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Abstract

Successful cancer treatment continues to elude modern medicine and its arsenal of therapeutic 

strategies. Therapy resistance is driven by significant tumor heterogeneity, complex interactions 

between malignant, microenvironmental and immune cells and cross talk between signaling 

pathways. Advances in molecular characterization technologies such as next generation 

sequencing have helped unravel this network of interactions and identify druggable therapeutic 

targets. Tyrosine kinase inhibitors (TKI) are a class of drugs seeking to inhibit signaling 

pathways critical to sustaining proliferative signaling, resisting cell death, and the other hallmarks 

of cancer. While tumors may initially respond to TKI therapy, disease progression is near 

universal due to mechanisms of acquired resistance largely involving cellular signaling pathway 

reprogramming. With the ultimate goal of improved TKI therapeutic efficacy our group has 

developed intracellular paired agent imaging (iPAI) to quantify drug target interactions and 

oligonucleotide conjugated antibody (Ab-oligo) cyclic immunofluorescence (cycIF) imaging to 

characterize perturbed signaling pathways in response to therapy. iPAI uses spectrally distinct, 

fluorescently labeled targeted and untargeted drug derivatives, correcting for non-specific drug 

distribution and facilitating quantitative assessment of the drug binding before and after therapy. 

Ab-oligo cycIF exploits in situ hybridization of complementary oligonucleotides for biomarker 

labeling while oligonucleotide modifications facilitate signal removal for sequential rounds 

of fluorescent tagging and imaging. Ab-oligo CycIF is capable of generating extreme multi-

parametric images for quantifying total and phosphorylated protein expression to quantify protein 

activation, expression, and spatial distribution. Together iPAI and Ab-oligo cycIF can be applied 

to interrogate drug uptake and target binding as well as changes to heterogenous cell populations 

within tumors that drive variable therapeutic responses in patients.
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1. INTRODUCTION

The promise of molecularly targeted therapy for cancer patients has largely not been realized 

due to adaptive resistance following monotherapy, resulting in short term response but 

lacking in long term cures. Unraveling the complexities of adaptive resistance is challenging 

because it is a complex interplay of drug distribution and target engagement as well 

as multifaceted and dynamic interactions between the tumor and its microenvironment. 

Important to the understanding of adaptive resistance mechanisms is that our comprehension 

of cancer and successful treatment strategies has evolved from a collection of rapidly 

proliferating cells to a diverse population that evades death through oncogenic dysregulation 

of signaling pathways and complex interactions with the tumor microenvironment.1, 2 

Large-scale cancer genome sequencing efforts have been used extensively to identify 

novel drug targets, but success has been tempered since cancers are known to be 

heterogenous both within a single tumor as well as between the primary tumor and 

metastatic spread. Additionally, DNA and RNA analyses of single patients are indirect 

measures of functional cell-signaling proteins – the actual target of the majority of molecular 

therapeutics.3 Proteomics has since emerged as a powerful tool in cancer therapy prediction 

and evaluation, where the significance of protein expression, function, protein-protein 

interactions, and spatial organization of key tumor biomarkers has been directly validated. 

Despite these advances, significant challenges still exist to translate our knowledge of 

cancer genomics and proteomics into personalized medicine, including: identification of 

druggable targets, interpreting genomic heterogeneity, and designing durable therapeutic 

regimens in the context of adaptive resistance.4–7 Further, it is now understood that 

although monotherapy may achieve diminishment of sensitive subpopulations, it may 

inadvertently result in the outgrowth of “resistant persister cells.”8 These resistant cell 

subpopulations eventually lead to disease progression with limited therapeutic options. 

Identification of resistant cell subpopulations and unraveling their mechanisms of resistance 

in response to therapy is critical to highly personalized treatments to address both genetic 

aberrations and resistance vulnerabilities, resulting in potent cancer cures. Therefore, 

proteomic quantification tools to assess plasticity at the cellular level in response to therapy 

are necessary to evaluate new treatment regimens that will effectively address adaptive 

resistance mechanisms in distinct inter- and intra-tumoral subpopulations.

