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Immunotherapies are revolutionizing cancer treatment by boosting the natural ability of the
immune system. In addition to antibodies against traditional checkpoint molecules or their
ligands (i.e., CTLA-4, PD-1, and PD-L1), therapies targeting molecules such as ICOS,
IDO-1, LAG-3, OX40, TIM-3, and VISTA are currently in clinical trials. To better inform
clinical care and the design of therapeutic combination strategies, the co-expression of
immunoregulatory proteins on individual immune cells within the tumor microenvironment
must be robustly characterized. Highly multiplexed tissue imaging platforms, such as CO-
Detection by indEXing (CODEX), are primed to meet this need by enabling >50 markers to
be simultaneously analyzed in single-cells on formalin-fixed paraffin-embedded (FFPE)
tissue sections. Assembly and validation of antibody panels is particularly challenging, with
respect to the specificity of antigen detection and robustness of signal over background.
Herein, we report the design, development, optimization, and application of a 56-marker
CODEX antibody panel to eight cutaneous T cell ymphoma (CTCL) patient samples. This
panel is comprised of structural, tumor, and immune cell markers, including eight
immunoregulatory proteins that are approved or currently undergoing clinical trials as
immunotherapy targets. Here we provide a resource to enable extensive high-
dimensional, spatially resolved characterization of the tissue microenvironment across
tumor types and imaging modalities. This framework provides researchers with a readily
applicable blueprint to study tumor immunology, tissue architecture, and enable
mechanistic insights into immunotherapeutic targets.

Keywords: immunotherapy, CODEX multiplexed tissue imaging, immunophenotyping, immunoregulatory proteins,
tumor microenvironment, cancer immunity, lymphoma
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INTRODUCTION

Immunotherapies work through the blockage or stimulation of
immunoregulatory proteins to enhance the body’s innate ability to
target and destroy tumor cells. CTLA-4, PD-1, and PD-L1 are the
most widely studied inhibitory checkpoint molecules, and drugs
targeting these proteins have revolutionized treatment for
numerous solid and hematological malignancies (1).
Unfortunately, only about 20% of patients derive long-lasting
benefits from current immunotherapies (2). Novel therapies
targeting inhibitory (e.g, IDO-1, LAG-3, TIGIT, TIM-3, VISTA)
and stimulatory (e.g., ICOS, GITR, OX40, 4-IBB) proteins within
the tumor microenvironment (TME) are under active investigation
(3-7). Clinical trials are also underway to combine these novel pre-
clinical treatments with established anti-CTLA-4 (i.e., ipilimumab)
and anti-PD-1 (i.e., pembrolizumab and nivolumab) therapies for
greater effect (7-13). This expanding list of targets underscores the
urgent need to characterize the expression of immunoregulatory
proteins, in the native context of individual cells within the TME, to
drive immunotherapy selection for cancer patients (14).

Clinical staining of immunoregulatory proteins is routinely
performed with conventional one- or two-color
immunohistochemistry (IHC). Studying more than two markers
either requires a careful selection of primary antibodies (i.e., raised
in different species to prevent cross-reactivity with the secondary
antibodies) or the use of consecutive tissue sections, which is
problematic for studying samples with low tissue availability and
makes it extremely difficult to co-localize markers at the single-cell
level. Therefore, conventional IHC drastically limits accurate
classification of both cell-type and function (e.g., reactive PD-1"
CD4" T cells versus immunosuppressive PD-1" FOXP3" CD4" T
cells). This in turn limits a comprehensive understanding of the
TME and the factors underlying immunotherapy responsiveness.

The emergence of multiplexed tissue imaging has enabled
researchers to overcome these challenges and to further our
understanding of cancer immunotherapy. Recent work
exemplifies how multiplexed IHC (mIHC) is superior to single-
plex PD-L1 IHC, tumor mutational burden, or gene expression
profiling for predicting response to PD-1/PD-L1 blockade therapies
across 10 different solid tumors (15). CO-Detection by indEXing
(CODEX), a commercialized and accessible multiplexed tissue
imaging platform (Akoya Biosciences, Menlo Park, California,
USA), uses oligonucleotide-conjugated antibodies and sequential
fluorescent reporters, to detect up to 60 markers simultaneously in a
single tissue section at resolutions that resolve individual cells. As
such, CODEX generates detailed information on the distribution of
different cellular phenotypes, while maintaining the morphological
context of healthy and diseased tissues (16). Since the CODEX
method was first described in 2018 (17), this technology has been
successfully adapted for use in FFPE tissues (16, 18) and applied to
immunophenotype solid (16) and hematological (19) malignancies.
Establishment of a companion computational framework has been
crucial for processing raw CODEX imaging data, mapping cellular
interactions, and analyzing cellular neighborhoods (16-21). These
studies have accelerated the discovery of new immune cell subsets
(16, 17) and biomarkers (19), and correlated spatial organization
with cancer prognosis (16) and immunotherapeutic outcomes (19).

