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Abstract Sarcomatoid urothelial carcinoma (SUC) is a rare subtype of urothelial carcinoma
(UC) that typically presents at an advanced stage compared to more common variants of
UC. Locally advanced and metastatic UC have a poor long-term survival following progres-
sion on first-line platinum-based chemotherapy. Antibodies directed against the pro-
grammed cell death 1 protein (PD-1) or its ligand (PD-L1) are now approved to be used
in these scenarios. The need for reliable biomarkers for treatment stratification is still under
research. Here, we present a novel case report of the first Imaging Mass Cytometry (IMC)
analysis done in SUC to investigate the immune cell repertoire and PD-L1 expression in a
patient who presented with metastatic SUC and experienced a prolonged response to
the anti-PD1 immune checkpoint inhibitor pembrolizumab after progression on first-line
chemotherapy. This case report provides an important platform for translating these find-
ings to a larger cohort of UC and UC variants.

[Supplemental material is available for this article.]

INTRODUCTION

Urothelial carcinoma (UC) is a highly immunogenic malignancy (Gakis 2014). Intravesical
bacillus Calmette—Guerin (BCG) therapy has been used in non-muscle-invasive bladder can-
cerover the last 40 years (Tripathi and Plimack 2018). Studies have demonstrated that UC has
a high overall mutational burden, triggering an immune response, and tumor-associated
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Imaging Mass Cytometry in urothelial carcinoma

lymphocytic infiltration (Tripathi and Plimack 2018). Programmed death-ligand-1 (PD-L1),
also known as cluster of differentiation 274 (CD274), is an immunoinhibitory molecule mainly
expressed on the surface of tumor cells and antigen-presenting cells in various solid malig-
nancies that suppresses the activation of cytotoxic T cells, leading to tumor progression.
Overexpression of PD-L1 in UC is associated with poor clinical outcomes, supporting the ra-
tionale for immune checkpoint blockade in advanced UC (Nakanishi et al. 2007).

Locally advanced and metastatic UC is an aggressive disease with poor long-term sur-
vival following progression on first-line platinum-based chemotherapy (De Santis et al.
2012). Recently, two antibodies directed against the programmed cell death 1 protein
(PD-1) or its ligand (PD-L1) have been approved by the U.S. Food and Drug
Administration for patients with advanced or metastatic UC who are ineligible to receive cis-
platin-based chemotherapy and have a tumor expressing PD-L1 (pembrolizumab and atezo-
lizumab). Five antibodies directed against the protein PD-1 or its ligand PD-L1 have been
approved in patients who progress on or after a platinum-based chemotherapy. Two have
recently been withdrawn from the U.S. market based on nonconfirmatory phase Il studies
(atezolizumab and durvalumab). However, many patients who receive checkpoint inhibitors
do not achieve durable disease, and there is a need for reliable biomarkers for treatment
stratification. Subgroup analyses of the KEYNOTE-045 trial showed continued clinical ben-
efit of the anti-PD1 inhibitor pembrolizumab as second-line therapy in advanced/metastatic,
platinum-refractory UC (Powles et al. 2020) over chemotherapy for efficacy and safety for
treatment of locally advanced disease (Fradet et al. 2019). In KEYNOTE-045, PD-L1 was
not significantly associated with improved outcomes of pembrolizumab or chemotherapy.
Other recently identified potential biomarkers include tumor-infiltrating lymphocytes
(TILs), microsatellite instability (MSI), tumor mutational burden (TMB), and the gut
microbiome.

Sarcomatoid urothelial carcinoma (SUC) is a rare subtype of UC, with an incidence of
0.1%-0.3% across all bladder histologies (Cheng et al. 2011), whereas sarcomatoid features
occur in up to 6% of UC cases. SUC typically presents at an advanced stage compared to
more common variants of UC (stage T3-4, 34% vs. 28%) and is frequently associated with
node-positive or metastatic disease (20% vs. 10%) (Wright et al. 2007). A retrospective anal-
ysis of 221 cases of SUC found that only 54% of patients were alive 1 year after cancer-direct-
ed surgery (Wang et al. 2010). No prospective data is available to guide management, and
treatment is based on extrapolation from standard UC management (Grossman et al. 2003;
Sternberg et al. 2006).

