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Ultra high content analyses

of circulating and tumor associated
hybrid cells reveal phenotypic
heterogeneity
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Persistently high, worldwide mortality from cancer highlights the unresolved challenges of disease
surveillance and detection that impact survival. Development of a non-invasive, blood-based
biomarker would transform survival from cancer. We demonstrate the functionality of ultra-high
content analyses of a newly identified population of tumor cells that are hybrids between neoplastic
and immune cells in patient matched tumor and peripheral blood specimens. Using oligonucleotide
conjugated antibodies (Ab-oligo) permitting cyclicimmunofluorescence (cyCIF), we present analyses
of phenotypes among tumor and peripheral blood hybrid cells. Interestingly, the majority of
circulating hybrid cell (CHC) subpopulations were not identified in tumor-associated hybrids. These
results highlight the efficacy of ultra-high content phenotypic analyses using Ab-oligo based cyCIF
applied to both tumor and peripheral blood specimens. The combination of a multiplex phenotypic
profiling platform that is gentle enough to analyze blood to detect and evaluate disseminated tumor
cells represents a novel approach to exploring novel tumor biology and potential utility for developing
the population as a blood-based biomarker in cancer.
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aSMA Alpha smooth muscle actin

Ab-oligo  Oligonucleotide conjugated antibody
AmpIS  Amplification imaging strand

AmpS Amplification strands

CHC Circulating hybrid cell

CK Cytokeratin

CRC Colorectal cancer

CTC Circulating tumor cell
cyCIF Cyclic immunofluorescence

CyTOF  Cytometry by time of flight

DNA Deoxyribonucleic acid

DS Docking strand

ECAD E-cadherin

EGFR Epidermal growth factor receptor
EMT Epithelial to mesenchymal transition
EpCAM  Epithelial cell adhesion molecule
FFPE Formalin-fixed paraffin-embedded
FOV Field of view
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IF Immunofluorescence
IHC Immunohistochemistry
IRB Institutional review board
IS Imaging strand

nt Nucleotide

OHSU Oregon Health & Science University

pAKT Phosphorylated protein kinase, strain AK, thymoma (phosphorylated protein kinase B)
panCK  Pan-cytokeratin

PBMC Peripheral blood mononuclear cell

PBS Phosphate buffered saline

PCL Photocleavable linker

PDAC Pancreatic ductal adenocarcinoma
PFA Paraformaldehyde

RO Round 0

RNA Ribonucleic acid

ROI Region of interest

Sig:Bkgd  Signal to background ratio
ssDNA  Single stranded DNA

uv Ultraviolet

VIM Vimentin

VWEF Von Willebrand factor

Over 18 million new cases of cancer are diagnosed annually worldwide, resulting in over 10 million deaths.
These staggering statistics highlight the challenges of management and surveillance of cancer, which include
effective early detection, monitoring of disease burden, and identification of tumor recurrence after treatment.
These challenges are especially relevant in pancreatic ductal adenocarcinoma (PDAC) and colorectal cancer
(CRC), as almost half of the patients with CRC recur with incurable disease"* and the majority of PDAC patients
present with late-stage, treatment-refractory disease due in part to disease heterogeneity’. These challenges, and
thus overall cancer mortality, could be addressed with the development of effective, non-invasive biomarkers to
provide longitudinal surveillance of disease burden and tumor response to treatment.

Current modalities of detection and monitoring include PET/CT imaging®, as well as molecular and patho-
logic analyses of tumor biopsies. Many barriers to these approaches exist, including detection sensitivity and
cost of imaging, and the highly invasive nature of tumor biopsies which pose increased risks to the patient®.
Further, longitudinal biopsies are not always an option after primary tumor resection. In addition, the informa-
tion gained from analyses of a tumor biopsy does not necessarily represent the information and landscape of the
entire tumor, as it consists of only one small region'. Thus, there is an unmet need for a tumor biomarker that is
non-invasive, repeatable, and comprehensive.

