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Despite remarkable recent achievements of immunotherapy strategies in cancer treatment, clinical responses
remain limited to subsets of patients. Predictive markers of disease course and response to immunotherapy
are urgently needed. Recent results have revealed the potential predictive value of immune cell phenotype
and spatial distribution at the tumor site, prompting the need for multidimensional immunohistochemical
analyses of tumor tissues. To address this need, we developed a sample-sparing, highly multiplexed immuno-
histochemistry technique based on iterative cycles of tagging, image scanning, and destaining of chromogenic
substrate on a single slide. This assay, in combination with a newly developed automated digital landscaping
solution, democratizes access to high-dimensional immunohistochemical analyses by capturing the complexity
of the immunome using routine pathology standards. Applications of the method extend beyond cancer to
screen and validate comprehensive panels of tissue-based prognostic and predictive markers, perform in-
depth in situ monitoring of therapies, and identify targets of disease.

INTRODUCTION

The immune system is formed by an incredibly diverse network of
cells derived from the myeloid and lymphoid hematopoietic lineages
that cooperate to sense and respond to tissue injury signals. Recent
studies have revealed that immune cell types initially believed to repre-
sent a single lineage actually consist of different subpopulations with
distinct functions (1), and the nature of the responding immune cells
and their spatial organization within organs control the development
of effective immune responses (2, 3). However, a lack of solutions to
characterize this complexity at the tissue site hampers our ability to
perform comprehensive analyses of ongoing immune responses and
to decipher in situ mechanisms at play.

In cancer, evidence of immunocompetence at the tumor site has
been associated with improved outcome of patients with various tumor
types (4, 5), and several studies established that high lymphocyte infil-
tration in tumors is prognostic of progression-free or overall survival
(6, 7). A landmark study in colon cancer lesions demonstrated that the
density of two lymphocyte populations (CD3/CD8, CD3/CD45RO, or
CD8/CD45R0) in two tumor regions (center and invasive margin) is
a better predictor of survival than the tumor-node-metastasis (TNM)
stage (6, 8). As a result, pathologists around the world are developing a
task force to validate the use of CD3/CD8 infiltration, named “Immuno-
score,” to complement standard staging in routine clinical cancer
settings (9). The sole measurement of CD3/CD8 cell infiltration in
tumors, although useful in colorectal cancer, is not predictive in all solid
tumors, where other immune cell populations might be associated
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with favorable clinical outcome (10-12), revealing the critical need
for a more comprehensive analysis of the immune microenvironment
of tumor tissues.

In addition to the powerful prognostic value of tumor-associated
immune cells, recent studies have established that antibody (Ab)-
mediated blockade of immune checkpoint receptors on T cells, or
their ligands on antigen-presenting cells such as dendritic cells
(DCs) or macrophages, can lead to significant clinical responses in a
subset of patients (13). Three checkpoint inhibitors have been actively
explored clinically, including Abs to the checkpoint receptor cytotoxic
lymphocyte antigen 4 (CTLA-4), programmed cell death 1 (PD-1),
and the checkpoint ligand programmed death ligand 1 (PD-L1)
(14). Analysis of tumor lesions treated with checkpoint blockade re-
vealed that a preexisting high density of CD8" T cells in the center and
invasive margin of the tumor mass, along with expression of PD-L1
on infiltrating immune cells or tumor cells, correlates with increased
tumor response to anti-PD-1 and anti-PD-L1 Abs (15, 16). These
results beg for the inclusion of longitudinal high-dimensional analysis
of tumor lesions in the immune monitoring of cancer patients (17).

The visualization and quantification of different immune cellular
subsets require the use of complex phenotypic marker combinations.
A major limitation for such high-dimensional analyses is tumor tissue
availability. Most clinical pathology laboratories use chromogenic im-
munohistochemistry (IHC) on commonly accessible formalin-fixed,
paraffin-embedded (FFPE) tissues and stain for no more than two
markers per tissue slide (9). Several commercial multiplexed immuno-
staining methods have been developed to allow high-dimensional anal-
ysis of complex immune cell populations, but most of these methods
have inherent limitations, including the use of proprietary fluorescent
probes that stray from accepted standards in pathology; the dependen-
cy on frozen material; the associated tissue destruction; and the re-
quirement of costly equipment, materials, and reagents (18-22).

To address the clinical need for high-dimensional analysis of tissue
lesions in clinical pathology, we sought to develop a multiplexed
chromogen-based IHC staining assay independent of proprietary equip-
ment that could be readily integrated in routine clinical pathology. This
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new technique, named multiplexed immunohistochemical consecutive
staining on single slide (MICSSS), can be performed on any FEPE tissue
using iterative cycles of staining, image scanning, and destaining of
chromogenic substrate and enables characterization of large panels
of parameters on one single tissue section, including colocalization of
markers on single cells while preserving tissue antigenicity and archi-
tecture. Last, an automated digital landscaping software based on deep
learning was designed, developed, and applied to this multiplexed IHC
method, thus facilitating the ability to automatically map and analyze
the complexity of the tumor microenvironment (TME). Here, we de-
scribe the MICSSS workflow and its clinical potential to identify prog-
nostic and predictive factors of disease course or predictive biomarkers
of response to immunotherapy.