In this molecular case report, we present a patient with metastatic SUC, which demon-
strated PD-L1 overexpression and gene amplification, who experienced a durable significant
response to pembrolizumab. We demonstrate the combination of tissue- and plasma-based
next-generation sequencing (NGS) complemented by Imaging Mass Cytometry (IMC) anal-
ysis (Giesen et al. 2014) of tissue to explore the immune cell repertoire.

RESULTS

Case Presentation

A 62-yr-old female with no significant comorbidities presented in February 2018 with hema-
turia. Cystoscopy revealed a noninvasive high-grade papillary urothelial carcinoma. The pa-
tient was lost to follow-up until January 2019 when she returned with difficulty voiding, pelvic
pain, and gross hematuria. Cystoscopy revealed a large, organized clot in the bladder, and a
computed tomography (CT) demonstrated an enhancing bladder tumor. Transurethral
resection of the bladder tumor and fulguration was not successful, and the patient under-
went a radical cystectomy, hysterectomy and bilateral salpingo-oophorectomy, anterior
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Figure 1. Histopathology of primary sarcomatoid urothelial carcinoma (UC) case. A radical cystectomy, hyster-
ectomy and bilateral salpingo-oophorectomy, anterior vaginectomy showed a 6.5-cm bladder mass (A) with
papillary high-grade urothelial carcinoma component (B) and an invasive malignant spindle cell component
(C) diagnostic of sarcomatoid differentiation.

vaginectomy with pelvic lymph node dissection, and creation of a continent cutaneous uri-
nary diversion (Fig. 1A). Pathology revealed a 6.5-cm high-grade urothelial carcinoma
(Fig. 1B) with a malignant spindle cell component (Fig. 1C) consistent with sarcomatoid dif-
ferentiation. The tumor invaded the superficial muscularis propria (inner half) with metastatic
carcinoma identified in one of 16 pelvic lymph nodes.

The postoperative course was complicated by hydronephrosis, pouchitis, and enteritis,
and adjuvant chemotherapy was delayed. In April 2019, the patient started dose dense
MVAC (methotrexate, vinblastine, doxorubicin, and Cisplatin) with granulocyte colony stim-
ulating factor prophylaxis. She received two of four cycles and developed pseudomonas
bacteremia and persistent liver function abnormalities attributed to chemotherapy. The pa-
tient was transitioned to Cisplatin and gemcitabine and within two cycles she developed new
lower back pain in July 2019. CT of the abdomen and pelvis with contrast demonstrated new
enhancing masses near the left pelvic sidewall and internal iliac vessels (reference mass,
3.4 x 2.8 cm; Fig. 2A). Biopsy of a pelvic mass confirmed sarcomatoid carcinoma with exten-
sive necrosis that was histologically similar to the patient’'s bladder primary (Fig. 2C).
Immunohistochemistry with the PDL-1 SP263 antibody revealed a combined positive score
(CPS) of 100% (Fig. 2D).

Because of progression on cytotoxic chemotherapy, the patient was started on pembro-
lizumab 200 mg intravenously every 3 wk. After three cycles, response assessment on CT
scan demonstrated decrease in size and enhancement of the left lower quadrant mass
(2.3 x 1.5 cm) and associated lesions. After cycle 6, the CT scan revealed further reduction
of the left lower quadrant mass (1.8 x 1.3 cm), consistent with overall 65% tumor burden
decrease (partial response) (Fig. 2B).

To further characterize the genetic and pathologic characteristics of the patient’s meta-
static tumor, we performed NGS using a commercially available platform, PGDx elio tissue
complete assay (Labriola et al. 2020) (Personal Genome Diagnostics, Inc.), 100 ng DNA input
with 889x distinct coverage. No actionable single-nucleotide variants (SNVs) or transloca-
tions were detected. Microsatellite analysis showed that the tumor was microsatellite stable.
The TMB was 10.8 mutations per megabase (Muts/Mb), predicted to be the exome equiva-
lent of 3.1 (Muts/Mb). This is lower than the median of 5.5 somatic Muts/Mb in 130 urothelial
carcinoma samples reported by the Cancer Genome Atlas Research Network (The Cancer
Genome Atlas Research Network 2013). A low-fold CD274 (PDL-1) amplification was detect-
ed in the metastatic tissue, but not in plasma cfDNA interrogated by PGDx elio plasma re-
solve assay (Al Zoughb et al. 2021). Blood collection occurred 2 wk after the biopsy,
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Figure 2. Clinicopathological presentation of metastatic sarcomatoid urothelial carcinoma (UC). Computed
tomography (CT) with contrast showing an enhancing left pelvic mass (arrow) near the pelvic sidewall and
near the left internal iliac vessels (A,B). Biopsy from that mass showed sarcomatoid carcinoma related to pa-
tient’s known bladder primary (C). PDL-1 (SP263 antibody) shows a diffuse membranous staining, and the com-
bined positive score (CPS) was 100% (D).