The development of blood-based biomarkers that reflect tumor burden and biology is an important advance-
ment in tumor monitoring and disease control. Notably, a peripheral blood draw is less invasive and can be
acquired multiple times. Moreover, a myriad of cancer blood-based biomarkers are in development and dem-
onstrate strong concordance with primary tumor attributes, including proteins, exosomes, cell-free nucleotides,
and circulating cells"*-®. Of these biomarkers, disseminated cells provide the most versatility allowing for analyses
of cell state and disease burden because they are directly derived from the tumor, secrete exosomes, and harbor
nucleic acids (RNA and DNA) and proteins. Of disseminated tumor cells, circulating tumor cells (CTCs)® are
the most developed cell-based cancer biomarker with FDA-approved assays, however, these cells are rare in
circulation (i.e., 1-5 CTCs in 7.5 ml of blood correlates with high cancer burden)®-!2. Despite their rarity, CTCs
are reported to display phenotypic heterogeneity with described subpopulations harboring epithelial to mesen-
chymal (EMT) signatures. However, the analyses of these subpopulations have not demonstrated their value in
predicting tumor progression or patient outcomes'*!%. Our group identified a disseminated neoplastic cell that
can derive from cell fusion between a cancer cell and an immune cell (commonly a macrophage), which is called
a cancer-immune hybrid cell'>'¢. These recently identified hybrid cells retain malignant cancer cell characteristics
and harbor immune cell features of increased mobility'>!°. Tumor-immune hybrid cells are distinguished from
cancer-associated macrophage-like cells (CAMLs) and immune cells that have phagocytosed dying cancer cells
because they have cell surface antigen expression of both cancer and immune cell epitopes®. Additionally, when
disseminated into peripheral blood, circulating hybrid cells (CHCs) are more abundant than CTCs, and have
greater metastatic seeding capabilities'>~'”. Moreover, CHCs display concordant protein expression and DNA
mutations with the primary tumor'>~8, CHCs are detected in patient blood across cancer types and disease
stages'”~?” and their increased numbers correlate with poor patient outcomes and greater disease burden after
treatment in PDAC and CRC, respectively'>'8. Thus, to enhance the ability of CHCs to provide biologic insight for
tumor progression and clinical information for disease burden, we developed an approach to deeply phenotype
hybrid cells within a tumor section and in corresponding peripheral blood.

Herein, we implement our previously published, optimized oligonucleotide conjugated antibody (Ab-oligo)
strategy enabling our cyclic immunofluorescence (cyCIF) platform®~° to interrogate protein expression in tissue
sections and in corresponding peripheral blood. This Ab-oligo cyCIF platform improves upon aspects of other
multiplex techniques, including gentle signal removal between rounds of antibody staining, which is crucial for
analyses of peripheral blood specimens. Specifically, Ab-oligo cyCIF employs single-stranded DNA conjugated
to antibodies, which is detected by in situ hybridization to complementary DNA strands with photocleavable
linkers (PCLs) that are conjugated to fluorophores. In between rounds of Ab-oligo staining and after imaging,
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the fluorescence signal is removed using ultraviolet (UV) light treatment. Like traditional immunofluorescence
(IF) and immunohistochemical (IHC) staining techniques, including other cyclic techniques?®!, our Ab-oligo
cyCIF strategy permits intracellular and single-cell resolution of multiple targets per cell*®*°. Additionally,
by employing UV-cleavable DNA barcodes, signal removal is achieved without compromising antigenicity or
sample integrity. Unlike other DNA-barcoding techniques®~*%, which often require specialized equipment, the
Ab-oligo cyCIF staining protocols' are similar to other IF approaches and thus are easily adopted. Herein, we
demonstrate the application of the Ab-oligo cyCIF multiplex protocol for rapid and specific protein detection in
CRC and PDAC patient tumor tissues and peripheral blood samples acquired at the time of resection in order to
investigate phenotypic concordance between tumor-associated hybrids and disseminated CHCs. Analyses using
this approach will unravel discrete phenotypic signatures that underly the biology of metastatic dissemination
of neoplastic cells and provide insights into risk of metastatic progression in patients with cancer.

