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Abstract

Phenotyping immune cells and cell clusters /n situ, including their activation state and function,
can aid in interpretation of spatial relationships within the tissue microenvironment. Immune cell
phenotypes require multiple biomarkers. However, conventional microscopy setups can only
image up to four biomarkers at one time. In this report, we describe and give an example of a
workflow to phenotype, quantitate, and visualize greater than four biomarkers /n silico utilizing
multiplexed fluorescence histology and the TissueFAXS quantitative imaging system with a
conventional microscopy setup. Biomarkers were conjugated to Cy3 or Cy5. Multiplexed staining
was performed on formalin-fixed paraffin-embedded tissue sections. We imaged the slides,
inactivated the dyes, and repeated the process until all biomarkers were stained. Phenotype profiles
were built based on /in silico combinations of the biomarkers. We used algorithms that aligned all
images to create a composite image, isolated each cell in the image, and identified biomarker
positive cells in the image. The /n silico phenotypes were quantitated and displayed through flow
cytometry-like histograms and dot scatterplots in addition to backgating into the tissue images.
The advantage of our workflow is that it provides visual verification of cell isolation and
identification as well as highlight characteristics of cells and cell clusters.
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INTRODUCTION

In clinical practice, histological analysis of immune cells in solid tissue is now required for
diagnosis, therapeutic selection, and therapeutic monitoring of many diseases including
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cancer. With the advent of immunotherapy, there is a need for the histological analysis to be
quantitative. Over the last decade, there have been several quantitative imaging systems
developed to assess the microenvironment of solid tissues as all-in-one platforms for
imaging and analysis (1). Systems that have similar capabilities and functionality to flow
cytometry are desired for enumeration of cell populations. An important outcome of the
development of the more recent quantitative imaging hardware and software for histology
tissue is the ability to capture phenotype profiles of single cells /n situ.

Phenotype profiles can be any observable physical properties that include appearance,
development, behavior, and other characteristics such as gene and protein expression. /n situ
phenotype profiles of immune cells can highlight their activation state and function within
the tissue microenvironment. This /n7 situ information provides clues as to the spatial
relationships and the role of these cells in the tissue microenvironment. The more we learn
about immune cells, the more complex their characterization becomes since each type has
been shown to have multiple subtypes. Therefore, phenotype profiles for characterization of
immune cells often requires greater than four biomarkers per cell type. There are emerging
microscopy systems, such as mass spectrometry imagers currently owned by a limited
number of laboratories worldwide, that can image potentially up to 100 biomarkers
simultaneously (2—-4). However, the conventional microscopy setup, which most laboratories
have access to, can only image up to four biomarkers at one time /n situ.

In this report we describe a workflow and provide an example of how to phenotype,
quantitate, and visualize cells and cell clusters with greater than four biomarkers in silico
utilizing multiplexed fluorescence histology and the TissueFAXS imaging system with a
conventional microscopy setup. To demonstrate the utility of /n sificoimage analysis, we
focused on the transmembrane protein, CD4, which is notorious for being a key biomarker
for at least 6 distinct T cell subtypes (Th1, Th2, Th9, Th17, T¢,, and Treg) (5). Although not
an exhaustive list, some common biomarkers of cell activity that are associated with the
CDA4 T cell subtypes are proliferation (e.g. Ki-67), cytokines (e.g. IL-6), proteases (e.g.
Granzyme B (cytotoxicity)), and transcription factors (e.g. T-bet (Th1), ROR y(t) (Th17),
Foxp3 (Treg)) (5,6). We show how cell phenotyping and cell clusters highlight the
associations of these biomarkers with splenic CD4 cells from a mouse model of melanoma.

MATERIALS AND METHODS

Mice

YUMML.7 (Yale University Mouse Melanoma Cell Line 1.7) cancer cells containing
oncogenic alleles Braf"69%, pten™~, and Cdkn2Za™~ were subcutaneously injected into the
rear flank of C57BL/6J mice (4 — 6 weeks old; Jackson Laboratory, Bar Harbor, ME, USA)
using a 27-gauge needle (7). Tumors were allowed to grow for at least 30 days post
implantation. Spleens from these animals were resected, formalin-fixed, and paraffin-
embedded. All animal experiments were carried out in accordance with the Yale Office of
Animal Research Support Committee guidelines.
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Reagents

