
HIGHLIGHTS:
•	 PhenoCycler-Fusion is the fastest 

spatial biology platform as 
part of an end-to-end solution 
for ultrahigh-plex, whole-slide 
imaging and analysis of 100+ 
protein markers 

•	 Whole-slide deep spatial 
phenotyping reveals 
heterogenous tissue 
microenvironments, not 
otherwise visible with 
conventional methods

•	 Ultrahigh-plex antibody panels 
generate an entire landscape 
of intersecting predictors that 
can provide unique spatial 
signatures allowing us to better 
understand clinical responses 
and therapeutic resistance

Capturing Tumor Heterogeneity  
with Rapid, Deep, Spatial Phenotyping  

  �Avoiding Immune 
Destruction

  �Tumor promoting 
Inflammation

  �Inducing angiogenesis

  �Activating invasion  
and metastasis

  �Deregulating cellular 
energetics

  �Sustaining proliferative 
signaling

  �Evading growth 
suppressors 

  Resisting cell death

100-PLEX

FIGURE 1: : A modified CIRCOS plot diagram representing immune markers and modules 
that when multiplexed together, provide an integrated overview of the landscape of 
tumor progression

INTRODUCTION
Spatial phenotyping is the simultaneous visualization 
and quantification of dozens of biomarkers in situ using a 
single sample while maintaining cellular and sub-cellular 
resolution. Analyzing multiple proteins in conjunction within 
a single tissue section can reveal unexpected patterns and 
associations that are not evident with other methodologies. 
Spatial phenotyping also allows the investigation of 
nuanced behaviors a cell exhibits in its native cellular 
microenvironment. Identification of distinct spatial cellular 
behaviors is a valuable tool in the identification of potential 
therapeutic targets and predictive of the morbidity and 
mortality associated with a given tumor (Philips et al., 2021). 

Here we introduce an ultrahigh-plex single-cell spatial 
phenotyping study of human FFPE head and neck tumor 
tissue aimed at simultaneously unveiling the orchestrated 
and complex tumor heterogeneity. Using the novel 
technology housed within the PhenoCycler-Fusion we 
can perform deep investigations of cancer, providing an 
integrated view of the different pathways that regulate tumor 
progression. 

The PhenoCycler-Fusion system is an automated spatial 
biology platform for whole-slide, single-cell spatial 
phenotyping. The data captured using the PhenoCycler-
Fusion system show the intricacies of intra-tumor 
heterogeneity and aid in revealing mechanisms underlying 

partial therapeutic response. These data were generated 
using a meticulously designed 103-plex antibody panel and 
demonstrate the power of rapid, deep, single-cell spatial 
phenotyping. 

In 2000, the first iteration of a seminal series of papers 
was published that elegantly outlined the fundamental 
characteristics of cancer – referred to as “Hallmarks of Cancer” 
(Hanahan and Weinberg., 2000).  Their goal was to provide a 
conceptual framework outlining the complex phenotypes of 
diverse human tumor types and variants in terms of a set of 
common, underlying cellular parameters (Hanahan., 2022). 
Our panel of hallmarks (Figure 1) includes markers associated 
with avoiding immune distruction, tumor promoting 
inflammation, induction of angiogensis, activating invasion 
and metastasis, deregulation of cellular energetics, sustaining 
proliferative signaling, evading growth suppression, and 
resisting cell death.

Single-cell spatial phenotyping has played a transformative 
role in cancer research and is poised to transform how 
we investigate and identify unique cellular relationships. 
By using a panel of unmatched depth and diversity for 
interogating cancer targets we are able to push the limits 
of cancer research and reveal unique interactions and 
potential therapeutic targets not otherwise apparent with 
conventional techniques. 
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HOW PHENOCYCLER-FUSION WORKS
The PhenoCycler-Fusion workflow is composed of three 
steps – Stain, Image, Analyze. (Figure 2, Top) First, a tissue 
is stained with an entire antibody panel that is either 
predesigned or fully customized. Next, the stained tissue is 
characterized via a cyclical process of Reveal-Image-Remove 
(Figure 2, Bottom). The use of oligonucleotide-conjugated 
antibodies eliminates the need for repeated staining and 
stripping which may compromise the integrity of a sample. 
During each cycle, up to three PhenoCycler reporters 
and DAPI are delivered to reveal up to three cell markers 
at a time. These reporters bind to their complementary 
barcodes on the antibody and fluoresce when excited with 
an appropriate epifluorescent wavelength.

