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Abstract

Background: Immune cell infiltrates (ICI) of tumors are scored by pathologists around tumor glands. To obtain a
better understanding of the immune infiltrate, individual immune cell types, their activation states and location
relative to tumor cells need to be determined. This process requires precise identification of the tumor area and
enumeration of immune cell subtypes separately in the stroma and inside tumor nests. Such measurements can be
accomplished by a multiplex format using immunohistochemistry (IHC).

Method: We developed a pipeline that combines immunohistochemistry (IHC) and digital image analysis. One slide
was stained with pan-cytokeratin and CD45 and the other slide with CD8, CD4 and CD68. The tumor mask
generated through pan-cytokeratin staining was transferred from one slide to the other using affine image co-
registration. Bland-Altman plots and Pearson correlation were used to investigate differences between densities and
counts of immune cell underneath the transferred versus manually annotated tumor masks. One-way ANOVA was
used to compare the mask transfer error for tissues with solid and glandular tumor architecture.

Results: The overlap between manual and transferred tumor masks ranged from 20%–90% across all cases. The
error of transferring the mask was 2- to 4-fold greater in tumor regions with glandular compared to solid growth
pattern (p < 10−6). Analyzing data from a single slide, the Pearson correlation coefficients of cell type densities
outside and inside tumor regions were highest for CD4 + T-cells (r = 0.8), CD8 + T-cells (r = 0.68) or CD68+ macrophages
(r = 0.79). The correlation coefficient for CD45+ T- and B-cells was only 0.45. The transfer of the mask generated an error
in the measurement of intra- and extra- tumoral CD68+, CD8+ or CD4+ counts (p < 10−10).

Conclusions: In summary, we developed a general method to integrate data from IHC stained slides into a single
dataset. Because of the transfer error between slides, we recommend applying the antibody for demarcation of the
tumor on the same slide as the ICI antibodies.
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Background
In triple-negative and HER2+ early breast cancer, the
presence of tumor-infiltrating lymphocytes (TILs) pre-
dicts for better response to neoadjuvant chemotherapy
and improved overall survival [1–7]. In addition, the
presence of TILs is associated with improved response
to neoadjuvant Trastuzumab, a HER2-directed antibody

whose efficacy depends in part on antibody-mediated
cytotoxicity [3, 4]. In these studies, TILs are quantified
according to the 2014 guidelines established by the
International TILs Working Groups [8, 9]. Though the
presence of TILs were associated with better outcomes,
the optimal threshold of TILs in pretreatment core biop-
sies that predict a complete tumor response to Trastuzu-
mab has not been established. One study reports that
tumors in which ≥30% of the stromal area was occupied
by TILs have more frequent complete pathologic re-
sponses to neoadjuvant Trastuzumab [10], while other
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studies found cut-offs as high as 60% [1]. The problem of
the TIL cut-off maybe due to semi-quantitative scoring by
pathologists, which is notoriously difficult to standardize
and associated with significant intra- and inter-observer
variabilities [9]. Digital image analysis has the potential to
improve the accuracy and reproducibility of quantifying
TILs. However, software for TIL measurements is not
commercially available and will require careful validation
against pathologists prior to its clinical deployment.
TILs include all mononuclear cells derived from the

lymphoid, myeloid and granulocytic lineages such as
lymphocytes (T cells, B cells, plasma cells, NK cells),
granulocytes (neutrophils, eosinophils, basophils), mono-
cyte/macrophages and dendritic cells. The anti-tumoral
immune response is regulated by interactions between
immune cell types [11]. Subpopulations of immune cells,
specifically NK cells and certain T-cell subtypes, exhibit
direct, cell-contact mediated cytotoxic activity against
the tumor while other immune cells exhibit indirect
anti-tumor activity through the expression of cytokines,
chemokines and pro-apoptotic molecules. Therefore, to
obtain a better understanding of the anti-tumoral activ-
ity by the immune infiltrate, individual immune cell
types, their activation states and location relative to the
tumor cells need to be quantified, in addition to the
magnitude of the immune infiltrate as a whole. This re-
quires enumerations of the immune cell subtypes separ-
ately in the stroma and inside tumor nests, which
requires precise identification of the tumor area on a
slide. To determine the composition of the immune cell
infiltrate and its spatial relationship to the tumor and
surrounding stroma, immunohistochemistry (IHC) with
multiple antibodies is needed. Antibodies can be used
either individually on slides, or they can be combined in
a multiplex format. The number of slides impacts the
analysis scheme of the tumor immune infiltrate and if
multiple slides are used, the data must be combined into
a single dataset prior to analysis. This dataset can then
be used to calculate ratios between cell types [12, 13].
State-of-the-art imaging and quantification of cell pop-

ulations in digital slides is accomplished through differ-
ent instruments. One is the whole slide imaging
instrument, such as the Aperio slide scanner, which is
equipped with a RGB (red, green and blue channel)
camera. The accompanying software allows quantifica-
tion of up to 2 chromophores that are linked to the anti-
bodies, in addition to the hematoxylin counterstain that
labels all nuclei. The Aperio slide scanner is easy to
operate and can be incorporated into a clinical workflow.
The other instruments are for analysis of tissues in re-
search projects. They include the Vectra-II imaging
microscope, which utilizes a multispectral imaging ap-
proach that images large sections of slides coupled with
software for color unmixing. This technology enables