RESULTS

A multiplexed IHC method was developed for iterative
chromogen staining on a single paraffin-embedded tissue slide
Because a very limited number of chromogens can be used in parallel
on one same tissue slide, due to the paucity of available enzymatic sub-
strates, we asked whether consecutive cycles of Ab staining, image
scanning, destaining of chromogen, blocking, and restaining could
help better characterize the complexity of the TME (Fig. 1A).

Thus, one single slide of FFPE tumor tissue section was first
stained with a standard primary Ab followed by a biotin-linked
secondary Ab and horseradish peroxidase (HRP)-conjugated strepta-
vidin to amplify the signal. Peroxidase-labeled compounds were re-
vealed using 3-amino-9-ethylcarbazole (AEC), an aqueous substrate
that results in red staining, and counterstained using hematoxylin
(blue). The slide was mounted for microscopy and scanned at high
resolution by digital imaging. The colored reaction product was then

removed using an organic solvent-based destaining buffer after cover-
slip removal. Figure 1B shows a CD20 B cell follicle staining followed
by a chemical destaining. Because the Abs were not stripped complete-
ly by the destaining or the antigen retrieval steps, as shown by the
ability to restain slides directly with AEC substrate (fig. S1), the de-
stained slide was treated with a blocking buffer (fig. S1) before the next
cycle of staining to prevent any remnant reactivity to primary or sec-
ondary Abs used in the first cycle. This allowed performing up to
10 cycles of staining/image scanning/destaining on the same FFPE
tissue slide (Fig. 1B). The destaining/staining/scanning process took
6 to 7 hours per cycle, and at least 30 samples were concomitantly pro-
cessed manually, whereas a much higher number of slides could be
processed with staining automation.

MICSSS helps characterize the spatial distribution of
complex cell populations in tumor tissues without
cross-reactivity between iterative staining cycles

To examine whether the MICSSS assay can be used to comprehensive-
ly assess the diversity of the immune microenvironment of tumor tis-
sues, we stained FFPE colorectal tumor tissue lesions with hematoxylin
together with markers of diverse immune cell lineages, including
markers of lymphoid and myeloid cells. We used the T cell markers
CD2, CD3, and CD8, the B cell marker CD20, the transcription factor
enriched in T regulatory cells FoxP3 (forkhead box P3), the myeloid
cell marker DC lysosome-associated membrane protein (DC-LAMP),
and the nuclear proliferation marker Ki-67, to assess the functional
state of T and B cell populations. Abs were applied consecutively,
and the slides were scanned after each staining following the method
described in Fig. 1A. For each marker, a virtual layer was selected on
the basis of the chromogen color from individual captured images.
Each layer was assigned an artificial color to help distinguish different
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Fig. 1. MICSSS workflow. (A) MICSSS protocol. FFPE tissue sections (5 um) were incubated with primary Abs followed by biotinylated secondary Abs, streptavidin-HRP,
and AEC. Stained tissue sections were counterstained, mounted, and scanned. After each scanning procedure, the slide coverslip was removed, and AEC chromogen
was dissolved. Tissue sections underwent antigen retrieval and were then incubated in a blocking buffer before the initiation of a new staining cycle. (B) A 5-um FFPE
gut section obtained from an ulcerative colitis patient was stained with anti-CD20 Ab and destained and stained with anti-CD3 Ab following the MICSSS workflow. The
exact same tissue can be stained several times using the MICSSS method. Scale bars, 0.5 mm.
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markers when overlaid in a composite figure. To improve the visual-
ization of colocalized markers, bright-field images were inverted in
image processing software and red green blue (RGB) channels were
separated to generate fluorescent-like images. As shown in Fig. 2,
the expression of nuclear, cytoplasmic, and membranous markers
can be assessed independently or simultaneously to identify complex
cell populations such as CD3* CD8™ FoxP3" Ki-67" T cells. Using the
Manders’ overlap coefficient (tM) with threshold set by Costes
method as a measure of colocalization, we observed a high degree
of colocalization between markers known to be expressed by
the same cellular compartment [for example, tM(cps/cps) = 0.864,
tM(cps/cp2) = 0.887, and tM(cps/cpz) = 0.842], and a low degree of

Hematoxylin CD3

-CD8* -CD3*CD8*

-CD8" - CD3CD8"
- FoxP3* - Ki-67* - FoxP3+Ki-67*

colocalization between markers expressed by different immune cell
populations [for example, tM(cp2o/cpsy = 0.063, tM(cpaocps) = 0.066,
and tM(cpao/pe-ramp) = 0.023].

No cross-reactivity was observed between secondary Abs target-
ing primary Abs from the same species or with the same isotype.
The absence of cross-reactivity was dependent on incubation with a
blocking buffer before each restaining step (fig. S1).