Cy3 and Cy5 NHS ester conjugation kits were obtained from GE Healthcare (Pittsburg, PA,
USA). DAPI, CD4 (clone 4SM95), Foxp3 (clone FIK-16s), and IL-6 (clone 20F3) were
obtained from Thermo Fisher Scientific (Grand Island, NY USA). Ki-67 (clone SP6) and
Granzyme B (rabbit polyclonal) were obtained from Abcam (Cambridge, MA, USA). T-bet
(clone H-210X) was obtained from Santa Cruz Biotechnology (Dallas, Texas, USA).
RORy(t) (clone REA278) was obtained from Miltenyi Biotech (Auburn, CA, USA).
Vectashield antifade mounting medium was obtained from Vector Laboratories (Burlingame,
CA, USA).

Multiplexed Fluorochrome-Based Histology

Slides of formalin-fixed paraffin-embedded (FFPE) tissues (5 pm sections) were
deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol ending in
deionized water. Heat-induced antigen retrieval in citrate buffer at pH 6.0 was performed.
The tissue was blocked for non-specific antibody binding in 3% BSA for 30 minutes.
Primary antibodies were directly conjugated to either Cy3 or Cy5 NHS esters according to
the manufacturer’s protocol. The dilution of antibody used for tissue staining was
determined empirically for each antibody. The conjugated antibodies were incubated on the
tissue for up to 24 hours in PBS with 3% BSA. Slides were stained with DAPI and mounted
with a coverslip and Vectashield mounting medium.

Image Acquisition

The TissueFAXS Quantitative Imaging System (TissueGnostics, Vienna, Austria) was used
to acquire images from the slides. The TissueFAXS uses a standard widefield epi-
fluorescence Zeiss AXIO Observer.Z1 Inverted Microscope with high efficiency
fluorochrome specific DAPI, GFP, CFP, Cy3, and Cy5 shift free filter sets and a X-Cite
120Q FL Mercury Vapor Short Arc light source. Images were captured with a Hamamatsu
ORCA-Flash 4.0 CMOS Camera. The entire slide (75mm x 25mm) was scanned at low
magnification using a 5x objective. The low magnification scan was used to identify the
location of the tissue on the slide. It also captures the stage and tissue coordinates. This
allows repeated return to the same location on the slide for each imaging round. A region
gate was drawn around the perimeter of the tissue which selects the entire biospecimen for
acquisition in multiple sequential tiles at 20x high magnification. The high magnification
image was used for all downstream analysis. The resulting images were exported as full
resolution TIFF files in greyscale for each dye channel.

Dye Inactivation

Dye inactivation was performed as described by Gerdes et al (8). Briefly, after imaging the
tissue, the coverslips were removed by soaking the slide in PBS. Slides were incubated in an
alkaline solution (pH 10 — 12) with hydrogen peroxide for up to 30 minutes with gentle
agitation at room temperature and washed in PBS (8). The slides were subsequently imaged
to validate dye inactivation and/or restained with the next round of antibodies followed by
imaging. This process was repeated until all antibodies were stained and imaged.
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Quantitative Analysis of In Silico Multiplexed Images

Image processing and analysis was performed using StrataQuest software version 6.0.1.145
(TissueGnostics, Vienna, Austria). Image processing included reconstruction of whole
images and creation of /n silico multiplexed images. Image analysis included cell
phenotyping and tissue cytometry. A proprietary image stitching algorithm was performed
on the acquired tiled images to reconstruct the whole image. Algorithms were created to
align the stitched images, generate a composite image containing all biomarkers from all
staining rounds, isolate each cell in the composite image, and identify the positive cells in
the composite image. Tissue cytometry and backgating into the tissue images were used for
quantitation and visualization of the /in silico data. The nonproprietary details are as follows:

1. Creation of In Silico Multiplexed Images.—Step 1: Aggregate images. Import all
staining rounds into one StrataQuest project through the “Add Channels To All Samples”
engine. Step 2. Align images. Images of DAPI, a dye that stains the nucleus of cells, were
acquired at each round. One DAPI image was used as a reference in which to align all other
DAPI and therefore all other channels (Cy3, Cy5) to the same position. This was
accomplished through a cross-correlation engine set at a search template width and height of
1800 pixels x 1800 pixels. The proprietary cross-correlation algorithm finds common
regions in an image that most resemble the reference image, determines the offset between
the reference and the other images, and then shifts the positions of the other images to match
the position of the reference image. Step 3. Remove relative autofluorescence. We define
relative autofluorescence as positive signal for the same entities in unstained and multiple
stained channels. Therefore, an additional unstained channel, CFP, was captured during all
imaging rounds. This unstained channel contained positive signal for entities that were in
both the Cy3 and Cy5 channels. An “Add Images Weighted” algorithm was used to remove
the entities that were captured in the unstained CFP images from their corresponding Cy3
and Cy5 images. Weight values ranges for CFP were between —1.00 and —2.50. Weight
value ranges for Cy3 or Cy5 were between +1.00 and +2.00. Step 4. /n silico pairing of final
images. Composite images were constructed by overlaying aligned pseudocolored greyscale
DAPI (blue) and CD4 (green) images with Foxp3, IL-6, Ki-67, Granzyme B, T-bet, and
RORy(t) (all red) images.

2. Cell Phenotyping Through Cell Isolation and Identification.—Two proprietary
algorithms were used to isolate cells from the greyscale images (9-11). One algorithm
identified the nucleus of the cell and the other algorithm identified the cell biomarker for the
cell phenotype. The nuclei algorithm was based on the presence or absence of DAPI staining
(12,13). Nuclei size was set at 5 pixels. Background threshold was set to ignore values below
a grey level of 5 and cells smaller than 5 pm. A filled mask was built over areas in the image
that contained DAPI staining. A line border was created to encase the filled mask to demark
the border of the nucleus. A cellular mask algorithm was used to identify the biomarker for
the cell phenotype (14,15). A ring mask was used with a —0.32um interior radius, 0.63um
exterior radius, 1.26 pm maximum growing step, and a 5 grey level background threshold. A
filled mask was built over the biomarker area starting from the centroid of the identified
nucleus and stopping at the exterior of the biomarker (e.g. CD4). As with the nuclear border,
a line border was created to encase the filled mask to demark the border of the biomarker.
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This type of cell segmentation was required for linkage of biomarkers to specific cells which
allows isolation of individual cells by a specific phenotype. Global standard measurements
were computed for area (um?2), mean grey level intensity, perimeter (um), compactness, and
cell location (Cartesian coordinates).

3. Quantitation by Tissue Cytometry.—The staining intensity of each biomarker was
based on the computed mean grey level intensity of the biomarker in the cell (16). The grey
level is a value that corresponds to the brightness of a pixel in a greyscale image. The range
is between 0 (minimum, i.e. black) and 255 (maximum, i.e. white). Since each cell was
composed of many pixels, the mean grey level intensity was taken as a global representation
of the biomarker in the cell. The histograms contained the mean grey level intensity of the
biomarkers on the x-axis (logarithmic scale) and the number of events on the y-axis (linear
scale). The 2-D dot scatterplots contained the mean grey level intensity of one biomarker on
each axis (logarithmic scale). To enumerate the number of positive and negative cells for
each biomarker, threshold cutoffs depicted by horizontal and/or vertical lines were
determined manually by backgating to the greyscale and /n sifico multiplexed tissue images
for each biomarker. The proprietary backgating algorithm uses the link between the mean
grey level intensity of a cell and its corresponding cell Cartesian coordinates to locate the
cell in the tissue images. A contour mask is drawn around the cells to highlight them in the
tissue images. Using the backgating algorithm, threshold cutoffs were manually positioned
to include or exclude cells and/or cell clusters.

Validation of the Methods

The multiplexed fluorochrome-based histology was validated by single staining of each
biomarker using chromogen-based histology on spleen as the gold standard for the location
and quality of the biomarkers. The protocol was identical to the above fluorochrome-based
histology with the following exceptions: The unconjugated purified versions of the
biomarkers were used for staining. After incubation with primary antibodies, the slides were
incubated with 1gG secondary antibodies conjugated to horseradish peroxidase polymers
(Vector Laboratories, Burlingame, CA, USA). The antibody complexes were developed with
diaminobenzidine (DAB) (Biocare Medical, Concord, CA, USA). The cell nucleus was
stained with hematoxylin (Biocare Medical). The slides were coverslipped and mounted
with EcoMount mounting medium (Biocare Medical).