Each cycle with three markers and DAPI is imaged by the 
Fusion platform. After the image is acquired, the reporters 
are gently removed and the cycle repeats until all the 
markers on the panel have been revealed and imaged. 
PhenoCycler-Fusion is compatible with a wide range of 
tissue sample types,  including archived whole-slides, 
formalin-fixed, paraffin-embedded (FFPE) tissues, fresh-
frozen tissues, and tissue microarrays. 

The staining process and fluidics technology have been 
extensively validated to ensure there is no signal carry-over 
between cycles and that signals are reproducible across 
different cycles. The PhenoCycler-Fusion system also 

features in-flight data processing, resulting in a compact, 
ready-to-analyze QPTIFF file. These files are then leveraged 
for computational analysis.

DIVING DEEP INTO THE HALLMARKS OF 
HEAD AND NECK CANCER 
Exploring Head and Neck Cancer with PhenoCycler-Fusion
Head and neck cancers are cancers that develop in the 
lip, oral cavity, larynx, salivary glands, nose, sinuses, or the 
skin of the face. They account for 3% of cancers diagnosed 
annually in the United States with primary risk factors 
including tobacco use, excessive consumption of alcohol, 
and infection with human papilloma virus (HPV) (Siegel, 
et al., 2021). A single standardized treatment for head and 
neck cancers has not been defined. Treatment of head 
and neck cancers are multimodal, involving a combination 
of surgery, radiation, and targeted therapies. Deep spatial 
phenotyping can decipher critical mechanistic insights 
into tumor biology. By deploying a 103-plex panel on 
oropharyngeal carcinoma we deciphered intricate intra-
tumor heterogeneity, and uncovered critical mechanistic 
insights of this tumor’s biology. Utilizing deep spatial 
phenotyping reveals mechanisms underlying clinical 
response, therapeutic resistance, and can be used to 
identify potential therapeutic targets that are not otherwise 
apparent using conventional approaches.

FIGURE 2: The PhenoCycler-Fusion workflow and chemistry.. TOP: PhenoCycler-Fusion is part of a complete workflow that includes reagents and a 
software suite for analysis and visualization. The PhenoCycler instrument integrates with PhenoImager Fusion creating the fastest whole-slide spatial biology 
solution making unbiased spatial discovery practical and fast. BOTTOM: The Reveal-Image-Remove cycles are completely automated on the PhenoCycler-
Fusion instrument for the imaging of over 100 biomarkers in a single experiment.

STAIN
Whole-slide staining of tissues using 

pre-designed or custom antibody panels.

IMAGE
Flow-cell enabled automated whole-slide fluidics 

and iterative image acquisition.

ANALYZE
Visualize and interpret using Akoya's software 

suite or open-source solution.

 PhenoCycler-Fusion WorkFlow

Reveal-Image-Remove
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Designing and Developing a 103-plex Antibody Panel  
A comprehensive panel composed of 103 antibodies 
(Figure 2) involved in cancer pathogenesis was developed 
and validated to assay the hallmarks of cancer. The panel 
was comprised of multiple modules. These modules, 
represented in Figure 2, are color coded so that each 
hallmark is associated with a color or module. The complete 
panel includes a cell profiling core, advanced lymphocyte, 
advanced myeloid, advanced immune, structural, 
metabolic, tissue-specific markers and stress and death 
module specifically curated to provide broad coverage 
across different pathways and mechanisms governing 
cancer progression. Each module reveals critical information 
on one or more hallmarks and, when multiplexed together 
in an ultrahigh-plex panel, provides an integrated overview 

of the landscape of cancer progression. The core module 
consists of cell lineage markers for identification of different 
cell types within the tissue. Building on that further, the 
advanced modules along with the immune activation 
module contain markers for functional status of various 
immune cells. Epithelial, mesenchymal, vascular and 
invasion markers in the structural module were carefully 
chosen to capture the overall tissue architecture and 
framework for tissue form and function. Additionally, 
markers representing key proteins in cellular metabolic, 
proliferation, apoptosis, and DNA damage pathways were 
incorporated into the panel to analyze the complex interplay 
between different cell processes and their dysregulation 
in disease. The panel can also be customized with tissue-
specific markers or custom antibodies of interest.