A fundamental aspect of the CODEX methodology relies upon
a well-designed and validated antibody panel. Combining up to
60 markers in a single experiment requires that all antibodies to
stain robustly under the same antigen retrieval condition, and
that antibody performance is optimized by the imaging order.
Herein, we describe the establishment of a 56-marker panel to
analyze FFPE cutaneous T cell lymphoma (CTCL) tissues by
CODEX. This panel comprises immune, tumor, and structural
(e.g., epithelial, stromal, vascular) markers. It also includes eight
immunoregulatory proteins—ICOS, IDO-1, LAG-3, PD-1, PD-
L1, OX40, Tim-3, and VISTA—to simultaneously phenotype,
localize, and quantify these functional molecules on individual
cells within the TME, adding important insights to the field of
cancer immunotherapy. This work serves as a blueprint for
customizing CODEX antibody panels and provides researchers
and clinicians with a working antibody panel for high-
dimensional characterization of the TME, with broad
adaptability to different malignancies of interest or alternative
imaging platforms, such as Imaging Mass Cytometry (IMC)
(22-24), Multiplexed Ion Beam Imaging (MIBI) (25-28), and
tissue-based cyclic immunofluorescence (t-CyCIF) (29).

METHODS

Tissue Material

Skin tumor samples were obtained from CTCL patients treated at
Stanford University. Written informed consent was obtained
from all patients. The use of their tissues for this research was
fully anonymized and approved by the Stanford University IRB
Administrative Panels on Human Subjects in Medical Research
(HSR 46894). FFPE histology blocks were generated according to
standard pathology procedures (30). A tissue microarray was
then created from eight CTCL specimens (Supplementary
Table 1). Tissue microarray cores were 0.6 mm in diameter
and acquired from the most heavily tumor-infiltrated area of the
biopsy. The tissue microarray was sectioned at 4-um thickness
and mounted onto Vectabond'"-treated (Vector Laboratories,
Burlingame, CA, USA; #SP-1800) square glass coverslips
(Electron Microscopy Sciences, Hatfield, PA, USA; #72204-01),
as previously described (16, 19).

Antibodies and DNA Oligonucleotide
Conjugation

Commercially available purified, carrier-free monoclonal and
polyclonal anti-human antibodies (Table 1) were conjugated to
maleimide-modified short DNA oligonucleotides [TriLink
Biotechnologies, San Diego, CA, USA; for detailed
oligonucleotide sequences see (16)] at a 2:1 weight/weight ratio
of oligonucleotide to antibody, as previously described (16, 18,
19). Conjugated antibodies were subsequently stored at 4°C,
where they remained stable for at least 1 year. Conjugated
antibodies were titrated and validated under the supervision of
a board-certified pathologist (C.M.S.) and confirmed with an
online database (The Human Protein Atlas; www.proteinatlas.
org) (31).
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TABLE 1 | Marker panel (56 antibodies and 2 nuclear stains) for CODEX.

Target

CD1a

CcD2

CD3

CD4

CD5

CcD7

CcD8
CD11b
CD11c
CD15
CD16
CD20
CD25
CD30
CD31
CD34
CD38
CD45
CD45RA
CD45R0O
CD56
CD57
CD68
CD69
CD138
CD162
CD163
CD194
CD206
o-SMA
f3-catenin
BCL-2
CCR6
Collagen IV
Cytokeratin
DRAQ5
EGFR
FoxP3
GATA3
Granzyme B
HLA-DR
Hoechst 33342
ICOS
IDO-1
Ki-67
LAG-3
Mast cell tryptase
MMP-9
MUC-1
OX40

PD-1
PD-LA1
Podoplanin
T-bet
TCR-y/8
Tim-3
Vimentin
VISTA

Clone

O10+CA1/71
RPA-2.10
MRQ-39
EPR6855
UCHT2
MRQ-56
C8/144B
EPR1344
EP1347Y
MMA
D1NOL
rGEL/773
4C9
BerH2

C31.3+C31.7+C31.10

QBENd/10
EPR4106
B11+PD7/26
HI100
UCH-L1
MRQ-42
HCD57
KP-1
polyclonal
B-A38
HECA-452
EDHu-1
L291H4
polyclonal
polyclonal
14