The dye inactivation and proper image acquisition was verified through visual inspection of
each image tile. The quantitative analysis of the /in silico multiplexed images was validated
by several processes. Internally, the StrataQuest software was used to backgate from the
histogram plots into both greyscale and /n silico multiplexed images of each biomarker to
visually verify that both the location and magnitude of staining corresponded with the
relative value of the mean grey level intensity. Manually created freeform region gates were
also used as a means of verifying cells and cell clusters. Externally, ground truth images of
quantitation were generated manually using the cell counter plugin within FI1JI software
(17). Statistical performance measures of recall/sensitivity, specificity, precision, and Fq
score (weighted average of recall/sensitivity and precision) were evaluated comparing the
StrataQuest results with the ground truth (18). The following formulas were used:
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Recall/sensitivity = true positive + (true positive + false negative)

Specificity = true negative + (true negative + false positive)

Precision = true positive + (true positive + false positive)

F1 score = 2 x ((precision x recall/sensitivity) + (precision + recall/sensitivity))

The true positive is the ground truth positive cell count. The false positive is the numerical
difference between the StrataQuest and the ground truth positive cell counts. The false
negative is the numerical difference between the StrataQuest and ground truth negative cell
counts. The true negative is the ground truth negative cell count.

Data Sharing

RESULTS
Workflow

Application

All data generated or analyzed in this study are included in this article and are available
upon request.

The workflow of the multiplexed fluorochrome-based histology, imaging acquisition, and
quantitative analysis process for in sifico multiplexed images was summarized in Figure 1.
Each histology staining round took up to 2 days. Since this method was designed for FFPE
tissue, we performed single stains to evaluate the quality of the conjugation and to optimize
the antibodies before multiplexing. Depending on the size of the biospecimen, imaging
acquisition took up to 6 hours per slide. Although, through the /n silico image creation step,
a composite image was generated with all biomarkers, visualization of the biomarkers was
still limited to three pseudocolors (red, green, blue) per image to capture colocalized (orange
to yellow) biomarkers. Cell phenotyping was empirical and required several iterations of
fine-tuning for each biomarker. Tissue cytometry coupled with backgating into the tissue
images consistently served as a source of internal validation of the quantitation and provided
information on spatial relationships.

As an example of our approach, we present results from characterizing CD4 cells and cell
clusters in spleens from mice with melanoma (7,19). CD4 Cy5, Ki-67 Cy5, Granzyme B
Cy5, Foxp3 Cy3, RORy(t) Cy3, T-bet Cy5, and IL-6 Cy3 were combined in multiple
staining rounds with the DAPI nuclear marker on the same slide. The results from the /in
silicoimage creation show that the distribution of biomarkers can be distinct in connection
with CD4 and that phenotype profiles can be generated using this process (Figure 2). DAPI
was our anchor for all of our images and was therefore used to isolate individual cells.
However, we identified the cell phenotypes by their co-expression with the CD4 antigen.
The spatial distributions of the biomarkers from qualitative assessment suggested that there
were three distinct CD4 population clusters (Figure 2). We used cell phenotyping, tissue
cytometry, and backgating visualization to characterize the clusters.
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We circled the three CD4 population clusters: high CD4 expressers (lower left), intermediate
CD4 expressers (upper right), and mixed CD4 expressers (upper left) (Figure 3A, B). To
identify individual cells that expressed CD4, we created a histogram of CD4 expression
using greyscale values from 0 to 255. A cutoff value was defined for positive cells by
backgating into a CD4 DAPI image and visibly highlighting cells that expressed grey levels
greater than the user defined cutoff (Figure 3C, D). In segmenting the images, we observed
that areas within the image containing tissue folds, air bubbles from displaced mounting
medium, or debris, excited light nonspecifically in the DAPI and Cy3 channels. Therefore,
we omitted these areas from segmentation by encasing them in exclusion regions (Figure
3A, B, D).

Since we uncovered discrete clusters (intermediate; high, mixed) of CD4 antigen expressing
cells, we were interested in determining whether the difference was due to their proliferation
state as determined by the biomarker, Ki-67. All Ki-67 positive cells were identified and
isolated by histogram (above cutoff) (Figure 4A, B). Using a dot scatterplot, the
CD4Ki-67" proliferating cells (upper left quadrant) were on the periphery of the clusters
(Figure 4C, D). The majority of CD4*Ki-67" proliferating cells (upper right quadrant) were
within the mixed CD4 expresser cluster (Figure 4C, E). The majority of CD4*Ki-67~ non-
proliferating cells (lower right quadrant) were in the high and the intermediate CD4
expresser clusters (Figure 4C, F).