Immune Cell 
Profiling Core 

Advanced 
Lymphocyte 

Module 
Advanced 

Myeloid Module 
Structural 

Module Metabolism 
Stress &  
Death

Advanced 
Immune Module

CD4 CD107a CD163 E-cadherin ASCT2 PARP HLA-DPB1

CD68 CD21 CD11b CD31 Na/K ATPase BAK LEF1

CD20 Pax5 MPO Histone H3 HK1 BCL-XL GAL9

CD11c FOXP3 CD141 β-actin LDHA BAX CD138

CD8 Gran B iNOS Podoplanin G6PD BAD MC Tryptase

HLA-DR CD38 Immune 
Activation 

Module 

SMA IDH2 Cyt. c OX40

Ki67 CD39 Vimentin GLUT1 LC3B ZAP70

CD45RO CD79α PD-1 Collagen IV pNRF2 Beclin-1 CD7

PanCK TIGIT PD-L1 CD34  ATPA5 H2AX C1Qα

CD3ε Tissue
Specific/
Custom

ICOS β-catenin SDHA Proliferation CCR6

CD44 TIM3 MMP-9 Cit. Syn CD15

CD45 TP63 LAG3 ZEB1 CPT1A pRPS6 AXL

HLA-A S100A4 IDO1 PCNA CD227

CD14 TFAM CD40 Cyc D1

CD56 GP100 HLA-E

CD57 LaminB1 IFNG

CD19 CK17 CD69

CD2 CK19

CD1a GATA3

SOX2

EpCAM

Caveolin

  Avoiding Immune Destruction

  Tumor promoting Inflammation

  Inducing angiogenesis

  Activating invasion and metastasis

  Deregulating cellular energetics

  Sustaining proliferative signaling

  Evading growth suppressors 

  Resisting cell death

100-Plex

FIGURE 3: The 103-plex antibody panel includes markers for cell lineage, immune activation, check points, cellular energetics, mediators of proliferation, 
metastasis, and stress response. Adapted from Hanahan, Cancer Discov (2022) 12(1): 31-46 
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TABLE 1 SPECIMEN

Tissue Type FFPE 
Oropharyngeal 
Squamous Cell 

Carcinoma

FFPE  
Human Tonsil

Markers 103 Antibodies 103 Antibodies

Tissue 
imaging area

1.2 cm x 1.4 cm 1.3 cm x 1.8 cm

Fluidics time 38 cycles | 44 hours 38 cycles | 50 hours

Data size 24 gigabytes 46 gigabytes

Number of 
cells

832,823 cells 2,253,539 cells

RAPID IMAGING AND DATA PROCESSING 
WITH THE PHENOCYCLER-FUSION 

Akoya’s Applications laboratory in collaboration with Dr. 
Arutha Kulasinghe at the Univeristy of Queensland who 
provided the tissue sample and Abcam who provided 
many of the antibodies used in this experiement as well 
as technical oversight, conducted a first of its kind 103-
plex PhenoCycler study. A large human formalin-fixed, 
paraffin-embedded section measuring 1.3 cm x 1.8 cm, 
collected from a patient with oropharyngeal carcinoma was 
analyzed using PhenoCycler-Fusion. As control tissue we 

used a healthy human tonsil section processed identically. 
Both tissue specimens underwent iterative PhenoCycler 
reporter-mediated revelation of 3 biomarkers plus DAPI per 
cycle, for a total of 38 cycles. Table 1 lists characteristics and 
experimental timings for both samples. Using PhenoCycler-
Fusion, Akoya’s application scientists were able to image 
over 800,000 cells contained in the carcinoma sample 
hands-free, in 44 hours. Data were processed in parallel 
with image acquisition and written into a well-documented 
QPTIFF file format resulting in a comparatively small data 
size of 24 gigabytes.

FIGURE 4 LEFT: Deep spatial phenotyping reveals the complex topography and disruption of normal tonsil architecture in tumor tissue. Four distinct 
tumors are shown within the tissue (shown in blue, purple, green and orange) with varying abundance of immune, proliferating, epithelial, and vascular 
cell types compared to the normal lymphoid area (red) and the normal squamous epithelium (black) RIGHT: The accompanying bar chart represents the 
tumor regions and highlights the importance of single-cell spatial phenotyping to understand the complexities and nuances of tumor progression.

