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Abstract

Protocols for immunohistochemical (IHC)
detection of multiple antigens in the same tis-
sue sections have been developed using pri-
mary antibodies directly conjugated to differ-
ent enzymes or fluorochromes, or ones that
have been raised in different species, or from
different immunoglobulin (Ig) classes or sub-
classes. For antibodies lacking such dissimi-
larities, very few proposals have been pub-
lished with varying degrees of generalizability.
In this report we present a successful triple
IHC protocol engaging three unconjugated
monoclonal primary antibodies raised in the
same species and of the same Ig subclass.
Compared to other methods, our results
showed that denaturation of the preceding
reaction complex by microwave heating, com-
bined with additional suppression of enzyme
activity, enabled the detection of all three reac-
tions by using the same detection system, with
no cross reaction observed. Moreover, expres-
sion patterns of each of the three antigens in
the triple stained sections, was found to be
similar to the pattern observed when single
staining was performed. Unlike previous
reports, no damage of targeted antigens or tis-
sues did occur following this protocol.
Furthermore, the contrast of the colors
employed was investigated by computerized
color deconvolution, and the three reactions
products were successfully separated into
three individual images that could be used for
further objective quantification.
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Introduction

Detection of multiple tissue antigens can be
achieved either by performing immunohisto-
chemistry (IHC) for the targeted antigens indi-
vidually in serial sections, or by applying mul-
tiple IHC in a single tissue section. In addition
to being technically challenging to obtain seri-
al sections as close as possible to each other,
the topographical and co-localization informa-
tion are affected by the thickness of the tissue
section relative to the size of the cell type
under investigation.! In contrary, multiple IHC
in a single tissue section would preserve the
sample in cases where the size of sample is
critical, and yet provides more informative
results. Although this report will only focus on
immunoenzyme method and the term IHC will
be used accordingly, it is noteworthy that
immunofluorescence (IF) is often preferred
when targeted antigens are expected to co-
localize at the same subcellular compartment.
Nevertheless, the immunoenzyme method pro-
vides unwavering staining and fine morpho-
logical details that can be reviewed under a
regular light microscope.

In multiple IHC, unwanted cross-reactivity
between primary and secondary antibodies
from different staining rounds is regarded as
the main impediment, and many approaches
have been suggested to circumvent it. The ear-
liest proposed approach was the use of enzyme
conjugated antibodies, albeit the limited appli-
cability of direct IHC.> On the other hand, the
generally more applicable indirect IHC inherits
higher risk of cross-reactivity unless the sec-
ondary antibodies to be used can specifically
target individual primary antibody.! Specificity
of secondary antibodies is generally based on
the species used to raise primary antibody and
immunoglobulin (Ig) class or subclass.
Nowadays, most of the commercially available
antibodies are raised in mouse, rat or rabbit as
IgG1, due to the relative ease of animal main-
tenance and other technical challenges.
Therefore, it is a frequently encountered prob-
lem that required antibodies are available only
from same species and Ig subclass. For such
situations, the use of monovalent F(ab') sec-
ondary antibody fragments has been pro-
posed.* Having only one antigen binding site,
would lower their probability to cross-bind to
subsequent primary antibodies. However, the
relative low affinity of F(ab!) antibodies
demands using high concentration to achieve
detectable results, which often results in an
increased noise to signal ratio.! Another
approach is to make use of the observation
that 3,3 -diaminobenzidine tetrahydrochloride
(DAB), a commonly used chromogen, can
deposit around the antigen-antibody complex
prohibiting them from cross-binding with sub-
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sequent antibodies.> This observation is
referred to as sheltering effect of DAB.
Nevertheless, it is influenced by the concentra-
tion of the primary antibody, and it can have
undesired influence on co-localizing antigens.5