124
polyclonal
polyclonal
C11

N/A
D38B1
236AVET7
L50-823
EPR20129-217
EPR3692
N/A
D1K2T
D5J4E
B56
D2G40
AA1
L51/82
955
polyclonal
Daw2J
E1L3N
D2-40
DEN8B
H-41
polyclonal
Rv202
D1L2G

Supplier

Novus Biologicals
Biolegend

Cell Marque

Abcam

Biolegend

Cell Marque

Novus Biologicals
Abcam

Abcam

BD Biosciences

Cell Signaling Technology
Novus Biologicals

Cell Marque

Cell Marque

Novus Biologicals

Novus Biologicals
Abcam

Novus Biologicals
Biolegend

Biolegend

Cell Marque

Biolegend

Biolegend

R&D Systems

Novus Biologicals

Novus Biologicals

Novus Biologicals
Biolegend

R&D Systems

Abcam

BD Biosciences

Novus Biologicals

Novus Biologicals
Abcam

Biolegend

Cell Signaling Technology
Cell Signaling Technology
Abcam

Cell Marque

Abcam

Abcam

Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology
BD Biosciences

Cell Signaling Technology
Abcam

Biolegend

Novus Biologicals

R&D Systems

Cell Signaling Technology
Cell Signaling Technology
Biolegend

Cell Signaling Technology
Santa Cruz Biotechnology
R&D Systems

BD Biosciences

Cell Signaling Technology

Oligo*

43
25
77
20
75
63

8
28
49
14
26
48
24
57
68
38
66
56
72

2
29
30
70
36
76
46
45
71
55
69
51
41
53
33
62

N/A
58
61
60
81
65

N/A
74
59

6
42
44
80
15
67
23
11
32

5
52
21

7
79

Fluorophore

Cy5

Cy5

Cy5
ATTO550
ATTO550
ATTO550
Cy5

Cy5
ATTO550
Alexa488
ATTO550
ATTO550
ATTO550
ATTO550
ATTO550
ATTO550
ATTO550
ATTO550
Cy5
ATTO550
Cy5
ATTO550
Cy5
ATTO550
ATTO550
Cy5

Cy5

Cy5
ATTO550
Alexa488
Cy5
ATTO550
Cy5

Cy5

Cyb5

Cyb5
ATTO550
ATTO550
Cy5
Alexa488
ATTO550
Hoechst
Cy5

Cy5

Cy5

Cy5
ATTO550
Cyb5
Alexa488
Cyb5

Cy5
ATTO550
Cy5
ATTO550
ATTO550
Cy5
Alexa488
Cy5

Dilution

1:100
1:25
1:100
1:100
1:50
1:100
1:50
1:50
1:50
1:200
1:100
1:200
1:100
1:25
1:200
1:100
1:100
1:400
1:50
1:100
1:50
1:200
1:100
1:200
1:100
1:200
1:200
1:100
1:100
1:200
1:50
1:50
1:25
1:200
1:200
1:100
1:25
1:100
1:100
1:200
1:200
1:1000
1:100
1:25
1:100
1:25
1:200
1:200
1:100
1:100
1:50
1:50
1:200
1:100
1:100
1:50
1:200
1:50

Exposure time

1/2s
1/2s
1/2s
1/2s
1/2s
1/2s
1/6s
1/2s
1/2s
1/8.5s
1/2s
1/4s
1/2s
1/2s
1/5s
1/4s
1/6s
1/8.5s
1/2s
1/4s
1/2s
1/4s
1/4s
1/2s
1/8.5s
1/8.5s
1/4s
1/2s
1/2s
1/3s
1/2s
1/2s
1/2s
1/4s
1/6s
1/6s
1/2s
1/4s
1/2s
1/8.5s
1/4s
1/150s
1/2s
1/2s
1/6s
1/2s
1/100s
1/6s
1/2s
1/2s
1/2s
1/2s
1/3s
1/2s
1/2s
1/2s
1/4s
1/2s

*DNA oligonucleotide sequences are detailed in Table S1C (Schtirch, C.M., et al. Cell. 2020; https.//doi.org/10.1016/j.cell.2020.07.005) (16).