quantification of tissues stained with up to 6 antibodies.
It employs the commercial OPAL staining system and
inForm® software for staining and color unmixing and
has proven to be a powerful approach in the quantifica-
tion of up to 5 immune cell types in addition to demar-
cating the tumor [14]. Commercial software for analysis
of the immune infiltrates include the Genie Spectrum
(Aperio ePathology Solutions, Vista, CA) [15, 16],
Image-Pro Plus 3.0 (Media Cybernetics; Silver Spring,
MD) [17], Halo (Indica Labs, Corrales, NM) [18], ImageJ
[19], and VMscope (VMscope GmbH, Berlin, Germany)
slide explorer [9]. However, these software tools can only
be used with slides stained with 2 antibodies. For sam-
ples with >2 target stains, the immune cell quantification
may be carried out with the inForm® software that is
provided with the Vectra-II multispectral instrument
[20–22].
We developed a combined IHC and image analysis

workflow to quantitate the immune infiltrate using 5
antibodies on 2 slides. Employing 2-plex and 3-plex
chromogenic IHC protocols, we applied the workflow to
a cohort of 81 HER2+ breast cancer patients and solved
the following technical challenges: 1) computer-assisted,
automatic transfer of the tumor mask outlines between
slides, 2) generation of an analysis pipeline to quantify
distinct immune cell types inside the tumor, on the
tumor border and outside of the tumor, 3) determination
of sources of error in association with the transfer of the
tumor mask and affecting the regional quantification of
immune cell populations.

Methods
Patient cohort
The study consisted of 81 consecutive cases of HER2
+ breast cancer and was approved in IRB protocol
#Pro00032113 at Cedars-Sinai Medical Center. Pa-
tients with Stage I-III HER2+ breast cancer who
underwent surgery followed by chemotherapy and
Trastuzumab from January 2005 through December
2011 were identified from the Cedars-Sinai Medical
Center Cancer Registry. Patients who presented with
Stage IV disease, whose tumor tissue was not avail-
able for marker evaluation, who did not receive
follow-up at Cedars-Sinai Medical Center, and who
did not receive chemotherapy and Trastuzumab were
excluded. HER2 expression levels were determined
based on clinical guidelines [23].

Immunohistochemical staining of the same tissue section
with CD45 and pan-CK antibodies
The antibodies were used in the sequence of CD45 ➔

Pan-Cytokeratin (Pan-CK) for staining of the same tissue
section. For CD45, heat-induced epitope retrieval
occurred with Na/EDTA pH 8.0 for ~30 min @ 90 °C.
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Tissues were blocked with animal-free protein blocking
buffer (Vector Laboratories cat. # SP-5030) for 15 min.
To quench the endogenous peroxide, the tissue was
treated with H2O2 for 12 min. The anti-CD45 (Ventana
Pre-Dilute, cat. # 790–2505) was applied for ~30 min @
37 °C. Thereafter, the EnVision + System – HRP labeled
polymer goat anti-mouse secondary antibody (Dako cat. #
K400011) was used for 20 min, followed by DAB (3,3′-di-
aminobenzidine, Vector Laboratories cat. # SK-4100)
for 8 min.
Next, slides were incubated with the denaturing buffer

(citrate buffer pH 6) for 10 min @ 110 °C, to remove the
CD45 antibody. Tissues were blocked with animal-free
protein blocking buffer for 16 min. The Pan-CK anti-
body (Dako cat. # M3515) was diluted at 1:50 and incu-
bated overnight @ 4 °C. The secondary antibody,
ImPRESS anti-mouse alkaline phosphatase (Vector La-
boratories, cat. # MP-5402), was incubated for 30 min.
The chromogen VECTOR Red (Vector Laboratories, cat.
# SK-5100) was applied for 10 min. Slides were stained
with Modified Mayer’s Hematoxylin (American Master-
Tech Scientific, cat. # HXMMPT) for 1.5 min and
cover-slipped. A micrograph of a region of interest from
a slide stained with CD45 and Pan-CK antibodies is
shown in Fig. 1a.

Immunohistochemical staining of the same tissue section
with CD4, CD8 and CD68 antibodies
One section per patient was subjected to multiplex IHC
on the DISCOVERY ULTRA automated slide-stainer
(Ventana, Tucson, AZ). The antibodies were used in the
sequence of CD4 ➔ CD8 ➔ CD68 for staining of the same
tissue section. For CD4, the heat induced epitope retrieval
occurred with Na/EDTA pH 8.0 for ~40 min at 90 °C. To
quench the endogenous peroxide, the tissue was treated
with H2O2 for 12 min. The anti-CD4 (Ventana Pre-Dilute,
cat. # 790–4423) was applied for ~40 min at 37 °C. There-
after, the EnVision + System – HRP labeled polymer goat
anti-rabbit secondary antibody (Dako cat. # K400211) was
used for 32 min, followed by DAB for 8 min. To quench
the remaining active HRP, slides were treated with H2O2

again for 24 min.
The heat-induced epitope retrieval for the next anti-

body, CD8, was repeated as described above. Tissues
were treated with H2O2 for 12 min, followed by anti-
CD8 (Ventana Pre-Dilute, cat. # 790–4460) for ~32 min
at 37 °C. The EnVision + System – HRP labeled polymer
goat anti-rabbit secondary antibody was incubated for
32 min. DISCOVERY Purple (Ventana, cat. # 253–4857)
was applied as the chromogen to visualize CD8-antibody
binding for 24 min.