Efficacious therapeutics capable of treating heterogenous tumors require robust drug target 

engagement in the complex setting of the diseased tissue, where outcomes are dictated by 

duration, completeness and cellular heterogeneity of drug target engagement.9, 10 Major 

contributing factors to therapeutic failure are insufficient drug target engagement, off-target 

activity and cell signaling pathway reprogramming as a mechanism of adaptive resistance. 

Drug target engagement and off-target activity are typically assessed by bulk sampling of 

plasma or tissue, yielding a heterogenous average, and thus lacking single cell resolution of 
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drug distribution and target binding.11–13 An assortment of small molecule drugs and protein 

targets with labeling modifications have been generated to facilitate direct visualization of 

tissue distribution and target engagement.13–18 While useful for spatial assessment, labeling 

modifications can vastly alter drug distribution, fail to assess untargeted drug accumulation 

and lack single cell resolution.19–22 Recently, a novel method using the parent drug and 

a companion fluorescently labeled drug detected by fluorescence polarization microscopy 

was developed, but requires multiple doses or repeated imaging to achieve quantitative 

measures.10

To facilitate quantification of cell-to-cell variation in tissues, we have adapted a technique 

from autoradiography termed Paired Agent Imaging (PAI). PAI was originally created for 

quantitative imaging in vivo, where signal from non-specific accumulation of protein-based, 

radiolabeled affinity reagents in malignant tissue was corrected for by co-administration 

of a control antibody labeled with an isotope of different energy.23 This technique has 

been reinvigorated by the optics community and used extensively by our group and others, 

where spectrally-distinct targeted and untargeted imaging agents are used to correct for 

non-specific uptake, providing quantitative in vivo or ex vivo assessment of receptor 

density.24–28 We have recently extended the PAI technique to small molecule therapeutics 

using spectrally-distinct, fluorescently-labeled targeted and untargeted drug derivatives, such 

as tyrosine kinase inhibitors (TKIs) to label intracellular targets for intracellular PAI (iPAI). 

By collecting images of the targeted and untargeted agents, we can calculate (1) the number 

of available drug targets in untreated samples (drug target availability, DTA), aiding in 

prediction of effective dose, and (2) the number of occupied drug targets in treated samples 

(drug targeted occupancy, DTO), quantifying intracellular drug target engagement on 

individual cells (Figure 1). Notably, although our technique relies on fluorescently-labeled 

drugs for quantification, all treatment is completed with the parent drug and is thus classified 

as a label-free method with quantitative assessment of the interaction of the parent drug with 

its native target.

Additionally, there still remains a need for methods of measuring mechanisms of 

resistance via cell signaling pathway reprogramming. It is necessary to characterize 

cell signaling pathway reprogramming on the same cell-by-cell basis as drug target 

engagement is identified for an accurate measure of therapeutic response. Typically cell 

signaling is measured in cell lysates, which lack spatial context. Alternatively, highly 

multiplexed immunostaining technologies offer in situ measurement of cell signaling 

perturbations with single cell resolution. Highly-multiplexed immunostaining techniques 

have evolved as a popular means for quantitative spatial proteomics. Two main methods 

employ (1) conventional antibody staining techniques (i.e., immunofluorescence [IF] or 

immunohistochemistry [IHC]) in a cyclic fashion or (2) mass spectroscopy imaging 

using rare earth metal labeled antibodies.29–36 These advanced immunostaining strategies 

have seen widespread adoption due to their natural integration into conventional staining 

protocols. In order to generate high-dimensional images, cycles of staining, imaging and 

signal removal (e.g., antibody stripping34, 36, 37 or fluorophore bleaching29, 30, 38) are 

utilized to create spatial maps of the proteome. While effective, these cyclic protocols 

generally require weeks to complete antibody staining and the harsh signal removal 

conditions commonly damage antigenicity and tissue integrity as cycle number increases.39 
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Mass spectroscopy imaging (i.e., CyTOF,40 MIBI,31, 33 etc.) does not require cycling due 

to the detection of unique target mass-to-charge ratios, resulting in reduced imaging times 

to generate the same highly multiplexed dataset. However, mass spectroscopy imaging 

resolution is limited by laser spot size, resulting in poor detection of individual cells. 

