbreviations: PR, progesterone receptor; MEF, 
molecular equivalents of fluorochrome; SD, standard deviation.

Figure 4.  Stain intensity curve as a function of ER concentra-
tion per microbead. Data are the means ± SDs of triplicate 
slides. Each data point is the mean ± SD of three replicate slides. 
Abbreviations: ER, estrogen receptor; MEF, molecular equivalents 
of fluorochrome; SD, standard deviation.
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suggest that they are similar. For example, the SKOV-3 
cell line (in one study) was characterized as express-
ing a mean concentration of 657,088 HER-2 molecules 
per cell.7 The SK-BR-3 cell line was characterized as 
expressing 1,400,000–2,390,000 HER-2 molecules 
per cell.8 In those studies, strong (3+) immunostaining 
was observed for both cell lines.8,10 Our data parallel 
these published reports. Figure 2 illustrates that these 
analyte concentrations, in units of molecules (MEF) 
per bead, result in strong staining (Fig. 2).

The analytic response curve data indicate that all 
clinical HER-2, ER, and PR kits produce a strong stain 
in the 105–106 molecules (MEF) per microbead range. 
Patient samples expressing HER-2, ER, or PR in this 
concentration range will generate similar results 
regardless of the vendor selected by the laboratory. 
However, there are significant sensitivity differences in 
the range of approximately 104 molecules (MEF) per 
microbead. At this concentration range, some clinical 
HER-2 and PR kits produced positive test results, 
whereas others were negative. If patient samples were 
to express a comparable concentration per cell, then 
these differences can lead to different classifications 
and treatments.

It is important to note that preanalytic variables, 
such as fixation, cold ischemia time, dehydration, 
embedding in paraffin, and microtomy, are not relevant 
to this study. Although preanalytic variables are impor-
tant for patient testing, they are distinct from the factors 
that affect the analytic range of an assay. Instead, the 
quantification of stain intensity with the IHControls 
solely reflects analytic and postanalytic variables. 
Many analytic factors can affect stain intensity, includ-
ing primary antibody affinity. For example, an 8-fold dif-
ference in ER monoclonal antibody affinity was 
described between two widely used clones.11 Other 
factors include the amplification factor of the detection 
kit, concentration of reagents, buffers and wash 
reagents, instrument protocol, time and temperatures 
of incubations, reagent volume of dispense (dilution 
on-slide), and conditions for antigen retrieval.

This study may help explain numerous published 
studies describing discrepant HER-2, ER, or PR stain 
results in serial sections of the exact same formalin-
fixed paraffin-embedded samples.12–18 The patient 
samples in those studies have analyte concentrations 
that are unknown but likely randomly distributed from 
low to high. The studies involved staining patient sam-
ples using two or more clinical immunohistochemical 
HER-2, ER, or PR tests. The fact that the studies used 
serial sections of the same samples controlled for pre-
analytic variables. Consequently, discrepancies in test 
results between two different clinical stains are most 
likely due to analytic differences, that is, antigen 

retrieval or immunostaining. Our findings suggest that 
these discrepant samples may have expressed HER-
2, ER, or PR analytes at a concentration that was 
above the threshold of detection for one clinical stain 
but below the threshold of another. Moreover, our data 
suggest that the discrepant samples may likely fall into 
a concentration range (per cell) that would be compa-
rable with the 104 molecules (MEF) per microbead 
range.

Theoretically, any set of test samples with well-
defined analyte concentrations will suffice in generat-
ing analytic response curves. An obvious candidate 
set of samples for this role is transformed cell lines. 
Feasibility has already been demonstrated. The ana-
lytic response curve for an HER-2 stain was published 
in 2005.1 The analytic response curve for an ER stain 
was published in 2011.2 In those published descrip-
tions, HER-2 and ER protein concentrations (per cell) 
were quantified from cell lysates of a series of trans-
formed cell lines. Cell lines have also been widely 
used as samples in proficiency testing and as HER-2 
kit controls. Therefore, it is surprising that cell lines 
have not been used to characterize the analytic 
response curves of important clinical immunohisto-
chemical tests that are used for patient management.

A call for the development of a cell line HER-2 mea-
surement standard in 200319 led to a HER-2 genomic 
DNA standard this year (2016)20,21 but, at least so far, 
no HER-2 protein standard. Other descriptions regard-
ing the use of cell lines in IHC testing, sometimes in 
the context of proficiency testing, often do not charac-
terize cell lines in terms of the number of HER-2 mol-
ecules per cell.22–24 The impediments appear to relate 
to the difficulties in reproducibly obtaining well-defined, 
homogeneous cells at regularly spaced protein con-
centration intervals. From a commercial manufactur-
er’s perspective, the production of cell line calibrators 
is complicated by variability in the level of analyte 
expression. Protein expression in cell cultures can vary 
with culture confluence and passage number.25 
Moreover, there is no objective national protein stan-
dard for HER-2, ER, and PR. In measuring analytes 
from cell lysates, a manufacturer must establish their 
own calibration curve without traceability to a national 
protein standard. Technical challenges in HER-2 quan-
tification were recently summarized.26

These difficulties do not apply to IHControls, which 
rely on chemical rather than biological methods of 
manufacture. Calibration of the IHControls is based on 
an already-established fluorescent bead standard that 
derives from the field of flow cytometry. In the absence 
of a national protein standard, the calibration curve is 
traceable to a physical constant (the molar extinction 
coefficient of fluorescein). The number of molecules 
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(MEF) per microbead does not directly equate with the 
number of molecules per cell, but our data suggest 
that the scale is similar. Moreover, it is adaptable to 
any protein in question that bears a fluorescein as all 
analytes would trace to the same fluorescein molecu-
lar standard.

Our test data should not be interpreted as a defini-
tive characterization of the various clinical HER-2, ER, 
and PR tests in all clinical IHC laboratories. To best 
reflect each manufacturer’s test performance, we per-
formed our testing on the instrument platforms manu-
factured by the respective companies. Nonetheless, 
our conditions may not exactly replicate those of other 
clinical IHC laboratories. Variability in reagent dis-
pense volumes, antigen retrieval and deparaffinization 
conditions, and even differences among multiple differ-
ent instrument models from a single vendor can affect 
stain sensitivity, rendering our data different from other 
clinical IHC laboratories. These data are not yet suffi-
ciently definitive to indicate one vendor’s assay to be 
more sensitive to another’s across a broad consensus 
of customers. That will soon follow as we conduct a 
large multicenter survey.

Looking to the future, we believe that this work will 
have several important ramifications. First, it enables 
manufacturers to compare test kits from lot to lot dur-
ing manufacture. In this context, measuring the ana-
lytic response curve could be a useful quality control 
check of a finished product. A second ramification 
relates to the use of reproducible immunohistochemi-
cal tests for clinical trials. The ability to compare the 
sensitivity of different manufacturers’ test kits provides 
the basis for ultimately establishing a required stan-
dard for test sensitivity. Standardizing staining leads to 
reproducibility in patient diagnosis and treatment strat-
ification. Finally, a third ramification is how it can affect 
clinical IHC laboratories. IHControls can provide 
important feedback to clinical laboratory staff when 
used as a positive on-slide control. Lower than 
expected stain intensity, relative to an already-estab-
lished baseline, may indicate the presence of a stain-
ing problem.

The evaluation of on-slide stain performance may 
be a useful quality check for promoting inter-laboratory 
standardization and detecting problems that might oth-
erwise be missed.
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