Cycle

19
7
16
7
8
19
17
21
11
13
12
10
9
5
24
22
23
26
15
20
3
16
23
15
25
27
21
20
14
10
18
18
5
24
22
28
13
3
2
14
17
1-28
14
12
8
10
27
26
11
9
11
6
25
2
4
4
12
13

Channel
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CODEX Multiplexed Tissue Staining and
Image Acquisition

CODEX staining and imaging were performed as previously
described (16, 18, 19). Briefly, the coverslip containing the tissue
section was baked at 70°C for 1 hour, deparaffinized in xylene,
rehydrated in ethanol, and washed in ddH,O before performing
heat-induced epitope retrieval with Dako target antigen retrieval
solution, pH 9 (Agilent Technologies, Santa Clara, CA, USA;
#5236784-2) at 97°C for 10 min on a LabVison PT Module
(Thermo Fisher Scientific, #A80400012). The coverslip was
subsequently blocked using blocking buffer [S2 buffer
containing B1 (1:20), B2 (1:20), B3 (1:20), and BC4 (1:15)] and
stained with the 56-marker antibody panel (Table 1) to a volume
of 100 pl overnight at 4°C. After fixation with 1.6%
paraformaldehyde, 100% methanol, and BS3 (Thermo Fisher
Scientific, Waltham, MA, USA; #21580), the coverslip was
mounted onto a custom-made acrylic plate (Bayview Plastic
Solutions, Fremont, CA, USA). Imaging of the CODEX
multicycle experiment was performed using an inverted
fluorescence microscope (Keyence, Osaka, Japan; model BZ-
X710) equipped with a CFI Plan Apo A 20x/0.75 objective
(Nikon, Tokyo, Japan), a microfluidics instrument (Akoya
Biosciences, Menlo Park, CA, USA), and CODEX driver
software (Akoya Biosciences, Menlo Park, CA, USA). Light
exposure times and the order of markers per cycle are outlined
in Table 1. The Hoechst nuclear stain (Thermo Fisher Scientific;
#62249) was acquired in each cycle and DRAQ5 nuclear stain
(Cell Signaling Technology, Danvers, MA, USA; #4084L) was
acquired in the final cycle. After completion of the multi-cycle
reaction, manual hematoxylin and eosin (H&E) staining was
performed according to standard pathology procedures (30), and
the tissue microarray was re-imaged in brightfield mode.

Processing and Analysis of CODEX Data

Raw TIFF image files were processed using the CODEX Toolkit,
as previously described (18, 19). Briefly, after the data was
uploaded, cell segmentation was performed using DRAQ5
nuclear stain. Antibody expression was quantified at the single-
cell level and this data was cleaned by gating using CellEngine
(https://cellengine.com). This yielded a total of 25,456 cells
across the eight tissue microarray cores. The resultant FCS files
were imported into the VorteX clustering software (20) and
subjected to unsupervised X-shift clustering, with the following
30 parameters: CDl1a, CD3, CD4, CD7, CD8, CDllc, CD15,
CD20, CD25, CD30, CD31, CD34, CD38, CD45, CD56, CD68,
CD138, CD163, CD206, o.-smooth muscle actin, cell size,
cytokeratin, FoxP3, HLA-DR, Ki-67, mast cell tryptase, PD-1,
PD-L1, podoplanin, and vimentin. Cell morphology and size
were used to further refine clusters manually and those with
similar features were merged, resulting in 18 cell-types. As all
specimens did not contain epithelium, and in turn Langerhans
cells, clusters with CD11c¢" dendritic cells and Langerhans cells
were merged and classified as antigen presenting cells (APC).
This led to 17 cell-types (Figure 2A). The expression frequencies
of ICOS, IDO-1, LAG-3, PD-1, PD-L1, OX40, Tim-3, and
VISTA were determined for CD4" T cells, CD8" T cells, Tregs,

M1 macrophages, M2 macrophages, and tumor cells by manual
gating in CellEngine (https://cellengine.com).

Visualizing CODEX Data

Seven-color overlay images with select markers were created in
Image] (https://imagej.net/). Simulated brightfield IHC images
were generated from CODEX fluorescence data using an Image]
macro (https://bitbucket.org/davemason/makehdab/src/master/).
Voronoi diagrams of assigned cell-types were created in Python,
with slight modifications to previously described scripts (https://
github.com/nolanlab/NeighborhoodCoordination/) (16).