MICSSS does not decrease antigenicity or generate
steric hindrance

One potential caveat of repetitive destaining/restaining method is the
potential alteration of tissue integrity and antigen expression. To

-CD8* -CD3*CD8*

-CD2*-CD2

-DC-LAMP*

e

Fig. 2. MICSSS helps characterize the tumor immune microenvironment. Colorectal cancer tissue section was sequentially stained and scanned for hematoxylin,
CD3, CD8, CD2, FoxP3, CD20, DC-LAMP, and Ki-67. Bright-field images were inverted, and RGB channel splitting was performed. Upper panels show single staining for
each individual staining. Some selected images were merged, and pseudocolors were attributed to each marker (lower panels). Inmune cells were mostly localized in
the stroma surrounding the tumor islets. Right insets show magpnifications of single-positive, double-positive (for example, CD3* CD8" or CD3™ FoxP3*), or triple-
positive (for example, CD3" FoxP3" Ki-67") cells, allowing an accurate determination of cell phenotype and state. Scale bars, 50 um.
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address this question, we stained and destained normal lung epi-
thelium and did not observe loss of tissue during the process, even
on isolated cells (fig. S2).

We also stained serial FFPE colorectal cancer tissue sections and
shuffled the order of the primary Abs used for iterative staining
cycles on each slide. We then quantified the various markers on
these serial sections and observed no significant differences in
the density of positive cells found in untreated slides and slides that
underwent several staining, destaining, and restaining cycles (Fig. 3,
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Fig. 3. MICSSS does not alter tissue antigenicity. (A) A series of 12 adjacent 5-um
FFPE sections were obtained from a colorectal tumor tissue, and each slide was
stained with a panel of Abs using the MICSSS workflow but in a different Ab
sequence order for each slide. Line graph shows the densities of tumor-associated
immune cells positive for CD1a, CD1¢, CD2, CD3, CD8, CD20, CD66b, CD68, CD138,
FoxP3, DC-LAMP, and Ki-67 whether each marker was stained before or after one to
seven destaining cycles. (B) Representative pictures revealed similar staining inten-
sity whether the marker was stained before or after several staining/destaining
cycles. Scale bars, 200 um.

Remark et al., Sci. Immunol. 1, aaf6925 (2016) 14 July 2016

A and B), suggesting that tissue antigen expression was not affected
during the staining and destaining process. Notably, however, markers
with low and heterogeneous expression level (for example, PD-L1)
could be affected by numerous cycles of staining/destaining and
should be prioritized in the staining.

To address whether consecutive destaining can alter signal inten-
sity, we stained again serial sections with a shuffled Ab sequence
following the MICSSS workflow. After image acquisition, the pictures
were subjected to color deconvolution. Then, the intensity histograms
of pixels corresponding to chromogen were analyzed, revealing similar
signal intensities after several cycles of destaining/restaining cycles (fig.
S3) and establishing that MICSSS does not significantly alter the an-
tigenicity of any of the markers tested. Additionally, we found that
destained slides can be successfully restained even after several months
of storage, allowing prolonged slide storage for future use as new
markers become available.

Another potential caveat of repetitive Ab incubation is the
potential associated steric hindrance due to remaining Abs. We
stained for different antigens expressed by the same cellular compart-
ments using the MICSSS method. We were able to detect multiple
markers expressed on the same cell (fig. $4, A to C), including CD2"
CD3" CD8" triple-positive T cells, CD2* CD3* CD8” PD-1" T follic-
ular helper cells (fig. S$4A), and HLA-DR' CD206" CD163" CD68"
quadruple-positive macrophages (fig. S4B). No steric hindrance was
observed because we were able to visualize cytoplasmic, nuclear, and
cellular markers on the same cellular compartment (fig. S4C). The ab-
sence of steric hindrance was further confirmed upon successful con-
secutive cycles of staining/bleaching using the same marker (fig. S5).

MICSSS can be generated while preserving a fixed
diagnostic marker

Pathology rules and regulations at some institutions may require
storing stained slides for prolonged periods of time, thus preventing
the destaining of diagnostic markers. To address whether diagnostic
markers could be preserved while generating multiple consecutive
stainings, we developed a destaining procedure that will allow us to
remove the AEC stain without affecting other chromogens. Figure 4
shows lung tumor FFPE tissue section stained with anti-cytokeratin
Abs and revealed with the chromogen 3,3’-diaminobenzidine (DAB).
Then, the slide was stained consecutively for B cells (CD20), marker of
cell proliferation (Ki-67), mature DCs (DC-LAMP), and plasma cells
(CD138) and revealed with the AEC chromogen. The cytokeratin/
DARB stain remained untouched, whereas the AEC stain was removed
after each staining cycle, confirming that the MICSSS method can be
used even if long-term storage of stained slides is required.

