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Introduction

Cancer cells vary significantly between tumors from different patients as well

as between cancer cells from the same tumor?®. The latter phenomenon, called
intra-tumor heterogeneity (ITH), affects various aspects of tumor biology, including
progression, metastasis and therapy resistance. Itis, therefore, crucial to understand
the causes and consequences of ITH.

Traditionally, pathologists studied ITH through routine H&E stainings. With the advent
of the genomics area, ITH was also analyzed by bulk genome and transcriptome
sequencing and, more recently, by single-cell RNA sequencing (ScCRNA-Seq)*. New
methods are currently being developed to add spatial context to scRNA-Seq studies;
however, most of these technologies still lack true single-cell resolution®. Moreover,
for many research questions, the expression of targets of interest is more relevant on
the protein than the RNA level.

Using the concept of highly multipleximmunofluorescence imaging, new platforms
bridge this gap and make it possible to visualize dozens to potentially hundreds of
proteins using conventional antibodies conjugated to either unique DNA barcodes
(PhenoCycler® Fusion), metals (Multiplexed Ion Beam Imaging) or by bleaching (Cyclic
Immunofluorescence)*. Abcam offers the largest catalog of high-quality carrier-free
antibodies (BSA and azide free), crucial for antibody conjugation. This broad choice
makes it possible to generate custom antibody panels that not only target canonical
epitopes of cells of the tumor microenvironment (TME) but also different cancer cell
states that drive ITH. Gene signatures for cancer cell states derived from scRNA-seq
allow visualization of cancer subpopulations at the protein level with true single-cell
resolution; this opens new avenues to understanding cell-cell interactions in complex
tissues like cancer and to derving new treatment strategies from this knowledge.

In this study, we highlight how using a 40-plex antibody panel with the PhenoCycler®
Fusion platform allowed us to investigate the spatial architecture of glioblastoma
(GBM), the most aggressive and most common type of brain cancer. We focus on the
heterogeneity of different cancer cell states and analyze their spatial relationship

to each other and to the most common cells of the TME (endothelial, T cell, B cell,
macrophage, oligodendrocyte, neuron, astrocyte).
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Development of a fluorescent
IHC multiplex panel to study
cancer cell states and their
relationship in glioblastoma

Methods

Antibody selection

The major goal of this study was to identify cancer cell states as previously defined
by sScRNA-Seq’. To this end, we checked the top 50 genes in each cell state gene
signature and created a priority list based on the following criteria:

i) Carrier-free antibody available.

i) Moderate to high predicted RNA/protein correlation based on the Human Protein
Atlas.

i) Expected compartment: nuclear > membrane > cytosol. Secreted proteins were
excluded.

iv) Reasonable staining pattern in GBM based on the Human Protein Atlas.

The top 3-5 candidates for each signature underwent quality control and validation
steps (see Figure 1).
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Figure 1. Overview of antibody selection workflow.

Antibody validation

Antibodies were initially validated with conventional fluorescent
immunohistochemistry on human fresh frozen GBM samples (see Figure 2). Fresh
frozen sections were fixed with 4% PFA for 20 minuets and blocked with 4% BSA and
0.25% TritonX-100 for 30 minuets.

Primary antibodies were incubated overnight at 4 °C, and fluorochrome-conjugated
secondary antibodies were incubated for two hours at room temperature. Antibodies
that passed this first validation step were conjugated to unique DNA barcodes.
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Antibody conjugation

Antibodies from Abcam were available in carrier-free formats, avoiding the need

for antibody purification, e.g., BSA removal. Fifty micrograms of each antibody were
conjugated using conjugation kits from Akoya Biosciences following the manufacturer
protocol (see Figure 2). The conjugation success rate was 78%, which is above the
reported average success rate of 70%. Staining specificity and quality was stable upon
storage > 1.5years at4°C.
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Figure 2. Overview of antibody validation and conjugation workflow.