Additionally, low abundance antigens, such as phosphoproteins, which will be required to 

interpret cell signaling pathways, can be challenging to detect by mass spectroscopy imaging 

due to detection sensitivity of the technique. To bridge the utility of cyclic immunostaining 

and mass spectroscopy imaging, hybrid techniques use unique antibody tags, such as DNA 

barcodes,41 that are assigned to antibodies of interest, analogous to the rare earth metal 

tagged antibodies. This permits one staining step with a “master mix” of antibodies, rather 

than multiple cycles of antibody staining and signal removal. To date, detection methods 

include cleaving DNA barcodes from antibodies for hybridization to complementary 

fluorescent barcodes for protein expression quantification (i.e. Nanostring41, 42) or 

hybridization to complementary oligonucleotide sequences labeled with fluorophore as 

developed and optimized by our team. We utilize oligonucleotide labeled antibody (Ab-

oligo) cyclic immunofluorescence (cycIF) to generate highly multiplexed, high resolution 

images on a single sample. Ab-oligo cycIF uses photocleavable linkers located on the 

complementary imaging strands (IS), for signal removal to facilitate cyclic rounds of 

labeling (Figure 2).

Fully realized personalized therapy will include curated drug selection based on inter- and 

intra-tumoral heterogeneity and how these dictate therapeutic response and efficacy. Our 

complementary iPAI and Ab-oligo cycIF imaging technologies facilitate quantification of 

drug target engagement, tumor biology and adaptive resistance mechanisms, resulting in the 

only methodology to simultaneously visualize and quantify the complex interactions that 

define effective cancer therapy on a single cell basis. Herein, we describe the combination 

of iPAI and Ab-oligo CycIF to generate a high dimensional image set characterizing with 

single cell resolution DTA, EGFR cell signaling and cell state.

2. METHODOLOGY

2.1 Mouse xenograft model

Athymic nude mice (Homozygous 490, Charles River Laboratories, Wilmington, MA) were 

subcutaneously implanted with A-431 human skin cancer cells, which were expanded 

in vitro in appropriate growth media (DMEM + 10% fetal bovine serum [FBS, VWR 

Scientific, Radnor, PA] + 1% penicillin/streptomycin). Cells were trypsinized, counted and 

resuspended in growth media to a concentration of 2 × 107 cells/ml. Mice were anesthetized 

using a dose of 100 mg/kg ketamine (Hospira Inc., Lake Forest, IL) and xylazine was 

administered at a dose of 10 mg/kg (AnaSed, Shenandoah, IA) by intraperitoneal injection. 

The mice were then implanted with A-431 cells into each rear flank at a final concentration 

of 1 × 106 cells/flank in 50% v/v Matrigel (Corning Inc., Corning, NY), resulting in two 

tumors/mouse. For implantation, the syringe was inserted and held in place for 5 seconds 

following completion of the injection to prevent any cell suspension leakage. The mice were 

monitored daily after implantation for tumor growth.
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2.2 iPAI imaging agents

Two fluorescent agents, both derivatives of the Erlotinib which targets epidermal growth 

factor receptor (EGFR) were used in this study: 1) Erl-SiTMR was used as the cell 

membrane permeant iPAI targeted agent to be imaged in the Cy5 channel; 2) Erl-TMR 

was used as the cell membrane permeant iPAI untargeted agent to be imaged in the Cy3 

channel. The agents were injected into the cell line derived xenograft (CDX) bearing mice 

simultaneously via tail vein injection at a concentration of 3.5 mg/kg for both the targeted 

and untargeted iPAI agents.