RESULTS

Here, we describe the development, optimization, and
application of a 56-marker antibody panel to characterize the
composition, spatial organization, and functional immune status
of the TME in FFPE tumors by CODEX (Table 1). Marker
selection was based on 1) in-house testing of antibody
performance in IHC and FFPE-CODEX (16, 18, 19), 2) IHC
experience in clinical pathology laboratories, 3) commercially
available fluorophore-conjugated antibodies that either in their
conjugated or unconjugated forms work in IHC, 4) IHC and
FFPE multiplexed tissue imaging publications, and 5) online
databases like The Human Protein Atlas (www.proteinatlas.org)
(31). Notably, 51 of the 56 antibodies in this panel have been
used in other multiplexed imaging studies (Supplementary
Table 2) (16, 18, 23, 24, 26-29). These 51 antibodies were
studied in different tissues (e.g., tonsil, breast cancer, colon
cancer, pancreatic cancer, squamous cell carcinoma, etc.),
using different modalities (i.e., CODEX, MIBI, IMC, t-CyCIF),
and by different research groups (i.e., in different countries, by
different operators), which emphasizes the reproducibility of
these markers and satisfies an orthogonal strategy for antibody
validation (32). The key contribution of the current study is
therefore the presentation of a robust, working 56-marker panel
focused on immunophenotyping and immunoregulation.
Interested researchers can easily purchase, conjugate, and
titrate the antibodies shown in Table 1 as a starting point for
their own multiplexed tissue imaging panels.

All antibodies were conjugated to unique maleimide-modified
DNA oligonucleotides (with lengths between 10-19 nucleotides),
added to tissues that were subjected to high pH (pH 9) antigen
retrieval buffer, incubated overnight at 4°C, and tested/titrated in
CODEX single-staining experiments. Antibody testing was
performed using tonsil (Supplementary Figure 1) and a tissue
microarray with 16 healthy and 54 cancerous tissues (16, 18) to
ensure the inclusion of appropriate positive and negative controls.
Conjugated antibodies were stained at a dilution between 1:25 and
1:200 and visually evaluated for subcellular localization (e.g.,
nucleus, cytoplasm, membrane), cell-type (e.g., immune,
tumor, or stromal cells), signal intensity, dynamic range, and
signal-to-noise ratio.

After determining the optimal conditions for each conjugated
antibody by CODEX single-staining, a 56-marker multicycle
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experiment was performed on a CTCL tissue microarray
compiled from eight patients (Supplementary Figures 2 and
3A, B). All antibodies performed as expected when imaged
during the CODEX multicycle experiment (Supplementary
Figure 4), including the seven polyclonal antibodies used in
this panel, which showed consistent staining intensity,
appropriate spatial expression patterns, and no anomalous
cross-reactivity. Importantly, the reproducibility of antibody
staining is high within a single CODEX multicycle experiment
for a given tissue region (16, 18, 21), between patient samples
(Supplementary Figure 5) as well as across experiments
processed in parallel (19). For all CODEX experiments, the
first cycle is a “blank” cycle (i.e., no fluorescent
oligonucleotides are added). This is critical for assigning cell-
types from imaging data, which consists of subtracting
background fluorescence signals that arise from auto-
fluorescence and non-specific antibody binding (measured
from the “blank” cycle), segmenting the image to identify
individual cells, and integrating the staining intensity of all
markers on each cell to identify cell-types.

The 56-marker panel consists of structural, tumor, and
immune markers as well as antibodies against proteins that
reflect functional cellular states and immune regulation. A
representative seven-color overlay image shows structural,
lymphoid, myeloid, and tumor cell markers in a CTCL tissue
microarray core (Figure 1). Seven-color overlay images for all
tissue microarray cores are shown in Supplementary Figure 3C.

This panel enables extensive immunophenotyping: 33 of the
56 antibodies recognize antigens specific for T cells, B cells,
plasma cells, NK cells, macrophages, dendritic cells, Langerhans
cells, granulocytes, and mast cells. In fact, 11 of the 17 identified
cell-types were immune specific, where dendritic cells and
Langerhans cells were merged and classified as APCs (Figure
2A). The immune cell-types include APCs, B cells, CD4" T cells,
CD8" T cells, granulocytes, M1 macrophages, M2 macrophages,
mast cells, NK cells, plasma cells, and Tregs. The frequency of
immune cell subsets across all patients identified populations
with high (APCs, 18%; CD4" T cells, 18%; CD8" T cells, 20%; M2
macrophages, 18%; Tregs, 10%), medium (B cells, 4%; M1
macrophages, 7%), and low abundance (NK cells, 2%;
granulocytes, 1%; mast cells, 1%; plasma cells, 1%) (Figure
2B). Voronoi diagrams (i.e., cell position plots) were used to
generate a map of immune cell-type positions (Figure 2C). These
maps reveal substantial spatial heterogeneity between patients,
suggesting dynamic and variable effects of immune surveillance
within the TME.