Results

Co-expression of cancer (i.e., neoplastic) and immune epitopes define cancer-immune hybrid cells within tumors
and when disseminated into peripheral blood'*™%. To determine if concordant phenotypes exist between tumor-
associated hybrids and circulating hybrids, we first identified then deeply phenotyped hybrids in patient-match
tumor tissue sections and peripheral blood samples collected at the time of tumor resection. We leveraged cyCIFE,
which allows for multiple rounds of antigen staining and imaging with gentle signal removal between rounds that
we demonstrated to be compatible with peripheral blood analyses®. To establish our hybrid cell phenotyping
Ab-oligo panel we selected antigens from five discrete categories: tumor expression, immune cell, stromal, cell
signaling, and functional (Table S1) to allow for analyses of hybrid cell features (i.e., proliferative, cell signaling
status, phenotypic/functional) relative to discrete tumor landmarks (i.e., stromal, immune). After generation of
corresponding Ab-oligos, we demonstrated that each Ab-oligo (i.e., Ab-oligo + Imaging Strand, IS) had consistent
staining patterns in tumor tissue relative to conventional indirect antibody staining (i.e., using primary antibody
with fluorophore conjugated-secondary antibodies) and to Ab-oligo conjugates detected using conventional
secondary antibody staining (Fig. 1A, Fig. S1). Further, we evaluated the signal to background ratio of the Ab-
oligo + IS versus tissue treated with IS only and also Ab-oligo +IS stained tissue treated with UV light to cleave
the fluorophore-conjugated IS signal. In all cases, the specific Ab-oligo signal to background ratio was greater
than the controls (i.e., greater than 1) (Fig. 1C). Next, we validated the Ab-oligo staining pattern on a model of
peripheral blood—human cancer cell lines spiked into peripheral blood mononuclear cells (PBMCs) isolated
from a healthy subject to assess antibody specificity to tumor or immune cells. Consistent with results from
tumor tissue staining, Ab-oligos displayed identical staining patterns relative to indirect antibody staining and
Ab-oligo + secondary antibodies (Fig. 1B, Fig. S2). Further, the signal to background ratio of the Ab-oligo +IS
was greater than the controls (i.e., greater than 1) for all Ab-oligos in the panel, except for VWF which did not
stain either cell population.

To identify hybrid cells in patient-matched tumor and peripheral blood, we applied a small panel of Ab-oligos
against CD45, a pan-leukocyte marker, and an epithelial cocktail containing Ab-oligos to EpCAM, ECAD, and
pan-Cytokeratin (panCK) to CRC and PDAC tumor tissue and matched isolated PBMCs. Using this panel, we
identified numerous hybrid cells in primary tumors and peripheral blood for both CRC and PDAC samples
(Fig. 2). Hybrid cells in the tumor tissue co-expressed epithelial proteins (pink) and CD45 (green). Likewise,
the corresponding CHCs consistently co-expressed proteins from the epithelial cocktail and CD45. Overall in
the paired CRC specimens, we identified 1907 hybrids in one 5 um tumor tissue section (0.83% of total tumor
cells analyzed, Fig. 2B), and 237 hybrids in 1.5 mL of peripheral blood (0.15% of total cells analyzed, Fig. 2B). In
the paired PDAC specimens, we identified 1973 hybrids in one 5 pm tumor tissue section (0.86% of total tumor
cells analyzed, Fig. 2D), and 74 hybrids in 1.5 mL of peripheral blood (0.025% of total cells analyzed, Fig. 2D).

We next applied our validated panel of Ab-oligos in three additional rounds of staining to the patient matched
samples to achieve greater phenotypic information from the hybrid cells. Hybrid cells were identified in the first
round with co-expression of CD45 and at least one epithelial marker: ECAD, EpCAM, and/or panCK (Fig. 3,
round 1). In between each round of Ab-oligo staining we treated the specimens with UV light and rescanned
the tissue to ensure complete erasure of the fluorescent signal before proceeding to the next round of staining.
Additional rounds of staining included: round 2 (CK19, Ki67, pAKT, CD44); round 3 (CK8, VIM, EGFR); and
round 4 (CK7, aSMA, VWE). In order to superimpose all rounds of staining into a single image, we registered
the images using QiTissue, a multiplex image visualization and analysis software package, or feature-based image
registration®. This allowed us to identify and phenotype hybrid cells within the tumor tissue and corresponding
peripheral blood preparation (Fig. 3).

To directly compare the identified hybrid phenotypes within the tumor tissue to those found disseminated in
peripheral blood, we extracted the average fluorescence intensity of each Ab-oligo in our panel from each of the
identified hybrid cells in the primary tumor and the peripheral blood. Next, to the extracted average fluorescence
intensities for all of the hybrids identified in the tumor and in blood, we applied Z-score normalization to stand-
ardize and scale data, thereby aligning the staining intensity variations among Ab-oligos to a consistent scale.
Then, we performed k-means clustering to the normalized fluorescence intensities for each Ab-oligo extracted
from each hybrid cell to determine if hybrid cells clustered based on phenotype. We used an elbow method* to
determine the appropriate number of k-means clusters for our computational analysis. We displayed the normal-
ized average fluorescence intensity of each antigen for each hybrid cell in a heatmap and grouped the cells by
k-means cluster to visualize the phenotypes associated with each hybrid cluster. Using this analytical approach,
we determined that the hybrids clustered into distinct subpopulations based on their protein expression profiles
(Fig. 4), where tissue-associated hybrids harbored largely discrete phenotypes relative to their corresponding
peripheral blood-associated hybrids. This finding was confirmed by performing pairwise Pearson’s correlations
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Figure 1. Ab-oligo validation of representative biomarker from five phenotypic categories: tumor, immune,
stromal, cell signaling, and functional. (A) Formalin-fixed paraffin embedded (FFPE) 5 um tissue sections, and
(B) a model of peripheral blood (cancer cell line mixed with peripheral blood mononuclear cells, PBMCs).
Antibody or control staining pattern (green) and DAPI nuclear stain (blue) shown in all panels. Antigen
detection was by indirect immunofluorescence (primary + secondary antibody, 2°), Ab-oligo plus secondary
antibody, and Ab-oligo plus imaging strand (IS). Control settings included UV-cleavage after Ab-oligo +IS
staining, and IS only. (B) White arrowheads designate staining on cells with antibody, or no staining on controls.
(C) Graph of signal to background ratio for tissue and peripheral blood model. Ab-oligo +IS, UV-cleaved, and
IS only were normalized to the IS only control in stained tumor and to the negative cell population within each
validation condition for the blood model. The signal to background ratio was above 1 for all markers. Scale