Fig. 1 Visualizing individual antibody combinations before and after color separation in digital images. (a-d) Representative of invasive breast
cancer stained with Pan-Cytokeratin (Pan-CK) and CD45. The tissue section was stained using an IHC protocol with 2 antibodies. The stained slide
was imaged using the Aperio slide scanner and the colors were deconvoluted. (a) Original image of 2-antibody RGB stain, (b) Pan-CK+ breast
cancer cells (red), (c) CD45+ lymphocytes (brown), and (d) hematoxylin positive nuclei (blue). (e-h) Representative image of tumor area parallel to
(a) and stained with 3 antibodies. The stained slide was imaged using the Vectra-II slide scanner and the colors were unmixed. (e) Original RGB
image of 3-antibody stain, (f) CD4+ cells (brown), (g) CD8+ lymphocytes (purple), and (h) CD68+ macrophages (red)
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Next, slides were incubated with the denaturing buffer
(citrate buffer pH 6) for 10 min at 110 °C, to remove the
CD8 antibody. Tissues were blocked with animal-free
protein blocking buffer for 15 min. The CD68 antibody
(Dako cat. # M0876) was diluted at 1:750 and incubated
overnight at 4 °C. The secondary antibody, ImPRESS
anti-mouse alkaline phosphatase, was incubated for
30 min. The chromogen VECTOR Red was applied for
10 min. Slides were counterstained with modified
Mayer’s Hematoxylin for 1.5 min and cover-slipped. A
micrograph of a region of interest from a slide
stained with CD4, CD8 and CD68 antibodies is
shown in Fig. 1e.

Image analysis pipeline
We developed an image analysis workflow (Fig. 2) that
employs one slide stained with Pan-CK and CD45 and a
slide stained with TIL antibodies (CD8, CD4 and CD68)
to quantify distinct immune cell types in regional areas
of tumor (Fig. 2a). The workflow involves transferring
of tumor mask from the Pan-CK slide to the slide with
TIL makers by image registration. The performance of
the mask transfer is evaluated against manual ground
truth tumor delineations on the slide with TIL markers,
and by counting of TILs in regional outlines of the
tumor. This pipeline is also used to correlate counts of

the TIL constituents inside and outside of the tumor
(Fig. 2b).

Imaging of slides and identifying high-density cancer
areas
Slides stained with Pan-CK were imaged using a high-
resolution whole-slide RGB scanner Aperio AT Turbo
with a 20× objective (Leica Biosystems, Vista, CA). To
detect regions of interest (ROI) with a high-density of
cancer cells, the color-deconvoluted whole slides of
Pan-CK images were thresholded to provide an epithelial
mask. Only areas of invasive breast carcinoma were ana-
lyzed, and image tiles of ductal carcinoma in-situ and
normal glands were excluded from the analysis accord-
ing to the guidelines provided by the International TILs
Working Groups [7, 8]. Tumor nuclei detected under a
Pan-CK mask were counted to obtain local cell density
maps (counts/mm2). The counting was carried out on
square image tiles that covered the entire tissue area of
the slide. The cell density map was visualized in 3-D to
identify ROIs of high tumor cell burden for subsequent
analyses (Additional file 1: Fig. S1). Next, coordinates of
the ROIs were transferred from the 3-D map to the slide
stained with the triplex-IHC. These ROIs was then im-
aged on the multispectral tissue imaging platform
Vectra-II (Perkin-Elmer, Waltham MA). The Vectra-II is
equipped with a scientific-grade charge-coupled device

Fig. 2 Image analysis workflow. (a) Workflow for regional separation. Corresponding ROIs within areas of invasive breast cancer in slide-1 and
slide-2 are imaged and the colors are separated. The Pan-CK image is used to identify the cancer region in slide-1. Thereafter, cancer regions in
slide-1 and slide-2 are co-registered based on the best overlap of the hematoxylin-stained nuclei. The mask is then transferred from slide-1 to
slide-2. Alternatively, the cancer area in slide-2 is directly delineated by hand to generate the ground truth. (b) Workflow for TIL quantification. Nu-
clei are segmented in the whole image. Next, TILs are identified based on the color in the cytoplasm and counted within the tumor, at the tumor
border and outside the tumor
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monochromatic camera and a 20× objective. The expos-
ure time was 4 ms, and a 1 × 1 pixel binning was used
for image acquisition (Nuance, Perkin-Elmer). The spec-
tral image cubes encompassed the cancer areas. Cubes
were acquired in the spectral range between 420 nm and
700 nm with 5 nm resolution yielding 31 wavelength
specific images per cube. Each image in the cube had
1040 × 1392 pixels (pixel size = 0.5 μm × 0.5 μm) in
horizontal and vertical direction. A flat-field correction
was applied to prepare the cube for digital unmixing of
chromophore colors.