Apart from the previously mentioned proto-
cols, all other proposed approaches rely on tar-
geting the preceding reaction either by satura-
tion (blocking), stripping, or denaturation
steps, prior to incubation with subsequent pri-
mary antibody from same species and Ig sub-
class. Saturation of preceding reaction com-
plex with an unbinding Ig from a species
equivalent to primary antibodies, followed by a
secondary monovalent F(ab?) fragment against
it, has been reported.” Despite its elegance,
this approach is time consuming, and others
failed to reproduce it Moreover, a blocking
step is also a part of the EnVision™ G2
Doublestain System from Dako (Dako,
Golstrup, Denmark), although the mechanism
is publicly unavailable. On the other hand,
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many methods for stripping of tissue bound computerized quantification. The use of I
antibodies have been published. Although microwave for denaturation of antibodies was A-P75NGFR
destruction of some of the tissue antigens and  weighed against sheltering effect of DAB, and

removal of some chromogens is expected, the the use of a commercially available blocking ; . |
use of acidic or oxidative solutions has been  solution. Unlike previous publications using { :
reported.”!! In 1995, Lan et al.”? reported that denaturation methods, in this study a cell sur- . e il E
two rounds of 5 min heating in a microwave face receptor, an intracellular cytoplasmic |
oven denatured antigen-antibody complex enzyme and a nuclear marker were targeted. |
from the preceding reaction, and enabled the The chromogens used yielded a sufficient color !
subsequent detection of another primary anti-  contrast, evident by computerized color decon- L. ¥ — —E
body from same species, using the same sec-  volution, despite the close localization of the ! A A ]
ondary and tertiary immunoreagents. antigens. B"ALDH! fie e |
However, the protocol had certain limitations S hog R ;i‘r d A
regarding detection of antigens at the cell ; oy
membrane, or enzymes in the cytoplasm, par- |
ticularly in formalin fixed paraffin embedded Materials and Methods d
samples. Optimum time and microwave power 1

to be used for double IHC was recently pub-
lished by Chan ef al.,® and no destruction of
tissue antigens was reported. Formalin fixed paraffin embedded normal

In the current study, we aimed to optimize a  human oral mucosa samples (NHOM, n=30),
universal triple IHC protocol for using antibod-  cervical lymph nodes (CLN, n=5) and human
ies raised in same species and belonging to testicular tissue (HT, n=1), were obtained
the same Ig subclass, on the basis of previous- from the archive of the Department of
ly published methods, and for using objective ~ Pathology, Haukeland University Hospital,

Samples preparation
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(brown), ALDH1 (red) and P75NGFR
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Figure 1. Flow chart illustrating the immunohistochemistry protocol, and sequence of Mouse IgGl were used for blocking.
primary antibodies. Chromogens used are underlined. Arrows indicate sites of cross-reactions.
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Bergen, Norway. The study has been ethically
approved by the Regional Committee for
Medical Research Ethics in West Norway (REK
vest, no. 2010/481-7).

Samples were cut into 4 pm sections and
kept at 56°C overnight. Afterwards, sections
were deparaffinized by immersion in xylene
for 18 min, and rehydrated by graded alcohol
concentrations to distilled water.

Epitope retrieval

Decloaking Chamber™ Plus (Biocare
Medical, California, USA) was used for epitope
retrieval. Sections were submerged in a pH 6.0
Target Retrieval Buffer (Dako) and heated at
125°C for 35 s. Sections were then left to cool
down on the bench for 10 min and washed
under running tap water for 5 min.

Initial blocking step

Sections were incubated with either
Peroxidase Block or Dual Endogenous Enzyme
Block (Dako) for 10 min to quench endoge-
nous peroxidase or alkaline phosphatase activ-
ity respectively. To block unspecific binding
sites of secondary antibody, sections were
incubated for 30 min in a 10% solution of
either normal goat serum, or normal rabbit
serum (Dako), diluted in 3% bovine serum
albumin (BSA) (Sigma-Aldrich, St. Louis, MO,
USA) in Tris-buffered saline (TBS).

Primary antibodies

The following monoclonal mouse antibodies
were used in the study: anti-BMI1 (Merk
Millipore, MA, USA, 1:500 to 1:1500), targeting
the transcription factor polycomb complex pro-
tein BMII, located in the cell nucleus. Anti-
ALDH1 (BD Biosciences, Franklin Lakes, NJ,
USA, 1:250), targeting the enzyme aldehydede-
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hydrogenase-1, located in the cytoplasm with
occasional nuclear location, anti-P75NGFR
(Merk Millipore, 1:2500), targeting the low-
affinity nerve growth factor receptor located in
the cell membrane, and anti-Ki67 (Dako, 1:500
to 1:1500), targeting mindbomb E3 ubiquitin
protein ligase-1, located in the cell nucleus.
Dilutions of all primary antibodies were deter-
mined by first adopting the recommendation of
the manufacturers, and both antibody dilution
and incubation time was adjusted until a suffi-
cient signal to noise ratio was achieved.
Eventually, incubation with all primary anti-
bodies was performed overnight at 4°C.
Negative Control Mouse IgGl1 directed against
non-human antigens (Dako, 1:250) was used
instead of the primary antibody for negative
control. For multiple staining, primary antibod-
ies were incubated sequentially. Anti-BMI1
and anti-Ki67 antibodies were not employed in
the same experiment (Figure 1).