bar =20 pm. aSMA, alpha smooth muscle actin; Ab-oligo, oligo conjugated antibody; CK cytokeratin, EGFR
epidermal growth factor receptor, IS imaging strand, Sig:Bkgd signal to background ratio, UV ultraviolet.

between subpopulations of hybrid cells in the tumor tissue to the subpopulations of hybrids in the peripheral
blood of each patient. We found that the majority of hybrid cell subpopulations in peripheral blood were not
represented in the tumor tissue, for example, in the CRC samples B2 was defined by higher expression of CD45,
VWE and pAKT and B7 was defined by high expression of CK8, aSMA, and Ki67 (Fig. 4A). In PDAC, B1 was
defined by expression of CK8, VIM, and aSMA and B4 was defined by low expression of these markers (Fig. 4B).
In both CRC and PDAC, some subpopulations were defined by higher CK8 expression (i.e. B7 in CRC and B1
in PDAC) and high CD45 expression (i.e. B2 in CRC and B3 in PDAC) (Fig. 4A,B ). Interestingly, in both CRC
and PDAC samples, we identified hybrid subpopulations that were conserved across the tumor tissue and the
peripheral blood, which were both driven by vimentin and aSMA expression, including T3, and B3 in the CRC
samples and T6 and B2 in the PDAC samples (Fig. 4C).

Discussion
Circulating cell-based biomarkers for cancer burden assessment are an increasingly important tool in cancer
detection, treatment, and survival. Additionally, a scientific investigation aimed at developing biomarkers for
monitoring disease burden and evolution, including assessing a patient’s risk for metastatic spread'>'”'8, will yield
important insights into the underlying biology that drives disease progression (e.g., neoplastic cell dissemination)
and treatment evasion (e.g., cell signaling activation). However, in order to advance the field in these important
areas, platforms for in-depth interrogation of single cell and subcellular properties and phenotypes, along with
powerful imaging software to identify discrete subpopulations, are essential.

Hybrid cells (i.e., neoplastic cells that co-express tumor and immune proteins) represent a promising bio-
marker. Although relatively rare (< 1% of cells in blood and tumor) they are found in tumors (as tumor-associated
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Figure 2. Hybrid cell identification in tumor tissue and peripheral blood. (A) Colorectal cancer (CRC) and
(C) pancreatic ductal adenocarcinoma tumor (PDAC) and peripheral blood specimens stained with oligo-
conjugated antibodies (Ab-oligos) to CD45 (green), the epithelial cocktail (Epithelial: ECAD, EpCAM (pink),
and panCK) and DAPI (blue). Hybrid cells are boxed in yellow; single channel images are displayed on right
with yellow arrowhead marking hybrid cell. (B,D) Quantification of hybrid cells. Scale bar =50 (tissue) or

10 (cells) um. CRC colorectal cancer; PDAC pancreatic ductal adenocarcinoma.