Antibody panel

Table 1. Antibodies, fluorochromes, and experimental conditions validated for cyclic immunofluorescence of GBM
sections.

Stain Target Reporter Fluorochrome Antibody Exposure ablID Clone

cycle dillution time(ms)

Cycle1 (CD45 RX001 Alexa Fluor®488 1/200 150 NA (Akoya)
CD3 RX015 Alexa Fluor® 647 1/400 150 NA (Akoya)
CD69 RX041 Atto 550 1/200 150 NA (Akoya)

Cycle2 CD90 RX022 Alexa Fluor®488 1/400 150 NA (Akoya)
CD11c  RX027 Alexa Fluor®647 1/200 150 NA (Akoya)
Ki67 RX047 Atto 550 1/200 150 NA (Akoya)

Cycle3 (D8 RX004 Alexa Fluor®488 1/200 200 NA (Akoya)
CD4 RX021 Alexa Fluor® 647 1/200 200 NA (Akoya)
HLA-DR RX026 Atto 550 1/265 150 NA (Akoya)

Cycle4 FN1 RX034 Alexa Fluor®488 1/1300 150 ab268022 EPR23110
SOX10  RX050 Alexa Fluor® 647 1/200 170 ab220078 EPR4007-104
CD31 RX032 Atto 550 1/200 200 NA (Akoya)

Cycle5 VIM RX025 Alexa Fluor®488 1/1000 150 091D3
PLP1 RX006 Alexa Fluor® 647 1/600 150 ab275751 EPR23504-106
PDPN RX023 Atto 550 1/100 150 NA (Akoya)

Cycle6 GFAP RX031 Alexa Fluor®488 1/600 150 SMI124
EGFR RX030 Alexa Fluor® 647 1/225 150 ab272293  EP38Y
CD279 RX014 Atto 550 1/200 200 NA (Akoya)
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Cycle6 GFAP RX031 Alexa Fluor®488 1/600 150 SMI24
EGFR RX030 Alexa Fluor®647 1/225 150 ab272293  EP38Y
CD279 RX014 Atto 550 1/200 200 NA (Akoya)
Cycle7 SOx4 RX007 Alexa Fluor®488 1/100 150 ab237903  SOX4/2540
CD14 RX024 Alexa Fluor®647 1/100 175 HCD14
DCX RX020 Atto 550 1/400 150 ab222921 EPR19997
Cycle8 AQP4 RX010 Alexa Fluor®488 1/200 150 ab282586 EPR24281-65
OLIG2  RX045 Alexa Fluor® 647 1/200 150 ab220796 EPR2673
NeuN RX054 Atto 550 1/150 175 ab209898 EPR12763
Cycle9 PDGFRA RX016 Alexa Fluor®488 1/100 150 ab234965 EPR22059-720
CA9 RX033 Alexa Fluor® 647 1/300 150 ab270401 EPR23055-5
GLUT1T  RX052 Atto 550 1/1400 150 ab252403 EPR3915
Cycle10 BCAN RX040 Alexa Fluor® 488 1/800 150 ab285169 EPR25743-59
CD44 RX042 Alexa Fluor® 647  1/400 150 IM7
p53 RX037 Atto 550 1/400 150 ab225531 E26
Cycle11 GAP43  RX019 Alexa Fluor®488 1/400 150 ab219582  EP890QY
CD163  RX043 Alexa Fluor® 647 1/400 150 GHI/61
NDRG1T RX029 Atto 550 1/100 175 ab226082 EPR5593
Cycle12 APOD RX028 Alexa Fluor®488 1/600 150 ab261911 EPR22967-72
SOX2 RX036 Alexa Fluor® 647 1/65 200 ab215970 EPR3131
Cycle13
S100B  RX046 Alexa Fluor® 647 1/300 150 E7C3A
APOE RX005 Atto 550 1/65 200 D6E10
Cycle 14
CHI3L1T  RX017 Atto 550 1/65 200 ab255864 EPR19078-157
Cycle 15
CD19 RX003 Alexa Fluor® 647 1/200 150 NA (Akoya)
MAP2 RX035 Atto 550 1/100 150 ab288577 RM1037
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PhenoCycler® Fusion run

PhenoCycler® Fusion runs were performed using the custom-conjugated antibodies
in combination with pre-conjugated antibodies from Akoya Biosciences (see Figure 3).
Tissue staining was performed following the manufacturer’s instructions.