during which time the patient received the first cycle of pembrolizumab, which could explain
the false-negative circulating free DNA (cfDNA) results.

Sequence mutation analysis in the metastatic tissue revealed variants in several cancer-
related genes including oncogenes (HRAS and GLI1), tumor suppressor (FAT1), histone
modifiers (KDM6A), and genes involved in various pathways (CDKN1A, cell cycle pathway;
KEAP1, oxidative stress pathway). Mutations in the TERT promoter region and several other
genes were detected (Tables 1 and 2). The G13P HRAS mutation was confirmed in the plas-
ma and a F1101L GLIT mutation with high variant allele frequency (VAF) of 51% was detect-
ed. Although no germline confirmation was performed, such a GLI1 variant was believed to
represent a germline mutation given its high VAF. Based on VAF and the expected tumor
purity (~18%), the CKDN1TA and KEAPT mutations were suspected to represent a
subclone of the original tumor. Plasma cfDNA sequencing confirmed G13P HRAS mutation
(Tables 1 and 2).

To investigate the immune cell repertoire and PD-L1 expression in the SUC tumor cells
and their immune microenvironment, we next performed IMC analysis of the metastatic tis-
sue, capturing four areas of interest in the tissue covering 4.7 mm?. We first observed the ex-
pression of tumoral (vimentin, pan-keratin) and immune markers (CD3, CD8a, CD4, CD20,
CD68) in the tissue, particularly in the context of PD-L1 coexpression (Fig. 3A,B). To quantify
the abundance of cell types, we detected cell boundaries in the images and quantified the
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Table 1. PGDx elio tissue and plasma complete results

Gene Source  Alteration Mutation MAF (%) Role

CARD11  Tissue T1022A Missense 56.3 CARD-CC protein family costimulatory signal essential for T-cell
receptor (TCR)-mediated T-cell activation

TLR4 Tissue  N176Ffs*27  Frameshift 38.8 Pathogen recognition and activation of innate immunity

CDKN1TA Tissue  WA49S Missense 5.9 Encodes cyclin-dependent kinase inhibitor

CDKNTA Tissue D52H Missense 54 Cell cycle pathway

FAT1 Tissue  Y2774* Nonsense 14.4 Tumor suppressor; cell proliferation

GLI1 Tissue  F1101L Missense 51.0 Oncogene; Hedgehog signaling

HRAS Tissue  G13P Missense 17.5 Proto-oncogene

KDM6A  Tissue  K1018Efs*6  Frameshift 13.0 Histone demethylase: chromatin-modifying or chromatin-regulatory
genes

KEAP1 Tissue  R272C Missense 7.5 Tumor/metastasis suppressor; oxidative stress pathway

NCOR1  Tissue H1401R Missense 11.9 Histones/nuclear receptors

PTPRD Tissue  N1701S Missense 53.7 Unclear role

SLX4 Tissue  G1535E Missense 48.3 DNA repair, DSBR HR

TERT Tissue n/a Promoter 6.7 Telomerase complex

HRAS Plasma G13P Missense 1.14 Proto-oncogene

HRAS Plasma n/a Splice site Acceptor 0.54  Proto-oncogene

(MAF) Minor allele frequency, (DSBR) double-strand break repair, (HR) homologous recombination.