hybrids) and peripheral blood (as circulating hybrid cells) of cancer patients. The Ab-oligo-based cyCIF platform
described in this study?®—° offers the visual evaluation of these cells and their associated deep phenotyping.
While there are a wide range of cyclic IF platforms available for analyzing tissue specimens, the majority of
these approaches involve fluorophore bleaching*'** or stripping***>* for signal removal after each round, which
makes them ill-suited for analyzing peripheral blood smears. PBMCs lack an extracellular matrix to withstand
multiple rounds of chemical stripping, where cell loss and reduced antigenicity complicate their analyses®. Ab-
oligo-based cyCIF relies upon UV light cleavage of the fluorescent probe from the antibody after each antibody
staining round, resulting in minimal cell loss and cell damage®. Additionally, the Ab-oligo-based cyCIF platform
is similar to mass spectrometry multiplexed workflows***, for example, CyTOF* and MIBI*, in that all of the
Ab-oligos are incubated onto the tissue in a single step, which reduces the overall workflow time. However, the
Ab-oligo-based cyCIF approach is not hampered by the limited resolution, increased detection time, and low
sensitivity inherent to those techniques. In addition, this platform is flexible in that the signal can be amplified
for low abundance antigens or combined with traditional direct and indirect IF to detect a variety of biomarkers
per sample®. Thus, these combined advantages were leveraged to evaluate hybrid cells from individual patients
within their tumor tissues and compare them with those disseminated into peripheral blood.

Herein, we determined that hybrid cells detected in tumor and blood were heterogeneous and clustered
into numerous subpopulations, based upon our discrete phenotyping panel to evaluate epithelial, immune,
stromal, cell signaling, and functional characteristics, Table S1. Moreover, hybrid cells from the tumor tissue
versus those in blood predominantly harbored distinct cellular phenotypes (including upregulated CD45 and
CD44 (T1 CRGC; T7 PDAC) and ECAD (T1 CRC; T1 PDAC); and discrete phenotype in peripheral blood (i.e.,
upregulated expression of CK8 B7 CRC and B1 PDAC), which may indicate that discrete properties are required
for hybrid cell dissemination into peripheral blood. In addition, there were expected concordant phenotypes;
most notably subpopulations that expressed increased levels of aSMA and Vimentin, known proteins associated
with epithelial-to-mesenchymal transition (EMT)*$->2. This later finding might indicate that hybrid cells within
the tumor tissue that have increased EMT-associated proteins may have greater migratory capabilities and were
thus retained among the neoplastic cells within the blood. While the identifiction of unique tumor-associated
hybrid cell phenotypes were not detected in peripheral blood, which may indicate that either the small sampling
of tumor tissue was not comprehensive enough to detect all tumor-hybrid cells, or that only phenotypically rare
tumor-hybrid cells are functionally capable of dissemination. Of note, it is also feasible that some CHCs are not
of tumor-origin, but rather from hybrid generation from epithelial cells within the tumor microenvironment.
Most interesting were the distinct CHC phenotypes that could hint at unique biology for immune escape and
survival in peripheral blood (i.e. increased CK8 in B7 CRC, B1 PDAC). Interestingly, enhanced levels of CK8
are associated with malignant transformation in head and neck squamous cell carcinoma®**, and increased
invasiveness in lung cancer™. Our observation may reveal the ability of disseminated tumor hybrid cells to be
influenced by different microenvironments and thus alter their protein expression to survive. This paradigm is
intriguing, as hybrid cells are likely to demonstrate increased plasticity given that they can be generated from
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Figure 3. Four rounds of cyCIF to identify and phenotype hybrid cells on patient-matched colorectal cancer
(CRC) and pancreatic cancer (PDAC) tumor sections and blood specimens. Each round utilized imaging
strands conjugated to Alexa Fluor (AF)546, AF647 and AF750 fluorophores. DAPI nuclear stain was in blue.
Round 1: ECAD, EpCAM, panCK, CD45; Round 2: CK19, Ki67, pAKT, CD44; Round 3: CK8, VIM, EGFR;
and Round 4: CK7, aSMA, VWE Hybrid cell in yellow box. Higher magnification, single antigen staining
displayed below. Scale bar =25 pm. aSMA, alpha smooth muscle actin; CK, cytokeratin; CRC, colorectal cancer;
ECAD, E-cadherin; EGFR, epidermal growth factor receptor; EpCAM, epithelial cell adhesion molecule;
PAKT, phosphorylated protein kinase, strain AK, Thymoma (phosphorylated protein kinase B); panCK, pan-
cytokeratin; PDAC, pancreatic ductal adenocarcinoma; VIM, vimentin; VWE von Willebrand factor.