MICSSS helps profile tumor response to
checkpoint blockade
Recent studies of tumor lesions treated with checkpoint blockade have
highlighted the need to assess immune cell distribution and phenotype
in the TME based on their predictive value for clinical benefit (15, 16).
Here, we asked whether MICSSS could be used to track longitudinal
immune cell changes in tumor lesions treated with immunotherapy re-
gimen. Thus, we analyzed five pretreatment/posttreatment tissue pairs
obtained from five cutaneous melanoma patients before and after treat-
ment with anti-CTLA-4 monoclonal Ab (ipilimumab) using MICSSS.
Tumor tissue sections were stained for PD-L1, myeloid (CD68
and DC-LAMP), and lymphoid populations (CD20, CD3, and FoxP3)
(movie S1). Stained sections were scanned, and pictures were analyzed
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Cytokeratins Ki-67

DC-LAMP

Fig. 4. MICSSS can selectively remove one chromogen-stained marker while preserving a fixed diagnostic marker. Lung adenocarcinoma tissue section was
permanently stained with anti-cytokeratin Abs (clones AE1 and AE3) revealed by DAB (brown) and sequentially stained and destained with anti-CD20, anti—Ki-67, anti—
DC-LAMP, and anti-CD138 Abs and revealed by AEC in red. The cytokeratin staining was kept as a reference along the staining process because the destaining process,
which selectively removed only the AEC stain, did not affect it. Scale bars, 2 mm, 100 um, and 50 um for the upper, middle, and lower panels, respectively.

using image processing software and quantified using CellProfiler
(Table 1). We found that PD-L1 staining was heterogeneous between
patients (Fig. 5A) and expressed both on tumor cells and on tumor-
associated CD68" macrophages and DC-LAMP" mature DCs (Fig. 5,
B and C). Multiparameter image analysis revealed a wide range of
PD-L1 expression on macrophages (5 to 90%) and mature DCs (0 to
90%) (Table 1). We also observed ectopic lymphoid structures (also
called tertiary lymphoid structures) in 4 of 10 tissue samples. These
structures were organized in B cell follicles, adjacent to T cell areas,
and contained antigen-presenting cells including CD68" macrophages
and DC-LAMP" mature DCs (Fig. 5A). If no conclusion about predic-
tive value can be drawn because of the small number of patients ana-
lyzed, our data show that MICSSS can be used to track changes in
complex immune subsets in situ throughout therapy (movie S1).

MICSSS can identify immune prognostic markers in

cancer patients

To determine whether MICSSS can be used for the identification of
immune prognostic markers in lung cancer (12), tissue cores obtained
from the center of tumors isolated from 75 non-small cell lung cancer
(NSCLC) patients were analyzed on a single slide in a tissue micro-
array (TMA) format. The tissue cores were stained with a 10-plex
marker panel that included CD3 (marker of all lymphocytes), CD20
(marker of B cells), FoxP3 (marker of regulatory/activated T cells),

Remark et al., Sci. Immunol. 1, aaf6925 (2016) 14 July 2016

CD68 (marker of macrophages), CD66b (marker of neutrophils),
DC-LAMP (marker of mature DCs), CD1c (marker of DC and B cell
subsets), major histocompatibility complex (MHC) class I, Ki-67
(marker of cell proliferation), and cytokeratin (marker of normal
and neoplastic tissue of epithelial origin).

The MICSSS analyses helped reveal interindividual heterogeneity in
the density of tumor-infiltrating immune cells, as previously reported
(4). Representative examples of tumors with high or low CD3-,
CD20-, FoxP3-, CD68-, CD66b-, DC-LAMP-, CDlc-, and Ki-67-
positive cell densities as well as high and low MHC class I expression
are shown in Fig. 6A. We also found statistically significant correlations
between patients’ overall survival and density of tumor-associated CD3"
(n = 75; P = 0.0046, log-rank test), FoxP3" (n = 75; P = 0.01, log-rank
test), CD68" (n = 75; P = 0.036, log-rank test), CD66b* (n = 75; P =
0.046, log-rank test), DC-LAMP" (n = 75; P < 0.0001, log-rank test),
and CDI1c" (n = 75; P = 0.008, log-rank test) cells (Fig. 6B). Coexpres-
sion analyses showed that CD1c was found on both B cells and DCs but
that the prognostic value of CD1c" cells was mostly attributable to DCs
(CD1c" CD20" cells) (fig. S6). Loss of MHC class I expression was a
significant indicator of poor prognosis (n = 75; P = 0.049, log-rank test).
There was no significant correlation between the density of CD20"
B cells and improved overall survival (n = 75; P = 0.42, log-rank test;
Fig. 6B). Tumor and immune cell proliferation (Ki-67-T and Ki-67-1,
respectively, based on marker colocalization) were not significantly
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Table 1. Comparative IHC analysis of melanoma lesions before and after treatment with ipilimumab.