Table 2. Variant table

Gene Genomic Location Reference Mutant  Amino acid change Transcript Consequence  MAF (%)
CARD11  Chr7: 2951886-2951886 T C T1022A CCDS5336.2 Missense 56.3
CDKNTA  Chr 6: 36652024-36652024 G C W49S CCDS4824.1 Missense 5.9
CDKN1A  Chr 6: 36652032-36652032 G C D52H CCDS4824.1 Missense 5.4
FAT1 Chr 4: 187539418-187539418 A T Y2774* CCDS47177 1 Nonsense 14.4
GLI1 Chr 12: 57865824-57865824 T C F1101L CCDS8940.1 Missense 51
HRAS Chr 11: 534285-534286 CcC GG G13P NM_176795 Missense 17.5
KDM6A Chr X:44938503-44938504 AA n/a K1018Efs*6 CCDS14265.1 Frameshift 13
KEAP1 Chr 19: 10602764-10602764 G A R272C CCDS12239.1 Missense 7.5
NCOR1 Chr 17: 15973790-15973790 T C H1401R CCDS11175.1 Missense 1.9
PTPRD Chr 9: 8341114-8341114 T C N1701S CCDS43786.1 Missense 53.7
SLX4 Chr 16: 3639035-3639035 C T G1535E CCDS10506.2 Missense 48.3
TERT Chr 5: 1295228-1295228 G A n/a CCDS3861.2 Promoter 6.7
TLR4 Chr 9: 120474928-120474946 ~ GACCAATCTA n/a N176Ffs*27 CCDS6818.1 Frameshift 38.8
GAGCACTTG
(MAF) Minor allele frequency.
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Figure 3. Tumor-immune microenvironment of metastatic sarcomatoid urothelial carcinoma (UC) revealed by
Imaging Mass Cytometry. (A,B) Expression of PD-L1 in the context of coexpression of (A) tumor-specific or (B)
immune-specific markers. (C) Quantification of cellular abundance in tumor and immune cells, and their ex-
pression of PD-L1.

intensity of these markers in each cell (Fig. 3C). We observed that macrophages were partic-
ularly abundant (20% of all cells), followed by tumor cells (14%). Intratumoral CD3 cells were
also seen, with the majority being CD8a" T cells (10% of total cells) and a smaller minority of
CD4™ T cells (3% of total cells). PD-L1 expression was highest in pan-keratin-positive tumor
cells (40% of PD-L1 positive cells) (Fig. 3C). PD-L1 expression was also seen at lower levels
(5%-8%) in infiltrating CD68" macrophages and CD4 and CD8 T-lymphocytes, which can
help explain the immunohistochemical (IHC) findings (Fig. 3). Further characterization of
cell type composition with PD-L1 expression, revealed five tumor cell groups (Fig. 4). One
group of pan-keratin-positive tumor cells had high expression of PD-L1 and vimentin, but
low expression of E-cadherin. A rarer group of tumor cells also had strong expression of
PD-L1, along with CXCL12 and E-cadherin (Fig. 4).

Clinical Follow-Up to Date

The patient completed 30 cycles of pembrolizumab with no issues or new complains. The CT
scan shows clean chest and stable abdominal disease.

DISCUSSION

UC has a propensity for divergent differentiation and the 2016 World Health Organization
(WHO) classification of UCs lists 13 different histologic variants of urothelial cancer
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Figure 4. Molecular phenotype of tumor and immune cell repertoire of sarcomatoid urothelial carcinoma
(UC). (A) Phenotype of discovered cellular clusters based on the profiles of marker expression as assessed
by Imaging Mass Cytometry. Clusters are grouped by broad cell type ontogeny. (B) Representation of cells
in the sarcomatoid carcinoma case in which each single cell is labeled with the color of the phenotypic cluster
from A.

(Humphrey et al. 2016). However, there is a paucity of UC variants included in clinical trials
resulting in low-level retrospective evidence for treatment recommendations.

SUCs show evidence of both epithelial and mesenchymal differentiation either histolog-
ically orby IHC and are believed to be the final common pathway for epithelial bladder tumors
(Cheng et al. 2011). Sarcomatoid subtypes can also be seen in other tumor types. Reported
data from sarcomatoid renal cell carcinoma (RCC) (Debien et al. 2020) and non-small-cell lung
cancer (NSCLC) (Lou et al. 2016) show frequent expression of PD-L1 and high levels of tumor-
infiltrating lymphocytes with an associated increased efficacy of PDL-1/PD-1 inhibition. Li
et al. (2020) evaluated the PD-L1- and CD3-immune scores among invasive UC variants
and found that cases of SUC demonstrate significantly higher PD-L1 scores as compared to
conventional UC and other variants with high intratumoral CD3 scores.