fusion of two discrete cell lineages'>'¢*®. Overall, whether or not discrete protein expression profiles of hybrid cell

subpopulations correlate with greater risk for metastatic spread of disease should be assessed in a larger cohort
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Figure 4. Hybrid cell subpopulations. (A, B) K-means cluster analysis of normalized fluorescence intensities
from identified hybrid cells in colorectal cancer (CRC) and pancreatic cancer (PDAC) tumor sections and
peripheral blood depicted as a heat map. Each column represents a single hybrid cell (CD45* and ECAD",
EpCAM, or panCK") and each row represents the normalized fluorescent intensity of an antigen in the
Ab-oligo panel. Cells were grouped by subpopulation. (C) Pairwise correlation analysis between hybrid cell
clusters in the tumor section and those in the blood in CRC and PDAC patient matched specimens. xSMA alpha
smooth muscle actin, CK cytokeratin; CRC colorectal cancer, ECAD E-cadherin, EGFR epidermal growth factor
receptor; EpCAM epithelial cell adhesion molecule, pAKT phosphorylated protein kinase, strain AK, Thymoma
(phosphorylated protein kinase B); panCK pan-cytokeratin PDAC pancreatic ductal adenocarcinoma, VIM
vimentin, VWF von Willebrand factor.

of patients that span the continuum of early to late stage cancer. However, the presence of enriched metastatic-
associated phenotypes in hybrid cells that enter and survive in circulation indicates an enhanced potential for
productive metastases. This seems especially feasible since CHCs have higher metastatic potential than CTCs'>!°.

The coalescence of a biologically unique tumor cell population, with a gentle approach for its protein-based
phenotyping and analyses by a powerful software platform, QiTissue, supports the expansion of biology and
biomarker development. Further analyses of CHC subpopulations have the potential to unravel key signal-
ing pathways for cell dissemination, immune evasion, and metastatic seeding. Downstream spatial analysis of
unique hybrid cell subpopulations relative to discrete tumor structures may identify key information for cell
extravasation from the primary tumor. On the clinical front, CHC phenotyping may lead to non-invasive assays
that can identify a patient’s risk for metastasis or other important tumor insights that can aid in treating cancer
patients and lead to increased survival.

Methods

Human tissue and peripheral blood specimens

All peripheral blood and tumor tissue samples were collected and analyzed under approved protocols in
accordance with the ethical requirements and regulations of the Oregon Health & Science University (OHSU)
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institutional review board (IRB). Informed consent was obtained from all subjects. Formalin-fixed paraffin-
embedded (FFPE) tissue sections (5 pm) from normal tonsil, normal breast, breast cancer, colorectal cancer
(CRC), and pancreatic ductal adenocarcinoma (PDAC) were obtained from the OHSU Knight Biolibrary. Patient
matched CRC or PDAC tissue sections and peripheral blood specimens were collected under the purview of the
IRB approved protocols for the Oregon Colorectal Cancer Registry and the Oregon Pancreatic Tumor Registry.

Human peripheral blood preparation

Peripheral blood specimens were collected in heparin-coated vacutainers (BD Biosciences, CA) and processed the
same day. PBMCs were isolated from whole blood using standard Ficoll-Paque PLUS (GE Healthcare, Chicago,
IL, USA) density gradient protocols'®*7., Briefly, whole blood was diluted with phosphate-buffered saline (PBS;
1.37 M NaCl, 27 mM KCl, 0.1 M Sodium phosphate dibasic, 18 mM KH2PO4, pH 7.4), layered over Ficoll then
centrifuged. Isolated PBMCs were resuspended in PBS, 1.0 mM EDTA, and 2% FBS and applied to glass slides
coated with poly-D-lysine (1 mg/mL, Fisher Scientific, PA), and incubated at 37 °C for 15 min to allow for their
adherence to the slide. Processed PBMCs were then fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, St.
Lois, MO) for 5 min, permeabilized with 0.5% Triton-X100 (Fisher Scientific, PA) for 10 min, fixed again with
4% PFA for 10 min, and dehydrated using graded ethanol baths. Slides were dried for 16 h at 25 °C in a light
restricted container and stored at 4 °C.

Mixed tumor cell line and PBMC slides

To validate Ab-oligo conjugates, mixed PBMC and tumor cell line slides were generated. Capan2 cells (ATCC,
Manassas, VA) were grown in McCoy’s 5a Media (Thermo Fisher Scientific, Waltham, MA), and SW480 cells
(ATCC, Manassas, VA) were expanded in Leibovitz’s L15 Media (Sigma Aldrich, St. Louis, MO) both with 10%
fetal bovine serum (FBS) and in 5% CO,. Tumor cells were mixed in a 1:1 ratio with PBMCs isolated from healthy
subjects and processed onto slides as described above.

antibody-oligonucleotide conjugates (Ab-oligos)

Ab-oligos were generated as previously described?®?’. Briefly, a unique 28 nucleotide (nt) single-stranded
(ssDNA) docking strand (DS) was conjugated to the Fc region of each antibody via the SiteClick” Antibody
Azido Modification kit (ThermoFisher). The 26 nt complementary ssDNA IS carrying fluorophores and PCLs
on each 5" and 3’ end were used to detect the specific marker of interest. Alternatively™, 198 nt Amplification
Strands (AmpS) with 28 nt complementarity to the DS and 10 repeated 15 nt segments complementary to 15 nt
Amplification IS (Amp IS), each with one fluorophore and PCL on the 3’ end, were used for detection. All oligos
were purchased from IDT (Coralville, IA). Antibody and oligo information is listed in Table S1.