2.3 Ab-oligo conjugation

Monoclonal antibodies were purchased from AbCam (Cambridge, UK), Thermo Fisher 

Scientific (Waltham, MA), or Cell Signaling Technology (Danvers, MA) to the following 

targets: cytokeratin 8 (CK8), Ki-67, E-Cadherin (E-Cad), CoxIV, and phosphorylated EGFR 

(pEGFR). A unique dibenzocyclooctyne (DBCO) or amine-terminated single-stranded 

oligonucleotide (docking strand, DS, 28 mer in length) was obtained from Integrated 

DNA Technologies (IDT, Coralville, IA) to conjugate to each primary antibody. Prior 

to modification, the IgG antibodies were purified from storage buffers including excess 

azide reagent using 50 kDa Amicon filters (EMD Millipore, Burlington, MA). Antibody 

modification and oligonucleotide (oligo) conjugation were performed using the SiteClick™ 

Antibody Azido modification kit (Thermo Fisher Scientific) following the manufacturer’s 

instructions. Excess oligo was removed using a 100 kDa Amicon filter. After purification, 

the absorbance of the Ab-oligo conjugate was measured on a Spectramax M5 (Molecular 

Devices, San Jose, CA). The maximum absorbance of the antibody and conjugated DS were 

measured at 280 and 260 nm, respectively. Using the estimated extinction coefficient of 

210,000 M−1cm−1 for all antibodies and the manufacturer reported extinction coefficient for 

each DS, the approximate Ab-oligo conjugation ratios were calculated.

2.4 iPAI fluorescence microscopy and signal removal

Frozen A431 xenograft tissue blocks were sectioned at 10 μm thickness and one section 

adhered to each slide. The slides were then imaged on a Zeiss Axio Scan.Z1 (Carl Zeiss AG, 

Oberkochen, Germany), equipped with a Colibri 7 (Carl Zeiss) light source and Orca Flash4 

v.2 (Hamamatsu, Hamamatsu City, Japan). The targeted iPAI probe image, Erl-SiTMR was 

collected in the Cy5 channel and the untargeted probe, Erl-TMR, was collected in the Cy3 

channel. After image acquisition, iPAI signal was removed from the tissue by washing 3x-5 

minutes (min) with 1X PBS, pH 7.4. The tissue was reimaged to confirm complete removal 

of iPAI probe from the tissue prior to antibody staining.

2.5 Multiplexed Ab-oligo staining, imaging and signal removal

Following iPAI signal removal, the coverslip was removed and tissue incubated in 2% 

paraformaldehyde (PFA, Sigma-Aldrich) at room temperature (RT) for 15 min and then 

washed with 1X PBS, pH 7.4 (3 × 5 min). Tissue was then permeabilized using 1X PBS, 

pH 7.4 + 0.3% Triton X-100 for 15 min at RT and washed with pH 7.4 PBS (3 × 5 min). 

The slides were blocked at RT for 30 min in Ab-oligo blocking and dilution buffer which 

contained 2% bovine serum albumin (BSA, bioWORLD, Dublin, OH), 0.5 mg/mL sheared 
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salmon sperm DNA (Thermo Fisher Scientific) and 0.5% dextran sulfate (Sigma-Aldrich, 

St. Louis, MO) in 1X PBS, pH 7.4. The 5 selected Ab-oligo conjugates were combined 

into a single cocktail solution and diluted in the Ab-oligo blocking and dilution buffer to a 

final protein concentration for each conjugate of 15 μg/mL. The tissue sections were covered 

with 40 μL of the diluted Ab-oligo conjugate cocktail and incubated at 4 °C overnight in a 

humidified chamber. The next day, the sections were washed with 2X saline-sodium citrate 

(SSC) buffer, pH 7 (VWR, Radnor, PA) for 3 × 5 min. The sections were fixed in 2% PFA 

for 15 min at RT, then washed again in 2X SSC buffer (3 × 5 min).

The tissues stained with the Ab-oligo conjugates were labeled with IS in rounds, where IS 

labeled with distinct fluorophores and complementary to specific Ab-oligos were stained at 

350 nM in each staining round. Serial sections were used for staining with the Ab-oligo 

cocktail or IS only as a negative control. A DNA-selective dye that is fluorogenic in the Cy2 

channel, Nuclear Green from AbCam (Cambridge, UK), was applied to the slides at a final 

concentration of 100 nM for 10 min at RT before washing with 2x SCC (2 × 5 min).

Antibody stained slides were imaged on a Zeiss AxioScan.Z1. Images were collected in all 

4 channels (Cy2, Cy3, Cy5, Cy7). All stained slides were treated with UV light for 15 mins 

through the coverslip followed by washing 10 times with 0.1X SSC and remounted with 

Fluoromount-G. Finally, the slides were imaged with the same settings used prior to UV 

treatment to quantify any remaining signal. Subsequent rounds of IS addition, imaging and 

signal removal were repeated until all Ab-oligo conjugates were imaged.