Detection of the reaction in single
immunohistochemistry

Sections were incubated with labeled polymer-
horseradish peroxidase conjugated to goat anti-
mouse immunoglobulins (LP-HRP) (EnVision+ ®,
Dako) for 30 min at room temperature.
Reactions were visualized using DAB (Dako).

Detection of the reaction in triple
immunohistochemistry

To investigate the sheltering effect of DAB,
the first reaction was developed following the
procedure for single IHC. Subsequent reac-
tions followed as illustrated in Figure 1. In
order to avoid cross-reactivity with subsequent
staining rounds, an intermediate step of either
denaturation or blocking was performed as
described below.

Table 1. Summary of the results of single staining.

Blocking step

Blocking of preceding reaction complex was
done before incubation with subsequent pri-
mary antibody. To achieve this, incubation
with a ready-to-use blocking solution (Double-
stain Block, Dako) for 3 min was performed. In
some sections this was preceded by 1 h incuba-
tion with Negative Control Mouse 1gG1 (1:250)
at room temperature. Subsequent reactions
were detected using different immunore-
agents and chromogens respectively as fol-
lows: i) Mixture of biotinylated goat anti-
mouse and anti-rabbit immunoglobulins (Real
Link®, Dako), followed by streptavidin conju-
gated to horseradish peroxidase (Real
Streptavidin Peroxidase®, Dako). This reac-
tion was visualized with ImmPACT SG
(Vectorlabs, Burlingame, CA, USA), resulting
in a gray reaction product; ii) Dextran polymer
coupled with secondary antibodies against
mouse and rabbit immunoglobulins (Link rab-
bit/mouse®, Dako), followed by labeled poly-
mer-alkaline phosphatse anti-mouse/rabbit
(LP-AP) (Dako), and the reaction was visual-
ized using Permanent Red. Incubation with
secondary immunoreagents was performed
according to manufacturer's instructions.

Denaturation step

The denaturation step followed the protocol
proposed by Chan et al.™® with slight modifica-
tions. In short, sections were submerged in the
same retrieval buffer as before in a plastic jar,
and the slide rack was filled up with empty
slides as dummies. In total three plastic jars
containing racks full of slides were placed in a
Y letter shape in the center of the microwave
oven tray (NN-L564W, Panasonic, Osaka,
Japan). The microwave oven was operated at
1000 Watts for 2 min, then at 250 Watts for five
and a half min. The jars with slides were then

P75NGFR  Basal layer keratinocytes Germinal and non-germinal center cells Interstitial cells

BMI1 Fibroblasts, basal and suprabasal Germinal and non-germinal center cells Cells at seminiferous tubules
layer keratinocytes

ALDH1 Fibroblasts, basal and suprabasal Germinal and non-germinal center cells Cells at seminiferous tubules and intertistial cells
layer keratinocytes

Ki-67 Basal and suprabasal layer keratinocytes Germinal and non-germinal center cells Cells at seminiferous tubules
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left to cool down on the bench for 10 min. For
some sections, before incubation with subse-
quent primary antibody, microwave heating
was followed by another initial blocking step.
All successive reactions were detected using
LP-HRP. ImmPACT VIP or ImmPACT SG
(Vectorlabs) was used to visualize subsequent
reactions with a purple or a gray color, respec-
tively. To measure the change in buffer tem-
perature during the microwave cycle, the
experiment was performed using dummy
slides, and temperature of the buffer was
measured at the start and end points, and at
every two minutes during the cycle, using a
mercury-in-glass laboratory thermometer.