The identification of immune cell-types has historically been
based on the presence or absence of cluster of differentiation
(CD) proteins, other cell surface markers, and lineage-specific
transcription factors. Distinguishing cell-types in high
dimensional tissue imaging data can be challenging due to 1)
lateral marker spillover of cells adjacent to each other, 2) variable
staining intensity of lineage-specific proteins across cell-types,
and 3) simultaneously integration of lineage-specific marker
expression patterns. Using higher-order unsupervised X-shift
clustering (20) and manual refinement based on cell size and

morphology, we were able to confidently stratify immune cell-
types, even when they were bordering other lineage-specific
immune cells (Figure 3). Two representative H&E-stained
samples from the same tissue section, with six zoomed-in
Voronoi diagrams representing the cell-types identified, are
shown in Figures 3A, B. The major immune cell-types,
stratified by lymphoid and myeloid lineages, are shown as
Voronoi cell-type representations, 20x fluorescence images,
and simulated brightfield images, which recreate the staining
pattern that would be observed by conventional THC using
chromogenic methods (Figure 3C, top to bottom). Together,
these data demonstrate the capability of this well-designed and
titrated panel to effectively enumerate major immune cell-types
and visualize their location within the overall TME architecture.

In addition to phenotypic stratification, we leveraged upon the
high multiplexing capabilities of CODEX to include functional
markers, particularly immunoregulatory proteins that are essential
for the study of cancer immunology and immunotherapy.
Specifically, we focused on eight functional immune molecules
that are the targets of approved or in trial immunotherapies:
ICOS, IDO-1, LAG-3, OX40, PD-1, PD-L1, TIM-3, and VISTA
(Figure 4A) (2, 33-37). Representative examples of the staining
pattern of these markers on T cells, macrophages, and tumor cells
are shown (Figure 4A). Protein expression comparisons of immune
and tumor cells reveal that PD-L1 was predominantly expressed on
tumor cells, while ICOS, IDO-1, LAG-3, and OX40 were
predominantly present on immune cells, and TIM-3 and VISTA
were expressed on both tumor and immune cells in similar
proportions (Figure 4B). The expression of each
immunoregulatory protein varies across immune cell-types and
individual patients (Figure 4C and Supplementary Figure 6),
consistent with previous reports (26, 38-41). For example, PD-1
was strongly expressed on CD4" T cells, ICOS on CD4" T cells and
Tregs, TIM-3 on M1 and M2 macrophages, and VISTA on M1
macrophages. These results demonstrate how simultaneous analysis
of phenotypic and functional markers on single-cells, within their
native spatial, tissue context, is a powerful approach for
understanding the diverse landscape of functional immune
molecules in cancer, and their roles in the immunotherapy
responsiveness across patients.

DISCUSSION

Advancements in cancer immunotherapies require intimate
knowledge of the orchestrated interaction and organization of
cancer and immune cells. Multiplexed immunophenotyping
approaches are essential in our efforts to identify predictive
biomarkers of response and reveal insights into therapeutic
mechanisms of action. Established, clinically accessible mIHC
tissue imaging techniques are limited by the number of markers
(£7), while other multiparameter technologies (e.g., mass cytometry
(CyTOF) and single-cell RNAseq) lack spatial context. The CODEX
multiplexed tissue imaging method utilized in this study overcomes
these limitations, and the 56-marker antibody panel established here
enables extensive immunophenotyping of archival FFPE cancer
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FIGURE 1 | Detection of structural, lymphoid, myeloid, and tumor markers by CODEX in a single CTCL tissue microarray core (patient 6). Seven-color overlay image
with cytokeratin (epithelium; green), vimentin (stroma; blue), CD31 (vasculature; gray), Ki-67 (proliferation; red), CD45 (leukocytes; cyan), CD3 (T cells; magenta), and
CD68 (macrophages; yellow). Below panels show H&E, Hoechst (nuclear), and individual marker stainings. Scale bars, 100 um.

specimens. Construction of a panel that captures structural markers,
major immune cell-types and markers that inform cellular
functional states (e.g., Ki-67 for proliferation and granzyme B for
cytotoxicity), including immunoregulatory proteins, is paramount
towards this goal. This work presents a blueprint for providing
novel insights into the spatial organization and functional status of

the TME, which are critical for advancing the field of
cancer immunotherapy.