IMC analysis in our case revealed similar patterns with a high number of infiltrating intra-
tumoral CD3 cells, mainly CD8a™ T cells and with high PD-L1 expression in different cell
types, mainly in pan-keratin-positive tumor cells. CD8a™ T cells are a crucial component of
the cellular immune system that is important for cell-mediated antitumor immune response
and independently associated with prolonged survival (Teng et al. 2015). PD-L1 expression
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on different cellular populations (tumor cells and tumor infiltrating immune cells) might be
associated with improved response to PD-1/PD-L1 inhibitors in UC patients (Wen et al.
2019) like our patient.

Tumors with epithelial-to-mesenchymal transition (EMT) have been shown to be associ-
ated with resistance to conventional therapy (Singh and Settleman 2010; Lou et al. 2016).
EMT is a mechanism by which cancer cells can invade and metastasize by altering cellular
properties such as epithelial cell-cell junctions, cytoskeletal organization, and tumor interac-
tions with the microenvironment. Mak et al. (2016) observed a consistent and strong positive
correlation between the EMT score and expression levels of immune checkpoint genes (in-
cluding PD1, cytotoxic T-lymphocyte-associated protein 4, and tumor necrosis factor [TNF]
receptor superfamily member 4), across all cancer types, including bladder cancer, with mes-
enchymal tumors expressing higher levels. Pathway analysis of those cases demonstrated
enrichment of leukocyte extravasation signaling, suggesting immune activation. A study of
28 SUCs evaluating the expression of EMT markers showed that the majority of cases ex-
pressed pro-EMT transcriptional factors including FoxC2, SNAIL, and ZEB1, as well as vimen-
tin, coupled with cadherin switching from E-cadherin to N-cadherin (Sanfrancesco et al.
2016). Although we did not evaluate N-cadherin, our case suggested that EMT may be at
play, with the vast majority of tumor cells expressing vimentin and low E-cadherin expres-
sion. These same cells showed high expression of PD-L1. This is notable as the tumor dem-
onstrated a rapid recurrence following surgical resection and resistance to cytotoxic
chemotherapy while showing an excellent response to immunotherapy.

Goodman etal. (2018) studied the prevalence of PD-LT amplification in solid tumors, and
amplifications were identified in 843 (0.7%) of the samples among more than 100 types of
solid tumors. Most PD-L1-amplified tumors (84.8%) had a low (<5 Muts/Mb) to intermediate
TMB (6-19 Muts/Mb), as in our case of low TMB (3.1 Muts/Mb). However, in contrast to our
case, PD-L1 amplification did not correlate with high-positive PD-L1 expression by immuno-
histochemical analysis in the same study (Goodman et al. 2018), emphasizing the need for
better biomarkers. Six of nine patients (6/9; 66.7%) with PDL1-amplified solid tumors that
were treated with immunotherapy had objective responses after checkpoint blockade ad-
ministration, including one case of conventional UC (progression free survival of
>17.8 mo). In another study, PD-L1 amplification was more common in squamous cell carci-
noma of the bladder and included only 17 cases (1%) of urothelial cancer (Necchi et al. 2020).

Conclusion

In conclusion, we present the first IMC analysis done in SUC to investigate the immune cell
repertoire and PD-L1 expression on a single-cell level. The patient presented with metastatic
SUC and experienced a prolonged response to the anti-PD1 immune checkpoint inhibitor
pembrolizumab. Although the analysis on the metastatic tumor showed a low TMB, it dem-
onstrated CD274 (PD-L1) amplification by NGS and 100% PD-L1 expression by IHC. IMC
showed that most of the PD-L1 expression was present in tumor cells that showed evidence
of EMT, as has been previously seen in SUC. The resistance of this tumor to conventional che-
motherapy and sensitivity to immune checkpoint blockade suggests the importance of iden-
tifying genetic markers such as PD-L1 and others on a larger cohort of both UC and UC
variants.