Color deconvolution and spectral unmixing
Two approaches were used for color separation of im-
ages scanned with Aperio or Vectra-II slide scanning
platforms (Fig. 2). For digital images obtained with the
Aperio slide scanner, color deconvolution, a method to
transform RGB color tissue images into individual im-
ages depicting the concentration of each chromophore,
was applied to separate the brown (CD45) and red
(Pan-CK) colors from blue (hematoxylin). Briefly, the
absorbance values of chromophore mixtures are decom-
posed into absorbance values of single chromophores.
RGB images of the mixture of chromophores in the
stained tissue and RGB spectra of single chromophores
are provided as respective input data. The fingerprints that
specify the RGB components of single chromophores
were respectively set for DAB = [0.268, 0.570, 0.776],
FastRed = [0.214, 0.851, 0.478], and hematoxylin = [0.490,
0.769, 0.410] in the code color deconvolution ImageJ plu-
gin [24] that was applied to isolate monochromatic images
of FastRed (Pan-CK) for further analysis and identification
of cancer areas. Antibodies visualized after color deconvo-
luted images are shown in Fig. 1b-d.
In the second approach, DAB, FastRed, V-purple and

hematoxylin images were spectrally unmixed for cancer
area image co-registration and cell quantification using
the inForm® software of the Vectra-II. Briefly, spectral
cubes of cancer areas were digitally unmixed to obtain
monochromatic images representing optical density of
the chromogens (Fig. 1f-h). Spectral fingerprints specific
for individual chromogens were used to determine the
proportion of the spectrum from each chromogen in the
spectrum of mixed chromogens [25]. The spectral fin-
gerprints were collected from separate slides that were
stained with single primary antibodies and correspond-
ing chromogens.

Cancer cell mask
Spectrally unmixed Pan-CK images were exported from
the Vectra-II and imported by into an image processing
tool that we developed to obtain the cancer cell mask.
The Pan-CK image was thresholded using an automated
histogram thresholding procedure [26, 27]. The resulting

binary image was post-processed. Small objects were re-
moved by applying morphological image opening [28].
Morphological closing was subsequently applied to
smoothen the cancer cell mask boundaries. The final
mask was exported for the image co-registration
procedure.

Image co-registration
We implemented the affine image co-registration pro-
cedure [29] in order to transfer the cancer cell mask of
the cancer area to the image of the immune infiltrate.
The hematoxylin images from both slides were used in
the co-registration procedure to calculate the co-
registration transformation matrix [29]. The matrix
contained a set of parameters to direct the transfer and
alignment of the images. After co-registration, the con-
tour of the transferred mask was manually adjusted to
resolve discrepancies in tumor architecture between the
two slides.

Nuclear segmentation and classification of immune cells
Unmixed images were also imported to inForm 2.0
tissue image analysis software (Perkin-Elmer, Waltham
MA) to detect and classify subtypes of immune cells.
First, cell nuclei were detected based on the local con-
centration of hematoxylin and delineated by a nuclear
segmentation algorithm (Fig. 2b). The circular nuclear
outlines were subsequently expanded by a constant
number of pixels which corresponded to the length of
half of the mean radius of an immune cell nucleus. The
space between the two concentric circles was defined as
the cytoplasmic mask. This mask was overlaid respect-
ively onto unmixed images of CD4 (brown), CD8
(purple) and CD68 (red) triple stains to classify these
cells for enumeration. The average pixel intensity in the
cytoplasmic mask was used to establish a threshold [26].
Cells positive for individual stains were counted and the
number of negative cells under the co-registered cancer
mask was used as the reference measurement (Fig. 2b).

Regional outlines of tumor
After transferring the tumor mask, we established 3 re-
gions to enumerate the immune infiltrate: 1) the intra-
tumoral region as defined by the manually corrected
mask, 2) the tumor border region – a ring along the
tumor edge measuring 7 pixels (3.5 μm), and 3) the
extra-tumoral region – a second ring to the tumor
border region measuring 50 pixels (35 μm) (Fig. 2b).