Immunofluorescence and cyclic immunofluorescence (cyCIF) tissue and blood specimen
staining
To validate the Ab-oligos against indirect immunofluorescence staining, we used standard immunofluorescence
protocols?. Briefly, FFPE tumor tissue sections were deparaffinized with xylene washes and then rehydrated
with graded ethanol baths. Tissue was subjected to antigen retrieval by incubation in citrate buffer (pH 6;
Sigma-Aldrich, St. Louis, MO) for 30 min at 100 °C, rinsed in 100 °C diH20, incubated in Tris-HCI buffer (pH
8, Thermo Fisher Scientific, Waltham, MA) for 10 min at 100 °C, then cooled to 25 °C. Prepared mixed cancer/
PBMC slides were washed in PBS at 25 °C. For antibody staining, specimens were incubated with blocking buffer
containing 2% bovine serum albumin (BSA, bioWORLD, Dublin, OH), 0.5% dextran sulfate (Sigma-Aldrich,
St. Louis, MO), 0.5 mg/mL sheared salmon sperm DNA (Thermo Fisher Scientific) in PBS for 30 min at 25 °C.
Comparison of specificity and sensitivity of the Ab-oligo conjugates within tissue and cells was assessed by
comparing (1) indirect antibody staining (primary antibody + fluorescently-labeled secondary antibody), (2)
Ab-oligo + fluorescently-labeled secondary antibody and (3) Ab-oligo +IS. Primary antibodies and Ab-oligos
were diluted in the blocking buffer described above and incubated on tissue for 16 h at 4 °C. Blocking buffer
containing 2% BSA, 0.5% dextran sulfate and 0.5 mg/mL sheared salmon sperm DNA in 2X Saline Sodium Cit-
rate (SSC, VWR, Radnor, PA) was used to dilute secondary antibodies (see Table S1) to 1:500 and IS to 350 nM.
Secondary antibodies and IS were incubated on samples for 45 min at 25 °C in the dark and samples were kept
in the dark from this point on. Finally, they were counterstained with DAPI, cover-slipped with Fluoromount-G
media (Thermo Fisher Scientific), and imaged using an Axiolmager.M2 microscope (Carl Zeiss, Oberkochen,
Baden-Wurttemberg Germany) and an AxioObserver with an Apotome3™ attachment and two cameras; a color
MRm and an AxioCam 506 mono were used for widefield fluorescent imaging only. The system was driven by
ZEN (3.4; Carl Zeiss). Following imaging of the specific biomarkers, samples were treated with UV light for
15 min as previously described?® to remove fluorescence signal. Samples were imaged in the same field of view
(FOV) when possible, to demonstrate signal removal to the level of negative controls.

cyCIF staining was performed as previously described?. Briefly, samples were counterstained with DAPI and
cover-slipped, and then imaged for a round 0 (R0) image of background fluorescence. The Ab-oligos were then
incubated on the blood and FFPE tissue samples in one staining step. The unbound Ab-oligos were removed via
washing and the Ab-oligos were post-fixed using 2% PFA for 10 min. Three to four ISs were added per round
and imaged in spectrally distinct channels, DAPI (Zeiss 96 HE), Alexa Fluor 488 (AF488, Zeiss 38 HE), AF555
(Zeiss 43 HE), AF647 (Zeiss 50), and AF750 (Chroma 49007 ET Cy?7). Following imaging, fluorescence signal
was removed by UV treatment using a UV light box for 15 min, before the next round of distinct IS was added
to the sample and repeated until all the biomarkers were imaged. Blood and FFPE tissues were digitally scanned
with an AxioScan.Z1 microscope (Zeiss, Germany) equipped with a Colibri 7 light source (Zeiss). Exposure time
was determined individually for each slide and antibody to ensure a good dynamic range without saturation. All

Scientific Reports |

(2024) 14:7350 | https://doi.org/10.1038/s41598-024-57381-8 nature portfolio



www.nature.com/scientificreports/

images were taken with 20 x objective (Plan-Apochromat 0.8NA WD =0.55, Zeiss) and stitching was performed
using Zen Blue image acquisition software (Zeiss). One 5 pm tumor tissue section and corresponding patient-
matched peripheral blood specimen (~ 1.5 mL) were analyzed per patient, per tumor type.