Washing

Sections were submerged in Tris-Buffered
Saline (Trizma® hydrochloride 0.42 mM/L,
Trizma base 2.36 mM/L, pH 7.4) with 0.1%
Tween, and put on the shaker for 5 min. This
was performed after every step, except after
serum blocking.

Dehydration and storage

Eventually, sections were counterstained
with hematoxylin (Dako) or not at all. All sec-
tions were immersed briefly in ascending alco-
hol concentration followed by xylene, and cover
slipped using non-aqueous mounting medium
(Histokitt, Glaswarenfabrik Karl Hecht,
Sondheim/RhOn, Germany).

Evaluation of sections

Sections were evaluated using Leica DM-LB
light microscope, equipped with 63X objective.

Color deconvolution

To investigate the contrast of the colors
resulted from the three successive reactions,
Color Deconvolution Algorithm, version 9.1
(Aperio, CA, USA) was used to generate three
individual intensity range markup images from
atriple stained section, each of which showing
the distribution of one of the three colors. This
process was performed only on sections that
showed no visible cross-reactivity under the
light microscope. Sections that had been coun-
terstained with hematoxylin were also exclud-
ed from the analysis. Slides were scanned
using Scanscope® XT (Aperio) at 40X objec-
tive. The generated digital slides were viewed
in ImageScope, version 12 (Aperio). Single
stained structures within the triple stained
sections served as a reference to obtain the
red, green and blue (RGB) constituents for
each of the targeted colors. Average RGB opti-
cal densities for each of the three colors were
used as input parameters for the algorithm,
and the three resulting images were generated
accordingly.
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human atlas of proteins (Table 1, Figure 2).22
In comparison, sections incubated with nega-
tive control IgG1 or antibody diluent showed no
positive reaction at all (data not shown).

Results

Single himmunohistochemistry

Primarily, single IHC were used to test the
four antibodies individually. The patterns of
expression of BMI1 and Ki-67 (nuclear),
ALDH1 (cytoplasmic + nuclear) and P7T5SNGFR
(membranous) were found to be consistent
with previous publications,?! or with the

Multiple staining

Sheltering effect of chromogen

Sheltering effect of DAB prohibited subse-
quent cytoplasmic immunoreactivity for anti-
ALDHI1 antibody when anti-BMI1 or anti-Ki67

Table 2. Summary of the co-localization of antigens in triple stained sections as compared to
single staining.

BMI1 + + + + + + + +
Ki67 + - - + 4+ - - +
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Figure 4. Schematic figure illustrating blocking of cross-reactions in multistaining proce-
dures: recommended use of Doublestain Block (i), cross-reactions when using
Doublestain Block (ii), cross-reactions when using Negative Control Mouse IgGl, in

addition to Doublestain Block (iii).
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antibody was diluted as 1:500 (data not
shown). High dilution (1:1500) of anti-BMI1
antibody, but not anti-Ki67 antibody eliminat-
ed this effect, and therefore Ki67 reaction was
carried out at the third staining round.

Blocking

The use of Doublestain Block was not found
to be effective in eliminating cross reactivity
when used between reactions developed with
LP-HRP, streptavidin-biotin method and LP-AP
respectively (Figure 3). No difference was
observed with additional use of Negative
Control Mouse IgGl. Cross-reactivity was
detected between successive reactions, but not
between reactions detected with LP-HRP and
LP-AP (Figure 4).

Denaturation

Buffer temperature readings are blotted
against time in Figure 5. The use of microwave
for denaturation of preceding reaction fol-
lowed by an additional initial blocking step,
enabled detection of all three reactions using
LP-HRP. In this case, no cross reaction evident
by spurious mixed color was detected, and the
staining was found consistent with sections
stained with individual primary antibodies
(Table 2, Figures 6 and 7). Occasionally, the
three reactions were detected in different sub-
cellular compartments within the same cell.
Incubation with Negative Control Mouse IgG1
instead of one of the primary antibodies result-
ed in a consistent double staining for the other
two antibodies (Figure 8).