Responders (n = 3)

Nonresponders (n = 2)

Before ipilimumab

After ipilimumab

Before ipilimumab After ipilimumab

CD3" (cells/mm?), mean 3542
(min-max) (44-6375)
CD3* FoxP3* (cells/mm?), mean 150
(min—-max) (3-442)
CD20™ (cells/mm?), mean 472
(min-max) (1-1411)
CD68™ (cells/mm?), mean 574
(min-max) (212-1040)
DC-LAMP* (cells/mm?), mean 40
(min-max) (1-115)
CD68" PD-L1* (%), mean 43
(min-max) (5-90)
DC-LAMP* PD-L1* (%), mean 20
(min-max) (0-35)

associated with overall survival (n = 75; P = 0.23 and P = 0.11, respec-
tively, log-rank test). Combined analysis of the presence of DC-LAMP*
mature DCs and CD66b" neutrophils (Fig. 6C) in tumors revealed that
tumor lesions that were poor in DCs and rich in neutrophils (DC-
LAMP"" and CD66b"8"%; 1 = 6) correlated with reduced overall sur-
vival, whereas DC-LAMP"#"/CD66b'" tumors (n = 35) correlated
with increased overall survival (70% overall survival at 8 years; n =
75; P < 0.0001, log-rank test). The density of tumor-associated mature
DCs helped subcategorize early-stage patients (TNM stages I and II)
and late-stage patients (TNM stages III and IV) into good and poor
prognosis groups (Fig. 6C). Analysis of mature DC density helped iden-
tify patients with high tumor-associated CD3" T cell densities but with
poor prognosis (Fig. 6C). Using Cox multivariate regression analyses on
this small cohort of patients, patient age, TNM stage, and CD66b/DC-
LAMP score were significantly and independently associated with over-
all survival [hazards ratio (HR), 2.473, 3.113, and 0.476; P = 6.78 x 10>,
2.09 x 107* and 4.97 x 107>, respectively, Cox regression; n = 75; Table 2].
Although these results need to be validated on larger cohort of patients,
these data show that MICSSS can help screen and validate comprehensive
panels of prognostic factors or help discover new prognostic markers in a
sample-sparing manner.

Digital cartography of tumors allows multiparameter
analysis at the cellular level

The key potential of our complex multiplexed assays is to provide a
detailed analysis of the composition and spatial distribution of the dif-
ferent cell populations in tissue specimens, allowing a digital cartogra-
phy of the tumor tissue and complex multiparametric description of
key cell populations. To perform these analyses in the setting of large
clinical trials, it is critical to generate a high-throughput and robust
image analysis approach. To address this need, we developed an auto-
mated spatial alignment of digital whole-slide images of the different
stains. For highest robustness, we implemented positive cell recogni-
tion using convolutional neural networks, a type of “deep learning”
algorithm, and connected component and statistical analysis to extract

Remark et al., Sci. Immunol. 1, aaf6925 (2016) 14 July 2016

2998 1657 1785
(357-5005) (100-3214) (26-3544)
256 125 320
(162-420) (50-200) (3-637)
574 73 754
(112-1031) (32-113) (2-1514)
773 1138 495
(716-850) (1085-1190) (98-891)
20 18 11
(7-28) (14-21) (1-20)
53 55.5 235
(30-90) (38-73) (8-39)
76 455 345
(66-90) (44-47) (0-69)

cell counts for single and multipositive cells. This analysis provides
multiple images containing all pixels positive for each biomarker.
These images are then integrated into the desired digital landscape
map of the tissue lesion containing a multiparametric description of
biomarker-stained positive cells. Complete description of this pipeline
is provided in the Supplementary Materials. As a proof of concept, we
applied this methodology to identify single-positive CD3 and Ki-67
cells as well as double-positive (CD3" Ki-67") proliferating T cells
in the lung cancer TMA. Movie S2 shows cells marked computation-
ally in green that are double-positive for CD3 and Ki-67 in two dif-
ferent tumors identifying low and high T cell proliferation state. As
shown in fig. S7, significant correlations (r = 0.907, P = 3.4 x 10>’
and r = 0901, P = 3.7 x 107%*, Spearman test; n = 75) were found be-
tween manual quantification (done by two independent observers) and
fully automatic quantifications using our new automated image software,
validating the accuracy of our fully integrated approach.

DISCUSSION

Here, we describe a simple, highly sensitive, multiplexed chromogen-
based IHC method, which we called MICSSS, to comprehensively
characterize tissue cell phenotype, state, and spatial distribution in
inflammatory lesions. Although MICSSS was initially developed
to map the TME, our method can be easily used to analyze other
tissue types.

The MICSSS method does not lead to antigenicity loss, steric hin-
drance, or increased cross-reactivity. MICSSS implementation does not
require additional instrumentation and relies on standard antigen re-
trieval and staining protocols, limiting the need for validation strategies,
making MICSSS a method of choice for multiplexed IHC in routine
clinical pathology laboratories.