To determine the potential function of the cells in the three clusters we evaluated two
secreted products, Granzyme B and IL-6. Granzyme B is a serine protease secreted by
cytotoxic cells whose function is to processes cytokines, degrade extracellular matrix
proteins, and induce cell apoptosis (20). Our results show that by histogram (above cutoff)
the Granzyme B expressing cells were in discrete regions (Figure 5A, B). The dot scatterplot
showed that CD4~Granzyme B™ cells (upper left quadrant) were not within the clusters
(Figure 5C, D). The CD4*Granzyme B* cells (upper right quadrant) were located primarily
in the mixed and the high CD4 expresser clusters (Figure 5C, E). Interestingly, in these
clusters, the CD4*Granzyme B* cells were predominately associated with the high CD4
expressing cells (Figure 5C, E, F). The CD4*Granzyme B~ cells (lower right quadrant) were
predominately in the intermediate and mixed CD4 expresser clusters (Figure 5C, F).

IL-6 is a cytokine that has a role in both inducing and ceasing proinflammatory processes.
Histogram analysis showed that IL-6 was in the high expressing CD4 cells (above cutoff)
(Figure 6A, B). The dot scatterplot showed that there were very few CD4~1L-6" cells (upper
left quadrant) (Figure 6C, D). The CD4*1L-6* cells were a subset of both the mixed and the
high CD4 expresser clusters (Figure 6C, E). The CD4*IL-6~ cells (lower right quadrant)
were expressed in all clusters (Figure 6C, F).

To determine which CD4 subtype best fit each of the three clusters (intermediate, high,
mixed), we assessed transcription factors that are known to define specific CD4 subtypes.
Forkhead Box P3 (Foxp3) transcription factor suppresses proinflammatory responses as a
component of CD4 T cells (Tyeg). Our histogram (above cutoff) results show areas that were
more geared towards the Tyeq anti-inflammatory response (Figure 7A, B). The dot scatterplot
showed that CD4 Foxp3* cells (upper left quadrant) were predominately located on the
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periphery of the intermediate CD4 expresser cluster (Figure 7C, D). The CD4*Foxp3*
regulatory cells (upper right quadrant) were predominately within the intermediate CD4
expresser cluster (Figure 7C, E). The CD4*Foxp3~ cells (lower right quadrant) were
expressed in all clusters (Figure 7C, F).

ROR-y(t) transcription factor is an isoform (short form) of retinoid acid-related orphan
receptor -y (long form) (21). It is found exclusively in immune organs and has been shown to
be required for thymocyte survival and lymphoid organogenesis (22). The RORy(t) clone
that we used for staining contained both the long and short forms. We found that the
RORy(t) positive cells from the histogram (above cutoff) were stained in the cytoplasm
(Figure 8A, B). In the dot scatterplot, CD4"RORy(t)* cells (upper left quadrant) were not
notable in any clusters (Figure 8C, D). However, CD4*RORy(t)* cells (upper right
quadrant) were primarily located in the mixed CD4 expressers cluster (Figure 8C, E). The
CD4*RORy(t)~ cells (lower right quadrant) were appreciable in all clusters (Figure 8C, F).

T-bet is a transcription factor whose role in immune cells is to assist in development,
differentiation, diversification, and adaption to changing local microenvironments (23). Our
results show that by histogram (above cutoff) the T-bet expressing cells were stained either
in the cytoplasm or the nucleus and were in all three clusters (Figure 9A, B). The dot
scatterplot of T-bet showed that CD4~T-bet* cells (upper left quadrant) were predominantly
nuclear stained and located on the outside or on the periphery of the clusters (Figure 9C, D).
The CD4*T-bet* cells (upper right quadrant) were present in all clusters (Figure 9C, E).
However, the cytoplasmic T bet cells were in the mixed and high CD4 expresser clusters.
The nuclear T-bet cells were in the intermediate CD4 expresser cluster (Figure 9C, E). The
CD4*T-bet™ cells (lower right quadrant) were expressed in all clusters (Figure 9C, F).