Cancer mask transfer evaluation, data analysis and
visualization
Two parameters were measured to assess the perform-
ance of cancer mask transfer between slides: a) the over-
lap ratio (Ov) that represents the normalized number of
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pixels that are both under the transferred mask and
under the ground truth cancer area (delineated by a
pathologist) and defined as follows:

Ov ¼ #pixels CMSK∩GTð Þ=#pixelsGT ð1Þ

where: CMSK is the co-registered binary cancer mask,
and GT is the binary manual ground truth of cancer
mask. ∩ is the logical intersection of the involved masks,
and #pixels is the pixel count. Ov reaches 1 for the perfect
concordance (overlap) of CMSK and GT, and 0 if the
masks do not overlap at all.
b) The tumor cell count error (TCe) that was mea-

sured as the relative difference between the number of
tumor cells under the transferred cancer mask and the
number of cells under the ground truth cancer mask,
which was manually delineated by the pathologist. TCe
is defined as follows:

TCe ¼ #cellsCMSK−#cellsGTj j=#cellsGT ð2Þ
where: the #cells is the tumor cell count under the re-
spective masks, and | | is the absolute value operator.
TCe reaches 0 in case the number of cells under the

respective masks are the same, or 1 in case there are no
tumor cells under the transferred mask.
Intra-tumoral, tumor border and extra-tumoral re-

gions were demarcated in 358 ROIs from 81 cases. First,
tumor cells were counted in the intra-tumoral region.
Cells positive for CD4, CD8, CD68 and CD45 were
counted in intra-, border- and extra-tumoral regions.
Bland-Altman plots and one-sided t-test were used to
investigate differences between immune cell counts
underneath the manually annotated versus transferred
tumor masks.
In order to investigate the effect of the tumor growth

pattern on the mask transfer, three tissue blocks with
breast tumors that contained areas of solid and glandu-
lar growth pattern were used to obtain consecutive re--
cuts from each block. 10 re-cuts from each block were
stained with Pan-CK and counterstained with
hematoxylin. Areas displaying solid and glandular
growth patterns were identified and imaged with the
multispectral instrument. The Pan-CK stain was spec-
trally unmixed and used to build a cancer mask for each
image. The overlap Ov between masks was calculated as
a function of the distance between the re-cuts and the
tumor growth pattern. One-way ANOVA was used to
evaluate discrepancies in Ov rates derived from solid
and glandular areas.
Image data analysis, performance evaluation, 3-D cell

density map visualization and definition of regional out-
lines of tumor were coded in Matlab programming envir-
onment (The MathWorks, Natick, MA). Our previously
developed tool for ground truth tissue annotations [30]

was used here for the manual cancer mask editing and for
generating the ground truth by the pathologist.

Results
To quantify TILs within and surrounding nests of tumor
cells in regions of invasive breast carcinoma, we con-
ducted IHC staining with 5 antibodies in a cohort of 81
cases of HER2+ invasive breast carcinoma. Slide-1 was
stained with 2 antibodies that outlined the cancer
(Pan-CK) and lymphocytic immune infiltrate (CD45).
Slide-2 was stained with 3 antibodies to separately iden-
tify CD4+ T-cells, CD8+ T-cells and CD68+ macro-
phages. After scanning on the Aperio AT Turbo, the
digital image of slide-1 underwent color-deconvolution
(Fig.1a-d). The red Pan-CK images were processed to
identify areas with high densities of tumor cell nests
through visualization in a 3-D cell density map of the
entire slide. Based on this map, 3 to 5 regions of interest
(ROI) were randomly selected per slide, totaling 358
ROIs for further analysis (Additional file 1: Fig. S1).
Coordinates of the 5 ROIs were marked on slide-1 and
transferred to slide-2 stained with the immune cell
antibodies. The corresponding ROIs in slide-2 were im-
aged on the Vectra-II multi-spectral imaging platform
(Fig. 1e-h). Several controls were performed to validate
the antibody staining and to evaluate the IHC staining
procedure. First, we only employed clinical grade anti-
bodies that are normally used for patient care. Second,
we tested the sensitivity of antibodies to up to 4 sequen-
tial heat retrieval steps. The staining intensities of anti-
bodies in our panels were not affected by antigen
retrieval (data not shown). Finally, we excluded the pos-
sibility of incomplete antibody removal during the heat
retrieval treatment. Incomplete dissociation of antibodies
causes reactivity with secondary antibodies and color-
ation by 2 or more chromophores. We did not observe
cells that were stained with more than one color as dem-
onstrated by comparing the panels in Fig. 1, suggesting
that the antibodies were effectively denatured by the
heat retrieval treatment. In contrast to the Aperio
software, the Vectra-II/ inForm® software is best suited
for the analysis of select ROIs. In addition, only inForm®
can be used for color separation of more than 3 colors.
According to the recommendations of the International

TILs Working Groups, only those mononuclear immune
cells (primarily lymphocytes and macrophages) outside
tumor cell glands or clusters in areas of invasive breast
carcinoma were assessed. Further, the amount of TILs in
the tumor microenvironment is reported as the area occu-
pied by TILs divided by the total area of stroma. TILs
within or at the border of tumor nests were excluded. The
semi-quantitative assessment of TILs by pathologists
generates an intra- and inter-observer variability that
complicates establishing clinically relevant thresholds of
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TILs. Since digital quantification of TILs can solve this
problem, we first established the pipeline of counting
CD45+, CD4+, CD8+ and CD68+ TILs inside and outside
tumor areas that were manually outlined (Fig. 2a). A mod-
erate correlation between intra- and extra-tumoral CD45+
lymphocytes (T-cells and B-cells) with a Pearson
correlation coefficient of r = 0.45 was observed. Pearson
correlation coefficients were greater for CD4+ (r = 0.797),
CD8+ (r = 0.674) and CD68+ (r = 0.787) immune cells
(Fig. 3). These data suggest that for T-cells, the TIL num-
bers in the tumor microenvironment are associated with
the intra-tumoral T-cell infiltrate. Furthermore, the lower
correlation of CD45+ lymphocytes points to different dis-
tributions of T-cells and B-cells.
In order to increase the efficiency of outlining tumor re-