Analyses

For Ab-oligo validation, Zen blue software (Carl Zeiss) and Fiji/Image]*® were used for image visualization.
Images of indirect IF staining, Ab-oligo plus fluorescently labeled secondary antibody, Ab-oligo plus IS, Ab-oligo
plus IS after UV cleavage, and corresponding negative controls were segmented in QiTissue or using Mesmer®’.
Mesmer nuclei segmentation was performed using a deep-learning based segmentation model® with DAPI as
the nuclear marker. Whole-cell segmentation was performed using ECAD as the cell membrane marker. Cyto-
plasmic segmentation masks were computed by subtracting nuclear segmentation masks from full cell body
segmentation masks as previously shown®.

Signal to background ratio

Regions of interest (ROIs) with representative antibody staining were selected from Ab-oligo plus IS, Ab-oligo
plus IS after UV cleavage, and IS only to calculate the signal-to-noise ratio and thus efficacy of Ab-oligo staining.
For staining validation, ROIs contained representative cell numbers for tissue (176-3,247 cells) and blood (19 and
102 cells) for each specimen. For tissue, a single representative ROI that encompassed the majority of the tissue
was used for validation, while n=3 quadrants were analyzed to validate staining in peripheral blood. This differ-
ence was based on the fact that the tissue represented positive and negative cell populations to varying degrees,
while the blood model was uniform. Cell fluorescence intensity values were extracted from data analyzed by
QiTissue or using Mesmer™. For validation of Ab-oligos on tissue, the signal to background ratio was calculated
by extracting the average whole cell fluorescence intensity for each positive cell in each representative ROI. Posi-
tive thresholding was based on normalizing to negative controls (IS Only or secondary antibody only) and for
controls (IS Only and UV-Cleaved), cells with positive antibody staining were based on anticipated expression
patterns within the tissue morphology. The average of the individual cell fluorescence values was calculated for
each staining paradigm and the average intensity of each paradigm was then divided by the average intensity of
the tissue with the IS only. For signal to background validation of Ab-oligos in the blood model, three representa-
tive ROIs were analyzed. Cells that were poorly segmented or negative cells whose segmentation overlapped with
a positive cell’s expression were excluded from the analysis. For each cell, the average fluorescence intensity, cell
cytoplasm, or cell nucleus was evaluated, depending upon the subcellular localization of the protein. Within
each RO, the cell fluorescence values for the positive cell population (i.e., cancer cell or PBMC) were averaged
and divided by the average fluorescence of the negative cell population. Cancer cells were identified by size and
morphology (i.e., they were notably larger than PBMCs). The “positive” cell population depended on the antibody
being validated. Values for each ROI were averaged. For markers that stained both cancer cells and PBMCs (i.e.,
CD44 and aSMA), the signal to background ratio was calculated by normalizing the average intensity of the
cells to the average of cells stained with the IS only. Signal to background ratio values were graphed using Prism
(GraphPad Software, San Diego, CA).

For cyclic immunofluorescence, images from cyclic staining rounds were registered using QiTissue or a
feature-based image registration®’. The edges of the tissue sections and wells were excluded from analysis as
well as areas with imaging artifacts (e.g., out of focus, bubbles). Using QiTissue, cells with high autofluorescence
were removed from analysis based on the whole cell average fluorescence from the round 0 background channel.
Hybrids were defined as expressing both CD45 and at least one of the markers in the epithelial cocktail: panCK,
ECAD, or EpCAM. Positive expression was defined in QiTissue as a whole cell intensity average value above the
positive staining threshold that was determined by normalizing to an unstained control. Average cell intensity
values were extracted for each antigen in the phenotyping panel for each identified hybrid cell followed by Z-score
normalization and k-means clustering which were performed using QiTissue. The number of k-means clusters
was determined by the elbow analysis*’ and heatmaps were created using Prism (GraphPad Software, San Diego,
CA) where the hybrid cells were grouped based on k-means clusters.

Correlations between the hybrid clusters in tissue and peripheral blood were performed as previously
described®. Briefly, a Pearson’s correlation was calculated using z-score normalized mean marker intensity for
each hybrid cluster and graphed using the corrplot package in R Studio®?.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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