DEEP SPATIAL PHENOTYPING REVEALS 
THE UNEXPECTED 
The Power of Ultrahigh-plex Spatial Phenotyping 
Deep spatial phenotyping of the FFPE tumor tissue with 
a 103-plex panel revealed a high degree of intra-tumor 
heterogeneity. Four different tumor neighborhoods with 
unique immune microenvironments were identified (Figure 
4). Quantification of immune cell subsets within the sample 
revealed that Tumor 4 (orange) had the highest degree 
of CD8 and M1 macrophage infiltration relative to the 
other tumor regions. Tumor 3 (purple), on the other hand, 
had the highest tumor cell burden with low immune cell 
infiltration (Figure 4, Right). The differences in immune cell 
subsets alone between the four tumor regions can reveal 
important insights into how the degree of intra-tumoral 
heterogeneity may have contributed to the partial response 
to immunotherapy seen in this patient. If we look at the 
histogram (Figure 4, Right) we can see tumor 3 (purple) 
has a far higher proportion of tumor cells (shown in brown) 
compared to tumor 4 (orange). With the 103-plex panel, we 
can now dig even deeper to get a more integrative view of 
metabolic, proliferation and stress pathways that have an 
impact on the clinical response.

The 103-plex antibody panel highlighting unique hallmarks 
of cancer revealed the presence of at least 14 distinct cell 
phenotypes, including B cells, T cell subsets, dendritic 
cells, monocytes, NK cells, proliferating cells, macrophage 
subsets, ductal epithelial, esophageal submucosal glands 
(ESMG), squamous epithelia, vascular endothelium, 
lymphatic vessels, and tumor cells (Figure 4, Left). 

Hematoxylin and Eosin staining 
Almost all specimens processed in a histopathology 
laboratory will undergo a hematoxylin and eosin staining 
(H&E). Examination of histological specimens with H&E 
staining is considered the clinical standard with several 
key benefits including low cost, ease of performance, and 
conduciveness to automation. However, H&E staining has 
several drawbacks, often requiring additional assays to get 
a complete picture of a particular condition. H&E staining is 
also prone to the bias of the pathologist viewing the slide, 
for example, some pathologists prefer a particular staining 
pattern such as light or dark staining (Titford., 2009). Deep 
spatial phenotyping can alleviate many of the concerns 
posed with H&E in addition to providing a highly detailed 
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perspective on the tissue being examined. H&E stained 
tissue (Figure 5) does not show the complex topography 
and disruptions throughout the tonsil architecture which 
allowed for the discovery of distinct cellular and tumor 
regions. Deep spatial phenotyping with PhenoCycler-
Fusion also allows the consistent application of biomarkers, 
preventing user bias when interpreting slides and enabling 
dependable interpretations of the stained tissues. 

CONCLUSIONS AND FUTURE STEPS
Tumor progression is nuanced and complex and as 
demonstrated by this study requires deep spatial 
phenotyping to fully elucidate the intricate tumor 
microenvironment and potential therapeutic targets. 
The power of rapid, deep single-cell spatial phenotyping 
enabled by PhenoCycler-Fusion represents a giant leap in 
the potential for studying the pathogenesis of cancer and 
understanding the mechanisms that drive clinical response 
and therapeutic resistance. A meticulously designed, 
ultrahigh-plex antibody panel was able to decipher critical 
mechanistic insight into tumor biology. Whole-slide 
spatial phenotyping uncovered intricacies of intra-tumor 
heterogeneity not otherwise seen with conventional H&E 
staining. 

Deep spatial phenotyping of this magnitude would take 
weeks using other methodologies with output files that 
are many terabytes in size. With PhenoCycler-Fusion, the 

validation and experimental data sets were imaged and 
analysis-ready in about 2 days. The resulting imaging files 
were manageable, the validation specimen used 46 GB of 
hard drive space and the head and neck cancer specimen 
required only 24 GB. Rapid and robust data acquisition 
coupled with manageable output files make PhenoCycler-
Fusion an ideal solution for investigating tissue specimens 
from other organs and cancer types such as cancers of the 
gastrointestinal tract, breast, and skin. 
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FIGURE 5 LEFT: Hematoxylin and eosin stained (H&E) tonsil tissue with oropharyngeal squamous cell carcinoma. RIGHT: Whole-slide staining with 103-plex 
antibody panel with markers SOX2, DC8, GLUT1, B-ACTIN, CD4- and B-CATENIN imaged on the PhenoCycler-Fusion system
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