gions, we replaced the time consuming hand annotation
of tumor nests by a computer-assisted process. The tumor
mask was outlined in slide-1 using a cytokeratin antibody
IHC approach and transferred to slide-2, that contained
the TIL antibody stain (Additional file 1: Fig. S2). For
comparison, the tumor was manually outlined by a path-
ologist in slide-2. TIL numbers were obtained through
both annotation methods (Fig. 2). To identify TILs, the
first step consisted of a segmentation of all nuclei in the
ROI. Next, cells were annotated based on the color out-
side the nuclear contour and classified as CD4+, CD8+ or

CD68+. Finally, individual cells inside, at the border and
outside the mask were counted (Fig. 2b).
To align the cancer masks in both slides, areas with

high cancer cell densities (Additional file 1: Fig. S1) were
co-registered based on the nuclear hematoxylin stain
(Additional file 1: Fig. S2). The distortion parameters in
the cancer mask in slide-1 that were required for co-
registration with the cancer in slide-2 were described in
the transformation matrix. After its transfer to slide-2,
the cancer mask was further adjusted using the parame-
ters in the transformation matrix to achieve the greatest
overlap with the tumor area in slide-2. The final cancer
mask in slide-2 was used as a starting point to define 3
cancer regions, the inside of the tumor, the tumor
border and extra-tumoral region (Fig. 2b).
To determine the accuracy of the mask transfer, the

areas under the transferred hand-delineated (ground
truth) cancer masks were compared. The accuracy of
the mask transfer was determined by the ratio in pixels
with the area of overlap between the masks divided by
the pixels in the ground truth mask (see eq. 1 in Mate-
rials and Methods). Alternatively, cell counts were used
instead of pixels (see eq. 2 in Materials and Methods).
Figure 4 shows results of the error that arises from
transferring the cancer mask in 81 cases. In Fig. 4a,
cases were ranked based on increasing error, as indicated

Fig. 3 Correlation between intra- and extra-tumoral immune infiltrate. Tumor areas were outlined by hand in images from 81 cases. (a) CD45+ cells
were counted in slides stained for CD45 and Pan-CK, after regional separation of intra-tumoral, tumor border and extra-tumoral regions. The y-axis
represents cell counts per mm2 outside the tumor area, while the x-axis depicts cell counts within tumor nest plus cell counts at the border. The
Pearson’s correlation coefficient is shown. (b) CD4+, (c) CD8+, and (d) CD68+ immune cell numbers were obtained from slides stained with the
3-antibody IHC protocol and analyzed as described in (a). Pearson’s correlation coefficients are shown for concordance of TIL subtypes inside and
outside nests of tumor cells
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Fig. 4 (See legend on next page.)
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by the decrease in the overlap of the masks. The graph
shows the mean and standard deviation of the overlap
ratio of 3–5 ROIs from each case. The mean overlap ra-
tio across 358 ROIs was 0.679 ± 0.18 and the median
overlap ratio was 0.723. Next, the error caused by the
mask transfer in terms of the tumor cell count was de-
termined. Differences in tumor cell counts between the
transferred and ground truth masks were normalized to
the cell count underneath the ground truth mask and
equaled zero for a perfect overlap between masks. The
median of error in the tumor cell count was 0.109,
which amounts to ±10.9% of the tumor cell count in the
hand-annotated mask. Each ROI was assigned to a bin
based on the error, and the distribution of the bins is
presented in Fig. 4b.
In addition, we aimed to distinguish between 2

sources of error in the mask transfer, which are the
error that is caused by the tumor growth pattern and
the error that is caused by the distance between
parallel re-cut slides. For this purpose, we selected 3
cases that had both solid and glandular tumor growth
patterns. All slides were stained with Pan-CK and
areas of solid and glandular tumor growth patterns
were annotated. In addition, the distance between
consecutively recut slides was recorded. Figure 4c demon-
strates a glandular growth pattern, whereas Fig. 4d reveals
a solid growth pattern. A close-up view of a sub-region in
Fig. 4e illustrates the detailed overlap between the manual
ground truth (red) and the transferred cancer mask
(green). Overlap ratios for solid (blue bars) and glandular
(green bars) tumor growth patterns are separately shown in
Fig. 4f. The highest overlap ratios were observed for the
solid growth pattern (0.814 ± 0.097) and lesser overlap ra-
tios were noted for glandular growth patterns
(0.438 ± 0.277). A one-way ANOVA revealed a significant
difference in the overlap ratios between the aggregate of all
solid versus glandular regions (p < 10−6). The first signifi-
cant difference in the transfer of masks associated with solid
growth patterns occurred after the 4th slide (p = 0.039),
while for glandular growth patterns the transfer of the

tumor mask to an adjacent slide was already associated with
a significant difference in the overlap ratio.
Next, we questioned whether the error of the mask

transfer affected the TIL counts inside and outside
the tumor mask. TILs were counted in 81 slides
underneath and outside of the transferred or hand-
annotated tumor masks. When calculating the differ-
ence of cell counts underneath the transferred and
hand-annotated masks and using Bland-Altman plots
to visualize the data, error rates in TIL counts were
high for all TIL subtypes (Fig. 5). A significant
difference in TIL counts was observed using a one-
sided t-test both inside and outside the tumor. This
result demonstrates that the error of the mask trans-
fer propagates to the enumeration of immune cells
inside and outside the tumor mask.