An important prerequisite for the study of FFPE tissues is the
need for antigen retrieval, which involves the reversal of
crosslinks formed during formalin fixation, to make epitopes
accessible for antibody binding. Antigen retrieval involves
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boiling tissues in a specified pH buffer (ranging from pH 3 to 10)
and detergents. Since the pH can greatly influence antibody
binding (24, 42) and the entire CODEX antibody panel is stained
simultaneously on a single tissue section, all antibodies must be
optimized to perform with the same antigen retrieval protocol.
The panel described here is optimized for antigen retrieval at pH
9, followed by antibody staining at 4°C overnight. In total, we
conjugated 59 antibodies for implementation in this panel. 56
antibodies eventually passed our quality control assessment and
were deemed as successfully conjugated and validated in FFPE
human tissues, translating to a 94.9% success rate (i.e., 56/59
antibodies). The three antibodies that did not pass our
assessment were TCR-a/f (clones G-11, T10B9), CTLA-4
(clones 2188A, BN13, L3D10), and TIGIT (clone TG1), likely
owing to alteration of the antibody structure during the partial
reduction step of the CODEX conjugation, the high pH antigen
retrieval condition, aberrant oligonucleotide-antigen
interactions, and/or low signal intensity.

Establishment a CODEX antibody panel, as described here,
involves several considerations. First, antibodies must perform as

expected when they intermixed with other antibodies. When
combined, some antibodies may generate unexpected staining
patterns not observed individually, due to aberrant cross-
reactivity between antigens and/or oligonucleotides (43, 44).
Second, multiple overlapping markers must be used to
accurately classify cell-types. For instance, in this panel, Tregs
were defined by co-expression of FoxP3, CD25, CD3, CD4, and
CD45 (and lack of co-expression of non-lineage specific
markers). This ability to visually inspect the spatial expression
pattern of antibodies and cross-validate them against lineage-
specific markers is a unique capability of highly multiplexed
tissue imaging and an important milestone of antibody
validation. Third, the multicycle panel order must be carefully
considered. Importantly, after 10 cycles of iterative washing,
hybridization, and stripping, we observe a slight decrease in
signal strength of nuclear markers (16). Thus, antibodies that
target nuclear markers and other low abundance proteins were
placed in earlier cycles. As marker intensity and tissue
morphology is not otherwise degraded during a multicycle (16,
18), the other markers were distributed to balance the panel
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across the fluorescent channels (i.e., Alexa488, ATTO550, and
Alexa647). Fourth, to prevent fluorescent channel bleed through
that could obscure a weaker signal, care must be taken to avoid
combining within one cycle antibodies that stain different
epitopes on the same cells at drastically different levels of
intensity. For example, in this panel the helper T cell markers
CD4 (strong staining) and CD5 (weak staining) were placed in
different cycles. Finally, markers with low abundance, weak
signal, and/or high background—generally this includes
immunoregulatory proteins—should be imaged with the
Alexa647 channel to overcome low signal-to-noise ratios, often
from high tissue autofluorescence. As signal amplification is
currently absent in CODEX, when further enhancement of the
signal intensity is needed—herein for LAG-3—a reporter
oligonucleotide with fluorescent tags on both the 3’ and 5
ends should be used. A benefit of CODEX antibody panels is
that they are customizable, allowing new tumor, immune,
signaling, and drug target markers to be added as needed.
Additionally, antibodies included in previously described
CODEX panels (16, 18, 19) are compatible with the current
panel and can be incorporated in the future as more unique
oligonucleotides are validated and disclosed.

Immunotherapy is achieved through disruption of specific
cell-to-cell interactions, resulting in activation of tumor
surveillance by the native immune system. While such
treatments are increasingly first-line for numerous cancers, not
all patients derive benefit. The success or failure of
immunotherapy likely depends on the balance between the
expression of the drug-targeted immunoregulatory protein on
immune and tumor cells as well as their location within the TME
(19, 45-47). Multiplexed imaging studies utilizing 20-60 markers
are generally required to achieve novel biomarker discovery
studies (16, 19, 23, 26, 48). The 56-marker panel described
here enables rigorous immunophenotyping and incorporates
eight high value immunomodulatory proteins—ICOS, IDO-I,
LAG-3, OX40, PD-1, PD-L1, TIM-3, and VISTA—that will
empower further work into a better mechanistic understanding
of immunotherapeutic responses (2, 33-37). This study also
identified major differences in immunoregulatory protein
expression between cell-types in CTCL, consistent with that
previously observed with other tumor types (40). For example,
PD-1 and ICOS were strongly expressed on CD4" T cells,
whereas TIM-3 and VISTA were strongly expressed on
macrophages. Furthermore, immunoregulatory protein
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FIGURE 4 | Expression of immunoregulatory proteins on different cell-types. (A) Color overlays of immune (CD4 — green; CD8 — cyan; FoxP3 — blue; CD68 — yellow;
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(B) Percentage of immune (T cells and macrophages) and tumor cells expressing immunoregulatory proteins; mean and standard error across patients. (C) Heatmap
showing the mean percentage of immunoregulatory protein expression for the different T cell, macrophage, and tumor cell populations.