Trouble shooting for triple staining

i) Masking of nuclear immunoreactivity by
cytoplasmic color: the color of DAB deposited
by anti-ALDH1 antibody immunoreactivity in
the cytoplasm, resulted in no visible nuclear
immunoreactivity. This did not occur when
ALDHI reaction was visualized using other col-
ors. ii) Vanishing of first reaction product:
Using ImmPACT VIP or InmPACT SG for visu-
alization of first reaction showed a drastic
effect of the microwave heating on the color
intensity. Comparatively, this effect was less
prominent when DAB was employed to visual-
ize the first reaction. iii) Applying the method
reported by Chan et a/.”® in our setup, resulted
in a mixed color on the cell membrane in some
of the samples, which indicates a remaining
enzyme activity at site of preceding reaction
(data not shown). However, additional initial
blocking step proved effective in eliminating
the problem. iv) Weak hematoxylin color in
sections subjected to the denaturation steps:
doubling the time of incubation with hema-
toxylin resulted in sufficient counterstaining.

Applying the points mentioned in the trou-
ble shooting part resulted in the sequence of
reactions illustrated in Figure 1. Either a
nuclear or a membranous reaction had been
carried out first and visualized with DAB, and
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Figure 5. Line chart illustrating changes in buffer temperature over time, during the
denaturation step.
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Figure 6. Triple IHC for P75NGFR (purple), BMI1 (brown) and ALDHI1 (gray).
Microwave heating was used for denaturation of preceding reaction complex. Cervical

lymph node (A,B), human testis (C,D) and normal human oral mucosa (E,F).
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cytoplasmic reaction has been visualized with
other chromogens.

Color deconvolution

Sections that had undergone triple IHC with
denaturation steps showed no visible cross-
reactivity under the light microscope, and were
therefore included in the color deconvolution
process. The input parameters obtained from
single stained structures were found to be ade-
quate for successful deconvolution of brown
and purple, while further adjustments of the
input parameters were necessary for deconvo-
lution of the gray color, due to similar average
blue optical density of the gray and purple.
Separation of the three colors was eventually
achieved, and the markup images were found
to be consistent with the original digital slide
(Figure 9).

Discussion

In many circumstances, multiple IHC can be
a powerful tool in both diagnostics and
research. However, the time and effort gener-
ally required for optimization of the procedure
has influenced its attractiveness. Generally, re-
optimizing the single IHC protocol for individ-
ual primary antibody is often mandatory to
incorporate it in a multiple staining protocol.
Firstly, the epitope retrieval method required
for one antibody can have adverse effects on
other epitopes. Finding a way around that fre-
quently requires further search for the right
antibody dilution and unspecific binding con-
trol method. Secondly, the choice of colors that
can give good contrast has to be selected care-
fully, which might also require further adjust-
ments for single staining protocol. These are
basic processes that have to be carried out in
every multiple IHC experiment. However,
employing antibodies lacking the criteria nec-
essary to selectively detect them by the second-
ary immunoreagents is more challenging.
Even though ready-to-use kits for double IHC
are commercially available, expanding the pro-
cedure into a triple or a quadruple staining
requires procedures beyond the instructions
that come with the kit. Although the sheltering
effect of DAB has been employed in several
multiple immunohistochemistry reports,>?
cross reactivity below the visible limit of the
human eye has not been investigated by com-
puterized color unmixing methods, like
Nuance software® (Cambridge Research Instr.,
MA, USA) and Color co-localization algorithm
(Aperio). Van der Loos reported that the shel-
tering effect is inversely related to primary
antibody concentration.® To make use of this
effect, high concentrations of primary antibod-
ies have to be avoided to lower the availability
of probable sites of cross reactivity. In our