2.6 Image processing and visualization

The iPAI model used in this study calculated the drug target availability (DTA) by first 

normalizing the fluorescence data between the untargeted probe in the Cy3 channel and 

targeted probe in the Cy5 channel. This was calculation was performed with a custom 

MATLAB script. The calculation for the DTA was then made with the following equation:

DTA = Targeted Fluourescence − Untargeted Fluorescence
Untargeted Fluorescecne

To visualize the Ab-oligo CycIF image data, the separate whole tissue images from each 

round of Ab-oligo imaging were registered in QiTissue (Pittsburgh, PA) using the DAPI 

signal in each round. The fluorescence signal intensity was then adjusted manually to 

display the marker specific staining pattern and false colored to create the visualization.

3. RESULTS AND DISCUSSIONS

The application of iPAI and Ab-oligo cycIF on the same tissue demonstrates the ability 

for high dimensional analysis measuring drug target availability (DTA) as well as cell 

phenotype and signaling pathway perturbations with single cell resolution. The process of 

combining the two technologies into a single methodology is performed by imaging iPAI 

probes, removing the iPAI signal, staining and imaging an Ab-oligo CycIF panel followed 

by image registration to facilitate high dimensional image analysis.
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Here, an A431 xenograft was grown in athymic nude mice, injected with Erlotinib iPAI 

targeted and untargeted probes and resected. Whole tissue imaging of the targeted and 

untargeted iPAI probes (Figure 3A, B) revealed tissue characteristics such as viable 

tumor region, a necrotic core and cutting artifact produced during cryosectioning. These 

images and their false coloring were rendered in QiTissue where contrast levels were 

adjusted to show the staining pattern from each iPAI probes across the tissue. Interestingly, 

targeted probe uptake was minimal in the necrotic core and largely limited to the viable 

tumor regions. This is in contrast to the untargeted probe which was observed to have 

increased uptake in the necrotic core versus the viable tumor region. After performing the 

ratiometric calculation to generate the DTA image (Figure 3C) it was clear that the highest 

concentration of EGFR binding sites available were in the viable tumor region as expected. 

The ratiometric calculation also accounted for the non-specific uptake of both agents in the 

necrotic core and resulted in the a near zero DTA in the necrotic region. It is also worth 

noting that the ratiometric calculation was able to remove the cutting artifacts, which are not 

prominent in the DTA image. Further investigation will be necessary to determine if regions 

of tissue with sectioning artifact should be excluded from analysis even after sectioning 

artifact is no longer visible in the DTA image (Figure 3C).

Following imaging of the iPAI agents, the tissue was washed with 2x SSC and reimaged 

to show complete signal removal of the iPAI agents (Figure 3D, left). Subsequently, Ab-

oligo cycIF imaging was performed where five proteins, pEGFR, Ki67, CoxIV, CK8, and 

E-Cadherin, were stained and imaged over the course of three rounds imaging and signal 

removal (Figure 3E). Signal removal was achieved with the described UV light exposure 

method to cleave the fluorophores off the IS (Figure 3D, right). The total number of rounds 

employed was due to the fact that some markers had complementary IS conjugated to the 

same fluorophore so they needed to be imaged in separate rounds. The fluorophores used 

for each marker was AF546 for pEGFR, Ki67, CoxIV and AF750 for CK8 and E-Cadherin. 

All rounds of whole tissue images were registered and contrast levels of the signal of each 

marker adjusted with QiTissue. Each marker was then also false colored for visualizations of 

each marker specific staining pattern (Figure 3D, E).