Several cutting edge methods for high-dimensional tissue analysis
have been developed (19, 22). Tissue mass cytometry, which could
optimally stain for large Ab panels, requires tissue vaporization, has
low resolution (1 um) and low sample throughput because of slow
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A Preipilimumab Postipilimumab
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Nonresponder
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Fig. 5. MICSSS helps monitor tumor response to immunotherapy regimen.
(A) FFPE melanoma tissue sections (5 um) isolated before and after treatment with
ipilimumab from one responder and one nonresponder patient were stained
following the MICSSS method. Each tissue section was stained sequentially with he-
matoxylin and anti-PD-L1, anti-CD68, anti—DC-LAMP, anti-CD20, anti-CD3, and anti-
FoxP3 Abs, and images were overlaid. (B and C) Images show the expression of
PD-L1 by either CD68* macrophages (B) or DC-LAMP* mature DCs (C) in a responder
patient. Scale bars, 100 um.

image acquisition, and will remain (for some time at least) restricted to
selected academic centers. Other multiplex platforms such as Vectra
(PerkinElmer) or MultiOmyx (GE Healthcare) have inherent limitations
that include the use of costly materials and fluorescent dyes that are
light-sensitive and induce spectral overlap, low sample throughput due

Remark et al., Sci. Immunol. 1, aaf6925 (2016) 14 July 2016

to slow whole-slide image scanning, and image analyses limited to de-
fined fields.

In the meantime, the need for monitoring of tissue inflammatory
lesions in response to the flurry of immunomodulation strategies for
the treatment of cancer and inflammatory disease has never been
more pressing (17, 23). In cancer, in particular, immunotherapy strat-
egies have led to significant clinical responses, yet these responses
remain limited to a subset of patients, and the mechanisms that lead
to response or no response to immunotherapy agents remain elusive
(24, 25). Recent results have revealed that in patients responding to
checkpoint blockade, T cells infiltrate the center of the tumors,
whereas T cells remain at the edge, often associated with macrophages
and dense network of fibroblasts, in patients who do not respond to
checkpoint blockade (15, 16). These results highlight the need for the
inclusion of longitudinal high-dimensional analysis of tissue lesions in
immune monitoring strategies, and MICSSS is best poised to serve this
need. As an example, we show that MICSSS can be used as a new tool
to describe the immune microenvironment at baseline and track im-
mune changes upon therapy, providing a unique sample-sparing an-
alytical tool to characterize limited tissue samples obtained during
clinical studies.

By analyzing the composition of complex immune cell populations
that accumulated in the center of 75 primary NSCLC tumor lesions,
we found that a neutrophil/DC density score refined the prognostic
value of tumors rich in T cells and was the best independent prognos-
ticator (n = 75; P = 4.97 x 10", Cox regression), even stronger than
the TNM stage (n = 75; P = 2.09 x 10~ Cox regression). Although
these findings will obviously need to be validated on a larger number
of patients, these data reveal the potential of MICSSS to expand the
Immunoscore prognostic signature of human tumor lesions in a clini-
cally relevant manner.

In addition to developing a new multiplexed IHC method, we also
designed an automated digital landscaping method to evaluate the
density and spatial distribution of complex cell populations in a
high-throughput manner based on neural network marker identifica-
tion and quantification on whole slides. The combination of both
technologies reveals the power of multiplexed biomarker imaging
and quantitative analysis for in-depth tissue analysis.

Here, we showed that the use of the MICSSS method might im-
prove the characterization of immune changes at the tumor site upon
treatment, the finding of predictive correlates of response to treatment,
and the identification of prognostic markers. However, the small
number of samples limits data interpretation, and validation on larger
cohort of patients is needed. The MICSSS throughput is currently a
main limitation of the MICSSS method, but automation of the process
should overcome this disadvantage. Even if we have not yet identified
antigens whose expression was impaired by the repetitive destaining/
restaining method, we do not exclude that antigenicity loss can occur
for some antigens, and recommend staining for potential weaker
markers such as PD-L1 first.

In summary, we described a multiplexed chromogenic IHC strategy
for high-dimensional tissue analysis that circumvents many of the lim-
itations of regular chromogenic, immunofluorescence, and mass cytom-
etry approaches that could be readily implemented in clinical pathology
laboratories. The MICSSS method provides a new powerful tool to map
the microenvironment of tissue lesional sites with excellent resolution,
in a sample-sparing manner, to monitor immune changes in situ dur-
ing therapy and help identify prognostic and predictive markers of
clinical outcome in patients with cancer and inflammatory diseases.
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Fig. 6. MICSSS helps identify immune prognostic markers in cancer patients. (A) Representative images of different biopsy sections obtained from NSCLC TMA se-
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Table 2. Multivariate Cox proportional hazards analyses for overall
survival according to clinical parameters and immune cell densities in
NSCLC. Cl, confidence interval.