Discussion
The main goal of the study was to establish the quan-
titative method to profile the immune infiltrate of
cancers and distinguish intra and extra-tumoral in-
flammation. A secondary goal was to dissect cell pop-
ulations in the immune infiltrate that can be
distinguished through IHC. We employed a combin-
ation of IHC with 5 antibodies with digital image
analysis to demonstrate good concordance of intra-
and extra-tumoral CD4+ CD8+, CD68+ cell numbers.
Next, to improve the laborious annotation of tumor
areas we established a pipeline for the transfer of
tumor mask from one slide to another. The transfer
required co-registration of slides based on
hematoxylin stained nuclei. However, we observed a
significant error in the mask transfer, dependent on
the tumor growth pattern that led to differences in
tumor and immune cell counts underneath the trans-
ferred mask compared to the ground truth.
Altogether, we demonstrate for the first time the ap-
plication of chromogenic staining method in order to
visualize the composition of immune infiltrate with a
regular brightfield microscope. Based on the error of

(See figure on previous page.)
Fig. 4 Overlap between manual and transferred cancer masks. (a) Error in alignment of transferred and ground truth masks. The overlap ratio
was calculated as described in Materials and Method and plotted on the y-axis. The mean represents the average overlap in 3–5 images from
each case and the standard deviation is indicated by the error bars. Cases are ranked in descending order of overlap ratio along the x-axis. (b) Dis-
tribution of cell count error. The difference of tumor cell counts underneath the transferred versus ground truth tumor masks was determined. 358
images were assigned to bins based on the error of tumor cell counts (see Materials and Methods) underneath the transferred tumor mask. (c-e)
Visual demonstration of the error inflicted by the mask transfer. The transferred mask is outlined in green and the ground truth mask in red. No-
tice the association between the magnitude of error and the growth pattern by comparing the glandular growth pattern in (c) and (e) and solid
growth pattern in (d). (e) shows a close-up of an area in (c). (f) Comparison of the error of mask transfer in solid (blue) versus glandular (green)
regions of invasive breast cancer. Serial sections from 3 tumor blocks of invasive breast cancer were stained with Pan-CK. Solid and glandular
areas were separately annotated and the masks transferred between slides. The x-axis indicates the distance between serial sections (unit
length = 4 μm) from the same block and the y-axis demonstrates the overlap ratio of the transferred versus hand-annotated masks within solid
versus glandular regions of invasive breast cancer. The difference in the overlap between solid and glandular regions was
significant (* = p < 0.05)
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the mask transfer that is caused by the biological
variability between slides, combining data from se-
quential slides reduces data quality. Therefore, anti-
bodies reactive with TILs or cancer cells should be
used on the same slide.
A major limitation of our process is caused by the bio-

logical variability between tissue sections from the same
tumor, resulting in an error that cannot be corrected by a
simple approach. It is well known that protein expression
varies between adjacent tissue sections of a tumor because
of biological variability within tumor regions [31]. How-
ever, the degree to which the cellular composition and tis-
sue architecture change between adjacent tissue sections
remains poorly understood. Our recent study employing 7
antibodies on individual slides was compromised by errors
arising from biological variability between slides [32]. Dur-
ing this study, we realized the value of multiplex IHC.
Therefore, to overcome the problem of biological variabil-
ity in subsequent studies, we developed a multiplex stain-
ing approach. The number of antibodies that can be
applied sequentially in the chromogenic assay was shown
to be limited to 3 [33]. Since staining with more than 3
antibodies compromised tissue quality we did not exceed
a triple IHC stain. This, in turn, prompted the need for
data integration from 2 slides to profile the composition

and location of the tumor immune infiltrate. This ap-
proach allowed us to conduct TIL measurements related
to the spatial organization of the tumor in whole slides.
Tissue micro arrays (TMAs) may also be useful in as-

sessment of TILs, particularly for the rapid evaluation of
large clinical cohorts [9]. Our method to quantitate the
immune infiltrate could be in principle applied to tissues
from TMAs. However, the use of TMAs comparing to
re-cuts from tumors fixed on whole slides for TIL quan-
tification would be limited for the following reasons: a)
TMAs may not contain enough tissue to reliably deter-
mine the regional outlines of tumor, b) TMAs that con-
tain only tumor cells or only stromal components would
be unsuitable to determine correlations between intra-
and extra-tumoral immune infiltrate, and c) since TILs
generally form in the peritumoral regions, they may be
absent or underrepresented in TMAs from heteroge-
neous tumors [9].
Recently, tissue staining with 5 to 6 antibodies on the

same tissue section has become possible with commer-
cial reagents, such as the OPAL kit from Perkin-Elmer
or the DISCOVERY 5-plex procedure from Roche-
Ventana. However, in contrast to our chromogenic ap-
proach, these detection systems employ fluorescent
probes. A fluorescent analysis of CD4+, CD8+ and