The final cycling experiment and imaging were performed using the PhenoCycler®
Fusion and the Phenolmager® platform (both Akoya Biosciences). This part of the
experimentis fully automated and generates a fully post-processed pyramidal
whole-slide image containing all fluorochrome channels (n=40), together with DAPI
with 20x magnification. Following the PhenoCycler® Fusion run, samples were stained
with H&E and, again, imaged at 20x magnification with the Phenolmager® platform.

Phenotyping and spatial analysis

Nuclear cell segmentation was performed using StarDist® as a plugin in QuPath™
generating single-cell features containing centroids and the mean staining intensity
for every marker. The single-cell expression matrix was exported to R, and cell
phenotypes were derived by a custom clustering workflow. Spatial analyses were
performed using custom scripts (see Figure 3).
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Figure 3. Overview of multiplex workflow and spatial analysis workflow.
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Results

Phenotyping

Phenotyping was performed by clustering mean intensities per marker per
segmented single cell (see Figure 4).
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Figure 4. The first row shows representative PhenoCycler® Fusion immunofluorescence images using the indicated
channels from the indicated malignant and non-malignant regions. The second row depicts the corresponding
segmentation masks color-coded by their phenotypes.

Deciphering spatial architecture in GBM

Neighborhood analyses revealed the very structured architecture of GBM

following a layered model, with layers ranging from mesenchymal-hypoxia-like and
mesenchymal-like cancer cells to neurodevelopmental cancer cell states (see Figure 5
and Figure 6).

For more detailed results, please refer to our pre-print: https://doi.org/10.1101/2023.
07.06.547924M,

CHI3I1 (MES) (my d) CD31 (endothelial)

Figure 5. PhenoCycler® Fusion immunofluorescence image using the indicated channels. The image reveals GBM
layers ranging from mesenchymal-hypoxia-like (Mes-Hyp marked by NDRG1) and mesenchymal-like cancer cells
(MES marked by CHI3I1) over microvascular proliferation (endothelial cells marked by CD31) with myeloid infiltration
(CD11¢) to neurodevelopmental cancer cell states (OPC marked by OLIG2 and NPC marked by DCX).
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https://www.biorxiv.org/content/10.1101/2023.07.06.547924v1
https://www.biorxiv.org/content/10.1101/2023.07.06.547924v1

Figure 6. The left panel depicts a PhenoCycler® Fusion immunofluorescence image using the blue (DAPI), green
(CD11c = myeloid), turquoise (DCX = NPC) and pink (CD31 = endothelial) channel. The center panel shows the

respective segmentation masks color-coded by the cell phenotype. The right panel depicts the connections between
cell centroids by Delaunay-triangulation.
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Conclusion

In this study, we applied a 40-plex antibody panel to 12 GBM samples from different
tumor regions of six patients. We robustly identified 19 cell types/states in a total of
500,738 cells. Using spatial neighborhood analysis, we identified cell pairs that are
robustly spatially connected, resulting in a very structured spatial architecture of GBM.

Our study demonstrated that highly multiplex immunofluorescence imaging using
custom antibody panels is feasible, generates reproducible true single-cell spatial
proteomics data and leads to new biological insights.
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Additional resources

Achieve the highly reproducible results your research requires with recombinant
monoclonal antibodies. Available in a carrier-free format for easy antibody
labeling and sandwich immunoassay development. Visit https://www.abcam.com/
primary-antibodies/pbs-only-formulations-for-recombinant-rabmab-antibodies.
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