HR (95% ClI) P
TNM stage (I/11/111/1V) 2.407 (1.513-3.828) 209 x 107
Age (<60 years versus >60 years) 3113 (1368-7.082) 678 x 10
CD66LDCLAMP score 0474 (0330-0680) 497 x 10

(LoHi/HiHi/LoLo/HiLo)

MATERIALS AND METHODS

Patients

Paraffin-embedded human tonsils, ulcerative colitis, NSCLC, melano-
ma, and colorectal tumor samples were obtained from the Bioreposi-
tory tissue bank at the Icahn School of Medicine at Mount Sinai
(ISMMS). Tissue samples were obtained according to protocols ap-
proved by the Institutional Review Board (IRB) of ISMMS. J.D.W.
and T.M. provided melanoma tumor lesions treated with ipilimumab.
Patients with metastatic melanoma who were treated with ipilimumab
were selected for inclusion in this analysis on the basis of sample avail-
ability and annotated clinical data. Clinical benefit was determined by
evidence of tumor burden reduction or prolonged stable disease last-
ing at least 9 months after initiation of ipilimumab. Patients received
ipilimumab at 3 or 10 mg/kg as per initial study design. Two different
tissue lesions were obtained from tumor excision before and after
treatment with ipilimumab and analyzed by IHC. All patients provided
informed consent to an IRB-approved correlative research protocol
before the collection of tissue (Memorial Sloan Kettering Cancer Center
IRB #00-144). TMA displaying 75 lung adenocarcinomas was pur-
chased from U.S. Biomax Inc. The TMA contained human tissues ob-
tained with informed consent according to U.S. federal law. The
Reporting Recommendations for Tumor Marker Prognostic Studies
(REMARK) criteria (26) were followed throughout this study.

Immunohistochemistry

FFPE tissue sections (5 um) were deparaffinized in xylene and rehy-
drated in decreasing concentrations of ethanol (100, 90, 70, and 50%
and distilled water; 5 min each). Rehydrated tissue sections were in-
cubated in pH 6 or pH 9 Target Retrieval Solution (Dako, S2369 and
$2367) for antigen retrieval at 95°C for 20 to 30 min. Tissue sections
were incubated in 3% hydrogen peroxide for 15 min to block endog-
enous peroxidase activity and in serum-free protein block solution
(Dako, X0909) for 30 min to block free Fc receptor binding sites
before adding the primary Abs, listed in table S1, followed by biotiny-
lated secondary Abs. Binding of biotinylated Abs was revealed using
streptavidin-HRP, and chromogenic revelation was performed using
AEC (Vector, SK-4200) or DAB (Dako, K3468). Polymer-HRP detec-
tion system (Dako) might also be used. Nonspecific isotype controls
were used as negative controls. Tissue sections were then counter-
stained with Harris’ modified hematoxylin (Sigma, HHS16), mounted
with aqueous mounting medium (Dako, C0563), and scanned for
digital imaging and quantification (Olympus whole-slide scanner with
OlyVIA software or Nikon Eclipse Ci-E microscope). After scanning,
slide coverslips were removed in hot (~50°C) water, and tissue sections
were destained in organic solvent (50% ethanol, 2 min; 100% ethanol,
2 min; 100% xylene; 2 min, 100% ethanol, 2 min; and 50% ethanol,
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2 min). This step removed staining with labile AEC precipitate while
leaving DAB unaffected. Then, the slides were washed in distilled water
for 5 min, mounted with aqueous mounting medium (Dako, C0563),
and stored at 4°C up to several months or directly subjected to the next
round of staining as previously described with some modifications. An-
tigen retrieval was performed before incubating each slide with 3% hy-
drogen peroxide plus 1 mM sodium azide for 20 min and in serum-free
protein block solution (Dako) for 30 min. Slides were then blocked with
5% serum and monovalent Fab fragment for 30 min. Serum (Jackson
ImmunoResearch) was from the same species than the previous primary
Ab used, and Fab fragment (Jackson ImmunoResearch) was directed
against the same species than the primary Ab used previously. Biotins
were blocked using the biotin-blocking system (X0590, Dako). No
biotin-blocking system was done after polymer-HRP detection system
usage. Then, the tissue sections were stained as previously described.

Melanin bleaching

All melanoma tissue sections were incubated in 3% hydrogen peroxide
plus 1% Na,HPO, solution for 12 hours at room temperature before
incubation with primary Abs to remove the melanin granules.

Microscopy and image analysis

Images were acquired using an Olympus whole-slide scanner with
OlyVIA software or a Nikon Eclipse Ci-E microscope. Each stain
was artificially attributed a color code, and images were overlaid using
Image] or Adobe Photoshop CS6. Pixel colocalization was assessed by
calculating Manders’ overlap coefficient with threshold set by Costes
method (tM) using Fiji (Coloc 2 plug-in). Tissue-associated immune
cell densities were measured in a blinded fashion without the knowl-
edge of clinical characteristics or outcome as previously described (11)
on the whole tissue (for the TMAs) or on the three most infiltrated
fields (27) and validated using CellProfiler 2.1.1 (Broad Institute) (28).
Significant correlation was found between manual and automatic
quantifications (r = 0.99 and P < 0.0001, Spearman test). Immune cell
density was expressed as an absolute number of positive cells per
square millimeter. The density of MHC class I cells was also assessed
semiquantitatively as 1 (<25% of positive cells), 2 (25 to 50%), 3 (51 to
75%), or 4 (>75%). The density of Ki-67-positive immune (KI-67-I)
or tumor (Ki-67-T) cells was assessed semiquantitatively as low
(<10%) or high (>10%) density.