Fig. 5 Error in immune cell counts caused by tumor mask transfer. Bland-Altman plots illustrating errors of immune cell subtypes inside and out-
side the tumor mask. (a-c) The difference of CD68+, CD8+ or CD4+ counts between transferred and ground truth tumor masks is plotted on the
y-axis. The x-axis represents the mean cell count underneath transferred and manual masks. The red line indicates the mean error and blue lines
the 95% confidence interval of the error. p-values were calculated by a one-sided t-test. Zero indicates perfect concordance in cell counts under-
neath both masks. (d-f) Same as (a-c) but for TIL numbers outside the tumor area. (g) Representative image of transferred versus ground truth
tumor mask
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CD20+ lymphocytes in breast cancer using fluorescently
tagged antibodies and the AQUA image analysis system
demonstrated an association of AQUA scores and
pathologic complete response in a cohort of patients
treated with neoadjuvant chemotherapy [34]. More ad-
vanced systems allowing high-dimensional cytometric
application include tissue CyTOF, which consists of a
quadrupole –TOF. Droplets containing single, nebulized
cells and bound high-metal conjugated antibodies are
analyzed and the amount of bound antibody is related
back to the tissue [35]. The limitations of fluorescent
staining include the reduced durability of the stain, the
difficulties with diagnostic evaluations of stained cells
and problems with the analysis of digital, fluorescent
slides by practicing pathologists. On the other hand,
fluorescent probes have the advantage that they can be
used with antibodies that react with proteins in the same
subcellular compartment. To improve the diagnostic ac-
curacy, it is possible to artificially colorize fluorescent
signals and to establish the impression of a chromogenic
IHC image.
The multiplexing of more than 3 antibodies with dif-

ferent chromogens for visualization with a regular
microscope is currently not available as a commercial
kit. The advantages of this type of multiplex IHC are its
stability and ease of inspection of the whole slide with a
regular microscope. The clinical utility in the short term
is therefore greater using the chromogenic IHC method.
However, the approach also has limitations. Staining
with antibodies that bind to proteins in the same subcel-
lular compartment cause problems with interference be-
tween antibodies due the reduced access of the second
antibody by the chromogen precipitate from the first
antibody. In addition, the analysis of slides requires a
complicated process of color unmixing, the linear range
of the chromogens is less than that of the fluorophores
and the validation of the chromogenic assay is more
complicated than validation of fluorescent tissue stain-
ing. However, chromogenic assays are clearly advanta-
geous when utilizing antibodies that do not overlap in
their subcellular staining patterns.

Conclusions
We developed a novel chromogenic tissue staining and
digital image analysis pipeline that permits the integra-
tion of data from 2 digital images and 5 antibodies.
Using an automated transfer of the tumor mask between
slides enabled the analysis of the immune infiltrate in
tumor areas and enumeration of 3 immune cell types
within the immune infiltrate. The error in the quantifi-
cation of immune cells that was generated through the
mask transfer was associated with the tumor growth pat-
tern. Altogether, multiplex based IHC coupled with
digital image analysis has the potential to improve the

extraction of data related to the immune infiltrate of
tumors.

Additional file

Additional file 1:Fig. S1 Visualization of staining components used to
generate a 3-D cell density map of cancer areas. (a) A whole-slide multi-
color RGB bright-field image of breast cancer tissue stained for CD45
(brown), Pan-CK (red) and a hematoxylin nuclear counter-stain (blue).
(b-d) The whole-slide multicolor RGB image was color-deconvoluted to
separate the staining components: (b) CD45+ image, (c) Pan-CK+ image,
and (d) hematoxylin image. (e) A 3-D cell density map of Pan-CK-positive
cells (which demarcates areas of epithelial cells) was derived from the
Pan-CK component image. Areas of benign glands and in-situ ductal
carcinoma were visually excluded by a pathologist. A threshold applied
to the map lead to the identification of cancer areas which were
processed to segment out a cancer mask. (f) The locations of the cancer
mask were transferred to a tissue image with no Pan-CK staining to
enable the enumeration of immune cells in IHC stained slides. Fig. S2
Transfer of cancer mask from slide-1 to slide-2. The cancer mask is
generated in slide-1 based on Pan-CK staining. Hematoxylin-stained
nuclei in slide-1 are identified and co-registered with corresponding,
hematoxylin-stained nuclei in slide-2. A transformation matrix is
established based on co-registered nuclei to transform the cancer mask
in slide-1 for alignment with slide-2 in the whole ROI. After
co-registration the cancer mask is transferred from slide-1 to slide-2.
(PPTX 1673 kb)
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