As an alternative gating strategy for dot scatterplots, we used freeform gates equivalent to
those used in traditional flow cytometry (Figure 10). Comparable to flow cytometry, the
cells within the freeform gates were given a distinct color which allowed visualization of the
gated population in all linked dot scatterplots (Figure 10A, B-L). An additional advantage is
that these gates can also be used to backgate into the tissue images (data not shown). There
are two limitations to this feature: (1) when using multiple gates, it is difficult to distinguish
cell populations that overlap spatially (Figure 10M, N, O-R). (2) quantitative data from the
linked gates are currently not available (Figure 10B-L; O-R). These limitations are currently
being resolved.

To better display the global results in the context of spatial relationships, cell phenotype
masks of each double positive cell were overlaid on a CD4 phenotype mask (Figure 11).
This type of visualization accentuated the following global spatial relationships: (1) The
intermediate CD4 expresser cluster contained a mixture of Treg and T-bet cells with only a
few cells proliferating. (2) The high CD4 expresser cluster contained T-bet, Granzyme B,
and IL-6 cells with some cells proliferating. (3) The mixed CD4 expresser cluster contained
RORy(t), T-bet, Granzyme B, and IL-6 cells with most cells proliferating (Figure 11). The
limitation of this simplistic representation is that it conceals the nuances associated with
biomarkers that are expressed at varying intensities and/or in multiple cellular compartments
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such as T-bet (Figures 2F, 9, 11F). We are currently working on better visualization
approaches to address these limitations.

To validate the StrataQuest software quantitation, we used performance measures of recall/
sensitivity, specificity, precision, and Fq score. The StrataQuest software results were
compared with ground truth manual quantitation using FIJI software (Supplemental Table 1,
Supplemental Figure 1). The biomarkers had a recall/sensitivity range of 0.85 - 0.99,
specificity range of 0.89 — 0.99, precision range of 0.44 — 0.88, and F1 score range of 0.60 —
0.89 (Supplemental Table 1, Supplemental Figure 1).

DISCUSSION

In many diseases such as cancer and autoimmunity, immune cells play a role in disease
pathogenesis and responses to therapy. Having the ability to view immune cells in the
unadulterated disease microenvironment gives context to the existence of the cells in the
microenvironment. In this report we show that our workflow can be used to analyze
biomarkers /n sifico to highlight their associations with cells and cell clusters in solid tissue.
In our example, we show associations between splenic CD4 and six of its most common
biomarkers of cell activity. Through /n silico analysis we found three clusters of CD4
expressing cell populations: intermediate, high, and mixed. Each cell cluster was composed
of different combinations of the common biomarkers. Overall, we show that /n silico
analysis with flow cytometry-like abilities such as gating, backgating, histogram/dot
scatterplot outputs are powerful tools for cell phenotyping and uncovering distinct clusters
of cells.

Each step of the process leading up to the /n sifico analysis is critical. We recommend that
antibody conjugation be performed with primary antibodies that have been proven to work
in FFPE tissue. We routinely perform both immunohistochemistry and immunofluorescence
indirect staining on candidate primary antibodies to ensure performance. The primary
antibody concentration needs to be at least 1 mg/ml for efficient direct conjugation.
Stabilizing agents such as BSA and glycerol inhibit the activity of NHS esters. Therefore, if
possible, it is best to use purified antibodies that are formulated only in buffered saline
solutions.

There is no replacement for good quality tissue sections or good quality staining.
Multiplexed immunofluorescence histology requires elimination of nonspecific binding and
accounting for autofluorescence. The biomarker signal to noise ratio must be high. Each
round of staining may take at least 24 hours depending on the antibodies and the tissue.
Although multiplex histology procedures in general are long, FFPE tissue quality is
maintained under chemically-induced antibody stripping and/or dye inactivation procedures
(8,24,25). Although rare, some epitopes may not only be sensitive to the multiplexing
procedures but may be sensitive to FFPE histology in general (8).

Image acquisition can be performed on small regions or on the full biopsy specimen. We
strongly recommend that before moving on to the next staining round, all image tiles be
reviewed for consistency in quality and camera focus. Any discrepancies must be corrected
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before moving on to the next staining round. The /n sifico multiplexed images are the key to

cell phenotyping, visualization, enumeration, and validation of the multiplexed stains. Image
alignment is a critical step in this process. Accurate registration of all DAPI images with the

reference image should be verified visually by combining the DAPI images. The quantitative
analysis histogram plots and dot scatterplots should be viewed in both linear and logarithmic
scale to determine which form best represents the data.