expression was highly variable across CTCL patients, in line with
previous reports (40, 49); some patients had high expression of
numerous markers whereas others had low expression of all
markers. This degree of heterogeneity highlights the importance
of analyzing functional immune molecules in individual patients
and larger patient cohorts. Additionally, since the tissue
microarray cores were obtained from only one area of the skin
tumor biopsy, it is pertinent to incorporate several tissue
microarray cores from the same sample or the whole tumor
section to account for intra-tumor heterogeneity (50-53).

In summary, we developed, optimized, and applied a 56-
marker antibody panel to analyze FFPE tumors by CODEX,

exemplified by its application to CTCL. This panel allows the
composition, location, and cellular state (e.g., proliferation or
cytotoxicity) of TME components to be assessed relative to the
expression of trial-targeted immunoregulatory proteins on
immune and tumor cells. Since the CODEX antibody
conjugation method is similar to that of other multiplexed
imaging platforms, it is likely that the panel described here will
be compatible with MIBI (25, 26), IMC (22), imaging cycler
microscopy (ICM) (54), DNA exchange imaging (DEI) (55),
MultiOmyx (MxIF) (56), and t-CyCIF (29). In our laboratory, we
have had general success in antibody clone transfer between the
CODEX and MIBI platforms. In fact, 22 of 56 antibodies
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included in this CODEX panel have been utilized in prior MIBI
studies (26-28). While slight modifications to the antibody
dilutions may be required when applying this panel across
platforms (i.e., to account for small alterations in signal-to-
noise ratios stemming from the mode of antibody detection:
oligonucleotides in CODEX versus metals in MIBI and IMC),
working knowledge of this panel will save considerable time,
effort, and resources for researchers interested in studying the
TME and immunotherapy responsiveness with multiplexed
tissue imaging approaches. Ultimately, this panel allows
for high-dimensional, spatially resolved characterization of the
TME and offers unprecedented insights into tumor immunology,
tissue architecture, the discovery of immunotherapy biomarkers,
and potential applications beyond.
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Supplementary Figure 1 | Single-staining validations for the major immune cell-
types around a germinal center in tonsil tissue. Four color images of APCs (specifically
DCs), B cells, CD4* T cells, CD8" T cells, granulocytes, M1 macrophages, M2
macrophages, mast cells, NK cells, plasma cells, and Tregs are shown, with the key
marker for the cell-type of interest (cyan), an positive control (red), negative control
(green), and DRAQS nuclear marker (blue). Scale bars, 100 ym.

Supplementary Figure 2 | Experimental workflow for CODEX. Clinical tissue
specimens are stained using the 56-marker panel of antibodies conjugated to
unique DNA oligonucleotides. A multicycle experiment is performed, with iterative
cycles of hybridization of corresponding fluorescent oligonucleotides, imaging, and
chemical stripping of fluorescent oligonucleotides. This results in a 58-dimensional
image depicting protein expression for the 56 antibodies and 2 nuclear markers
(Hoechst and DRAQS5), which can be used to generate 7-color overlay images and
for subsequent analysis.

Supplementary Figure 3 | Tissue microarray of eight CTCL tumor samples.

(A) H&E staining, (B) Hoechst (nuclear) staining, and (C) seven-color overlay images
of cytokeratin (green), vimentin (blue) CD31 (gray), Ki-67 (red), CD45 (cyan), CD3
(magenta), and CD68 (yellow). Scale bars, 100 pm.

Supplementary Figure 4 | CTCL tissue stained with a 56-marker CODEX
antibody panel. A single tissue region with epithelium (top left in each image) and
dermis (remainder of image) is depicted in false gray color for each antibody. H&E
and Hoechst (nuclear) stainings are also shown. Scale bar, 100 pm.

Supplementary Figure 5 | Quantification of marker expression level. The
distribution of expression is plotted for each of the 56 antibodies and DRAQS5 per
patient sample. The black dot represents the median expression and the black lines
represent the standard deviation.
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Supplementary Figure 6 | Expression of immunoregulatory proteins in T cells,
macrophages, and tumor cells. (A-E) Percentage of marker-positive (A) CD4 T
cells, (B) CD8 T cells, (C) Tregs, (D) M1 macrophages, (E) M2 macrophages as a
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