Automated image analysis

Spatial alignment of whole-slide images

The whole-slide image of the Ki-67-stained TMA was spatially aligned
to the CD3-stained whole-slide image. The images were first roughly
aligned using a template matching technique at low resolution (64 times
downsampled). This resulted in an initial translation vector and a rotation
angle to map the positions in the CD3-stained slide to the Ki-67-stained
slide. Subsequently, the elastix toolbox was used to obtain the affine
transformation to minimize the differences between the images (using
normalized mutual information as a metric) (29, 30). The resultant
combined transformation can be used to obtain, for each position in
the CD3-stained slide, the corresponding position in the Ki-67-
stained slide. This approach does not address small, local deformations,
but these are expected to be minimal because of the careful multi-
plexing procedure.

Positive cell detection using convolutional neural networks
In each stained slide, positive cells were identified through the use of
convolutional neural networks, used mainly in generic computer vision
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tasks (31). Our approach is similar to the one presented by Ciresan et al.
(32) for the detection of mitosis in hematoxylin and eosin-stained
images of breast cancer. First, an observer (G.L.) annotated 3500 posi-
tive nuclei across all TMA spots and indicated regions containing
normal tissue and tar to serve as the negative class. Subsequently, 45
by 45 pixel patches were sampled from the positive nuclei and the
background regions to train a five-layer convolutional network. This
network was then used to estimate the posterior likelihood of being part
of a positive nucleus for each pixel in the CD3 and Ki-67 whole-slide
images. To prevent any bias in the results, this training/classification
step was performed in a twofold cross-validation, where half of the
TMA spots served as training data and half were classified.
Postprocessing steps and cell counting

To extract the center pixels for each nucleus, we applied a fast radial
symmetry transform approach to the generated likelihood maps (33).
This step helped remove false positive in dense cell clusters by
focusing only on radially symmetric objects (for example, cell nuclei)
and identified their center pixels.

The registration transformation, for each positive pixel in the CD3-
stained image, helped assess additional positive pixel in the Ki-67-
stained image. These data resulted in three images: one containing
all the pixels that were CD3-positive, one containing all the pixels that
were Ki-67-positive, and one containing all the double-positive pixels.
Connected component analysis was subsequently applied to extract the
total number of positive cells for each of these images. Thus, for each
TMA spot, the total number of CD3-, Ki-67-, and double-positive cells
was obtained.

Statistical analysis

Sample size calculation for the prognostic biomarker analysis was per-
formed using the method described by Schoenfeld (34). For each bio-
marker, the proportions of patients in low and high groups were based
on published studies reviewed by Remark et al. (12). Associations of
variables to prognosis were visualized using the Kaplan-Meier method,
and significant differences of overall survival among patient groups
were calculated with the log-rank test. The following cutoffs were used
to discriminate low and high groups for the survival analyses using the
“minimum P value approach” (6): 130.3 cells/mm? (CD68), 9.8 cells/
mm? (CD66b), 0.42 cells/mm?* (DC-LAMP), 1.13 cells/mm? (CD1c),
1.27 cells/mm? (CD20), 59.1 cells/mm? (CD3), 7.5 cells/mm? (FoxP3),
25% (Ki-67-T), and 10% (Ki-67-I). To avoid overfitting, we corrected
overall survival log-rank P values obtained using the minimum P val-
ue approach, as previously reported (6). We used multivariate Cox
proportional hazards model to determine HRs. To conduct regression
with categorical variables, each variable was coded before it was
entered into the Cox model. Proportional hazards assumption was as-
sessed and respected for each variable. Correlations were evaluated by
the nonparametric Spearman test. All P values were calculated using
two-sided tests. P values <0.05 were considered statistically significant.
Analyses were performed using GraphPad Prism version 6.00 and R
version 3.1.3 (www.r-project.org/).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/1/1/aaf6925/DC1

Fig. S1. Efficiency assessment of the blocking method.

Fig. S2. MICSSS does alter tissue integrity.

Fig. S3. MICSSS does not alter the signal intensity.

Fig. S4. Visualization of multiple antigens on single cells using MICSSS.
Fig. S5. Sequential CD3 staining using MICSSS.
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Fig. S6. Prognostic value of CD1c-positive cells.

Fig. S7. Correlation between automatic and manual quantifications.

Table S1. Primary Abs used for IHC.

Movie S1. Sequential staining using MICSSS on melanoma after ipilimumab treatment.
Movie S2. Automated image solution for multiparameter analysis at the cellular level.
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Editor's Summary Putting immune cells on the mapMultiplexed flow cytometry allows for
careful characterization of the complexity of immune cells. However, these cells do not act in
isolation, and multiplexed analyses do not extend to spatial visualization of cells in tissue
microenvironments. Remark et al. have combined immunohistochemistry with virtual
landscaping to generate maps of immune cells in tumors stained with up to 10 distinct
antibodies. Rather than using filters to resolve chromogens, they use multiple rounds of staining
and destaining, followed by virtual color assignment. This simple yet powerful technique can be
used to chart maps of cells in any tissue.
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