We have previously shown a similar workflow process using the Vectra Quantitative Imaging
System and now show this type of process using the TissueFAXS Quantitative Imaging
System (24,25). The software tools that are included with these all-in-one systems (\ectra,
TissueFAXS), although proprietary, are not unique to digital image processing. Although not
an exhaustive list, there are several commercial (FCS Express, FlowJo, MATLAB) and open
source (Cell Profiler, F1JI) software that can create the tissue cytometry plots from imported
data from the quantitative imaging systems and/or perform various levels of cell
segmentation/analysis ranging from basic to complex. However, there are many advantages
of using the all-in-one systems (Vectra, TissueFAXS): (1) The hardware and software tools
are packaged together, which ensures compatibility and a streamlined programming
language. (2) The software allows creation and saving of complex templates that can be
reused, which reduces analysis preparation time. (3) The software has automated analysis
that allows unsupervised batch processing of thousands of tiles, which significantly reduces
hands-on time for the user. (4) Although not presented for this study, the most promising
feature included specifically in the TissueFAXS system is the ability for users to incorporate
their own MATLAB and Python scripts into the StrataQuest analysis software.

Since immunotherapy is at the forefront of therapeutic treatment, these all-in-one systems
can be used to interrogate the microenvironment of any tissue, pre-, post-, and on- therapy.
Any entity (RNA, DNA, Protein, Drug) that can be stained on FFPE tissue can be assessed
using the methods described here or in our previous studies, and in similar studies from
others (8,24-26). This ability provides another mechanism that can be utilized in the global
movement towards personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Step 3
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Step 2 Dye Inactivation
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«Whole slide scanning: low (5x)

magnification to capture stage and Step 4 Q
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iles produced at high (20x) «Image stitching performed to
Step 1 @ magnification to capture cell details reconstruct whole image from tiles from
() Multiplexed Histology (FFPE Tissue) % SaliSlaliRg et WsiE Kspection
S &Antibody conjugation of biomarkers (Cy3, > zlojgzrr:?;:(amlp eg-i;nad ?:r?tf/;‘rurigéi:
~| Cy5); tissue deparaffinization/rehydration; V p . 9
’]J'J antigen retrieval; blocking of non-specific
binding; incubation of conjugated antibodies Step 5 [
R\ | and DAPI; slide mounting and coverslipping; — -
slide image acquisition, dye inactivation; In Silico Image Creation (StrataQuest Software)
R repeat process (termed: staining round) ) «Composite image generated containing all targets from

all staining rounds: image alignment using DAPI channel
from each round and a cross-correlation algorithm that
determined offsets between the images; all image
locations shifted to match location of a reference image

I Step 8
Visualization (StrataQuest Software)
«Backgating from tissue cytometry plots into greyscale or

pseudocolored in silico multiplexed images for validation of phenotype
and quantitation; contour masks used to highlight cells of interest

Step 6 Il

D

Step 7 ﬁ Cell Phenotyping (StrataQuest Software)
+Cell isolation and identification using greyscale images: nuclear
segmentation algorithms used on DAPI channel for cell isolation;

Tissue Cytometry (StrataQuest Software)
«Quantitation: MGLI is plotted versus number of
events (histogram) or plotted as biomarker versus <::
biomarker (dot scatterplot); cutoffs are established
and verified by backgating into tissue images

identity; global standard measurements are computed for each
biomarker for each cell (e.g. mean grey level intensity (MGLI))

cellular mask algorithms used on Cy3/Cy5 channels for biomarker

Figurel.
Workflow of the histology, imaging, and analysis process for /n silico multiplexed images.
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Figure2.
Colocalization of CD4 with biomarkers of cell activity. (A) Ki-67, (B) Granzyme B, (C)