The Ki-67 positivity observed across the whole tissue is represented in the region of interest 

shown where there was a high percentage of Ki-67 expressing cells. Also observed was the 

pEGFR expression demonstrating the sensitivity of Ab-oligo cycIF to detect phosphorylated 

proteins of interest to monitor cell signaling pathways. In future studies where tissue will be 

treated, this capability will enable detection of cell signaling pathway changes in response 

to treatment and quantification of how that response varies across the xenograft. This 

potential combined with the DTA image generated from the iPAI images will facilitate 

robust analysis where DTA can be correlated with cell phenotypes. Further developments 

of this methodology will incorporate cohorts of tissue treated with parent drugs of iPAI 

agent derivatives. Thus, after establishing DTA in control (untreated) tissues drug target 

occupancy (DTO) can be calculated in treated tissues where adaptive resistance mechanisms, 

specifically involving cell signaling pathway reprogramming, can be measured with Ab-

oligo CycIF (Figure 4).
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4. CONCLUSION

While effective, targeted therapy with tyrosine kinase inhibitors inevitably leads to 

disease progression as tumors adapt to become resistant to therapy through significant 

tumor heterogeneity. Necessary to overcoming these resistance mechanisms are molecular 

characterization technologies capable of measuring if the drug is reaching its target and how 

the presence or absence of the drug on a cancer cell impacts its cell signaling pathways 

and viability to understand mechanisms of adaptive resistance. We have combined our iPAI 

and Ab-oligo cycIF imaging technologies to fill this gap in molecular characterization 

technologies. iPAI is demonstrated here to be able to quantify drug target receptors 

available for treatment and then on the same tissue Ab-oligo cycIF is able to monitor cell 

signaling pathway proteins. Further development of this methodology will be necessary to 

correlate drug target occupancy and local drug concentration with cell signaling pathway 

reprogramming and cell viability on a single cell basis.
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Figure 1. Intracellular Paired Agent Imaging (iPAI).
iPAI can quantify (1) DTA by measuring untreated samples and (2) DTO by measuring 

treated samples and subtracting the value from untreated samples (DTA).
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Figure 2. Ab-oligo scheme.
A. Primary antibodies are conjugated to single stranded oligos (DS = docking stand) termed 

Ab-oligo. After Ab-oligo sample labeling, the complementary oligo (IS = imaging strand) 

conjugated to two fluorophores and two photocleavable linkers (PCL) is used to specifically 

label the antigen of interest in situ. After imaging, UV light is applied to cleave the 

PCLs and fluorophores washed from the sample. B. An illustrative example of a 3 color, 

2 cycle Ab-oligo staining experiment is shown, where each Ab-oligo has a unique DS. 

The complementary IS are labeled with conventional fluorophores. The sample is stained 

with a mixed cocktail of the 6 Ab-oligos. In cycle 1, 3 Ab-oligos are labeled with their 

complementary IS with 3 different fluorophores. 3 color imaging is completed, then the 

signal is removed with UV light. This is followed by a second cycle with complementary IS 

with the same 3 fluorophores that hybridize to the other 3 Ab-oligos for imaging followed 

by UV light induced signal removal.
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Figure 3. iPAI & CycIF provide complementary data on a single tissue sample.
Erl iPAI agents were systemically administered to an EGFR (+) CDX mouse four hours 

prior to sacrifice, where resected tumor was flash frozen and cryosectioned. Images were 

collected and tiled on the Zeiss AxioScan, enabling visualization of the A. targeted and B. 
untargeted Erl iPAI fluorescence as well as calculation of C. DTA using QiTissue. Tumor 

sections contained both viable and necrotic regions, where targeted drug uptake and DTA 

were minimal in the necfrotic region. DTA calculations also negated the cryosectioning 

artifacts. D. Targeted and untargeted Erl iPAI fluorescence was readily removed using a 

saline wash, while tissue integrity was maintained (left), permitting E. Ab-oligo cycIF 

staining with varied biomarkers (i.e., pEGFR, Ki-67, CoxIV, CK8 and E-Cadherin), which 

could be readily visualized using QiTissue. Ab-oligo cycIF positive staining signal was 

removed between staining rounds using UV light treatment (part D, right).
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Figure 4. Image quantification using QiTissue.
(1) All fluorescence images from iPAI and cycIF staining will be (2) registered via nuclear 

staining, permitting (3) segmentation at the single cell level and feature extraction. (4) 

Thresholding of each antibody stain will be used to determine the positive cell population, 

which will permit spatial analysis by (5) subpopulation clustering and (6) heatmapping.
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