Rt e
P7SNGFRIEEE ALDHIEE Ki-67HE

Figure 7. Triple IHC for P7SNGFR (brown), Ki-67 (gray), ALDH1 (purple). Microwave
heating was used for denaturation of preceding reaction complex. Cervical lymph node
(A,B), human testis (C,D) and normal human oral mucosa (E,F).
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Figure 8. Triple THC for P75NGFR (purple), BMI1 (brown) and ALDHI1 (gray), in
human testis. Microwave heating was used for denaturation of preceding reaction com-
plex. Negative Control mouse IgG1 was used instead of: anti-P75NGFR (A), anti-BMI1
(B), and anti-ALDHI1 (C) antibodies.
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experiment, reaction products of anti-BMI1
and anti-Ki67 antibodies were detected exclu-
sively in the nucleus. Visualizing these reac-
tions with DAB resulted in no immunoreactiv-
ity of subsequent reactions in the cytoplasm,
when 1:500 dilution was used. Inversely, high-
er dilution (1:1500) of anti-BMI1 antibody
allowed subsequent cytoplasmic immunoreac-
tivity. However, cross-reactivity with anti-
P75NGFR antibody targeting a cell surface
receptor was evident by a mixed color in the
nuclei, unless a denaturation step was per-
formed. It seems that heavy deposition of DAB
somehow affects the epitopes in close proxim-
ity. When anti-Ki67 antibody was investigated
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the same way, 1:1500 dilution was not always
sufficient to maintain cytoplasmic antigenicity
for subsequent reaction. Instead, anti-ki67
antibody reaction was carried out as the third
one. The use of fragmented antibodies for sat-
uration of preceding immunoreaction compo-
nents requires prior knowledge of the antibody
fragment needed according to the specificity of
the secondary immunoreagents. Nowadays,
the EnVision+ ® kit from Dako is a commonly
used detection method since the polymer tech-
nology employed by it, aids in intensifying the
signal with no need for additional signal
amplifier. Information about specificity of the
polymer conjugated goat anti-mouse antibod-

. osiiee

[ —

Figure 9. Reactions products of P75NGFR (brown), ALDH1 (purple) and Ki-67 (gray) in
normal human oral mucosa (A), and P75NGFR (purple), ALDH1 (gray) and BMI1
(brown) in human testis (E) and cervical lymph node (I). Respective markup images for
gray (B,E]), purple (C,G,)K) and brown (D,H,L) as obtained from Aperio Color
Deconvolution Algorithm. All positive structures are displayed in red.
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ies for F(ab) or F(c) fragment of mouse IgG is
not available. Therefore, we used a whole non-
binding mouse IgG1 molecule for saturation of
the preceding reaction complex. In order to
prevent cross-binding with subsequent sec-
ondary immunoreagents, Doublestain Block
from Dako was used afterwards. Nonetheless,
cross-reactions evident by false double stained
structures were detected when the strepta-
vidin-biotin method was involved (Figure 3).
The function of Doublestain Block is not
revealed by the manufacturer, and its use is
only recommended as part of a whole kit
employing LP-HRP for the first reaction and
LP-AP for a subsequent one. In this report, we
investigated the ability of this reagent to block
cross reactivity between successive reactions
detected by other secondary immunoreagents.
In accordance with the company recommenda-
tions, we found this reagent ineffective when
the biotin-streptavidin method was used to
detect one of the reactions. The scientific
explanation of this is difficult to achieve since
the mechanism of the reagent is not publicly
available in the first place. When microwave
oven is used for denaturation of antibodies, it
is critical here to balance the required time to
prevent cross-reactivity, but not to destroy tis-
sue morphology, epitopes of subsequent reac-
tions or to remove chromogens that have
already been deposited from preceding reac-
tions. The protocol reported in the 1990s by
Lan et al."? destroyed some of the antigens in
formalin fixed paraffin embedded samples,
although this could be due to a difference in
the microwave technologies from that time
and now. Recently, a publication reported the
use of microwave for double staining.”® In that
study, targeted antigens were expressed by dif-
ferent types of cells. Applying the same method
for triple staining of antigens in close proxim-
ity, was not sufficient to eliminate falsely dou-
ble stained structures. However, additional use
of peroxidase block enabled conducting the
triple staining without spurious color. This
indicated that the mixed color was due to a
remaining enzyme activity. The effect of heat-
ing in the morphology of our tissues was con-
sidered acceptable, and the disadvantage was
the difficulty in counterstaining them as com-
pared to single stained sections. To get insight
into the mechanism by which microwave oven
prevents cross-reactivity, it is worth mention-
ing that studies on the effect of heat on
immunoglobulin in breast milk showed that
the F(ab) region of IgG, which includes the
antigen binding site, undergoes denaturation
at 61°C, while denaturation of the Fc region
takes place at 71°C.#* Secondly, maintaining
the temperature at 77°C for 4.75 min was
found to decreases the antigen binding activi-
ty of IgG by 90%.2 Thirdly, it was reported that
stripping of tissue bound Ig’s was only evident
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