IL-6, (D) Foxp3, (E) RORy(t), and (F) T-bet. Colocalization produces an orange to yellow
color. Purple area is a region of exclusion.
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Figure 3.
Identification and segmentation of CD4 cells. (A) Photomicrograph of CD4™ cells. (B) Cell

clusters in panel A are circled based on CD4 staining intensity: intermediate (int), yellow;
high (hi), red; mixed, light blue. (C) Histogram of CD4 expression in panel A. MGLI, mean
grey level intensity. Cutoff, red vertical line. (D) CD4* cells backgated from intensity values
above the cutoff in panel C. Backgated cells, white contour mask. Purple area is a region of
exclusion.
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Figure 4.
Colocalization of CD4 and Ki-67. Colocalization produces an orange to yellow color. CD4

cell clusters are circled: intermediate (int), yellow; high (hi), red; mixed, light blue. MGL.I,
mean grey level intensity. Cutoffs, red vertical and/or horizonal line. Backgated cells, white
contour mask. Purple area is a region of exclusion. (A) Histogram of Ki-67 expression. (B)
Backgating of panel A. (C) Scatterplot of Ki-67 and CD4 expression on individual cells. (D,
E, F) Backgating from panel C.
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Figure5.
Colocalization of CD4 and Granzyme B. Colocalization produces an orange to yellow color.

CDA4 cell clusters are circled: intermediate (int), yellow; high (hi), red; mixed, light blue.
MGLI, mean grey level intensity. Cutoffs, red vertical and/or horizonal line. Backgated cells,
white contour mask. Purple area is a region of exclusion. (A) Histogram of Granzyme B
expression. (B) Backgating of panel A. (C) Scatterplot of granzyme B and CD4 expression
on individual cells. (D, E, F) Backgating from panel C.
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Figure 6.
Colocalization of CD4 and IL-6. Colocalization produces an orange to yellow color. CD4

cell clusters are circled: intermediate (int), yellow; high (hi), red; mixed, light blue. MGL.I,
mean grey level intensity. Cutoffs, red vertical and/or horizonal line. Backgated cells, white
contour mask. Purple area is a region of exclusion. (A) Histogram of IL-6 expression. (B)
Backgating of panel A. (C) Scatterplot of IL-6 and CD4 expression on individual cells. (D,
E, F) Backgating from panel C.
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Figure7.
Colocalization of CD4 and Foxp3. Colocalization produces an orange to yellow color. CD4

cell clusters are circled: intermediate (int), yellow; high (hi), red; mixed, light blue. MGL.I,
mean grey level intensity. Cutoffs, red vertical and/or horizonal line. Backgated cells, white
contour mask. Purple area is a region of exclusion. (A) Histogram of Foxp3 expression. (B)
Backgating of panel A. (C) Scatterplot of Foxp3 and CD4 expression on individual cells. (D,
E, F) Backgating from panel C.
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Figure 8.
Colocalization of CD4 and RORy(t). Colocalization produces an orange to yellow color.

CDA4 cell clusters are circled: intermediate (int), yellow; high (hi), red; mixed, light blue.
MGLI, mean grey level intensity. Cutoffs, red vertical and/or horizonal line. Backgated cells,
white contour mask. Purple area is a region of exclusion. (A) Histogram of RORy(t)
expression. (B) Backgating of panel A. (C) Scatterplot of RORy(t) and CD4 expression on
individual cells. (D, E, F) Backgating from panel C.
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Figure9.
Colocalization of CD4 and T-bet. Colocalization produces an orange to yellow color. CD4

cell clusters are circled: intermediate (int), yellow; high (hi), red; mixed, light blue. MGLI,
mean grey level intensity. Cutoffs, red vertical and/or horizonal line. Backgated cells, white
contour mask. Purple area is a region of exclusion. (A) Histogram of T-bet expression. (B)

Backgating of panel A. (C) Scatterplot of T-bet and CD4 expression on individual cells. (D,
E, F) Backgating from panel C.
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Figure 10.

Frgeform gated scatterplots. (A — L) Single gate. Cells from Gatel (orange) in panel A are
highlighted in orange in panels B — L. (M — R) Multiple gates. Cells from Gate 2 (blue) in
panel M are highlighted in blue in panels N — R in addition to Gate 1 cells (orange). MGL,
mean grey level intensity.
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Figure11.
Phenotype masks depicting spatial relationships. CD4 cell clusters are circled: intermediate

(int), yellow; high (hi), red; mixed, light blue. CD4 cells are labeled with red mask. From
backgating, cells that are positive for both CD4 and (A)Ki-67, (B) Granzyme B, (C) IL-6,
(D) Foxp3, (E) RORvy(t), (F) T-bet are labeled with white mask. Purple area is a region of
exclusion.
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