METHODS

This study was approved by the Institutional Review Board at Weill Cornell Medicine
(Protocol # 1305013903—Research for Precision Medicine). Under this research protocol,
patient provided written consent to be part of the study.
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Tissue-Based NGS for Tumor Characterization

Protocols for DNA extraction and library preparation were followed, as previously described
(Beg et al. 2021). NGS was performed by using the PGDx elio tissue complete RUO assay
(Personal Genome Diagnostics, Inc.), a more than 500 gene panel targeted DNA-based as-
say that detects SNVs, small indels, translocations in 23 genes, amplifications in 28 genes,
microsatellite instability, and TMB genomic signatures. The translocations detected by the
assay are ALK, AXL, BRAF, BRCA1, BRCA2, EGFR, ETV4, ETV6, EWSR1, FGFR1, FGFR2,
FGFR3, MYC, NTRK1, NTRK2, NTRK3, PAX8, PDGFRA, PDGFRAB, RAF1, RET ROS1, and
TMPRSS2 (Supplemental Fig. 1). Samples were processed as previously described
(Labriola et al. 2020). Formalin-fixed, paraffin-embedded (FFPE) tumor tissue from this pa-
tient was evaluated by study pathologists. Sample processing from tissue, library prepara-
tion, hybrid capture, and sequencing were performed at the PGDx laboratory. Samples
were run on the PGDx elio tissue complete tumor profiling NGS assay, screening for variants
in the aforementioned genes. Briefly, DNA was extracted from FFPE tissue, and following
shearing, genomic libraries were prepared using end repair, A tailing and adapter ligation
modules. Genomic libraries were amplified and captured in-solution, targeting the prede-
fined regions of interest across full exonic regions. Captured libraries were sequenced on
an lllumina NextSeq platform (Supplemental Table S1).

Plasma-Based NGS for cfDNA Characterization

Protocols for blood fractionation, plasma cfDNA extraction, and library preparation were fol-
lowed as previously described (Al Zoughbi et al. 2021). NGS was performed by using the
PGDx elio plasma resolve RUO assay (Personal Genome Diagnostics, PGDx), an assay that
interrogates full coding regions of 33 genes, copy-number variation of eight genes, five
translocations, and microsatellite instability (MSI) (Supplemental Fig. 2).

Antibody Panel Design and Validation for IMC

Preconjugated metal labeled antibodies were bought from Fluidigm, which were tested for
specificity according to the company datasheet. The rest of the antibodies were custom-con-
jugated following manufacturer’s protocol using the Maxpar X8 Multimetal Labeling Kit
(Maxpar 201300). Newly conjugated antibodies were tested for staining specificity by stain-
ing control tissues such as lymph node. The PD-L1 clone SP142 was chosen based on its
staining pattern that was close enough to the IHC clone used for scoring. A pathologist ver-
ifies the staining pattern for all antibodies before proceeding with actual staining of the
tissue.

Imaging Mass Cytometry

Based on the clinical and pathological characteristics and quality of the preserved tissues,
suitable representative fresh-cut 4-pm-thick FFPE sections were used for IMC staining.
Slides were incubated for 1 h at 60°C on a slide warmer followed by dewaxing in fresh
CitriSolv (Decon Labs) twice for 10 min, rehydrated in descending series of 100%, 95%,
80%, and 75% ethanol for 5 min each. After 5 min of MilliQ water wash, the slides were treat-
ed with antigen retrieval solution (Tris-EDTA pH 9.2) for 30 min at 96°C. Slides were cooled
to room temperature, washed twice in TBS, and blocked for 1.5 h in SuperBlock Solution
(Thermo Fisher), followed by overnight incubation at 4°C with the prepared antibody cocktail
containing all metal-labeled antibodies (Table 3). The next day, slides were washed twice in
0.2% Triton X-100 in PBS and twice in TBS. DNA staining was performed using Intercalator-
Iridium in PBS solution for 30 min in a humid chamber at room temperature. Slides were
washed with MilliQ water and air-dried before ablation.
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Table 3. Full list of antibodies and their properties

Metal Stock concentration

Antibody tag Clone Dilution (mg/mL) Vendor Catalog #
Alpha-smooth Pr141 1A4 1:400 0.5 Fluidigm 3141017D

muscle actin
Interferon gamma Nd142  IFNG/466 1:50 0.5 Abcam ab218890
CD206 Nd143  E2L9N 1:100 0.2 Cell Signaling Technology 91992BF
IDO Nd144  DS5J4E 1:50 0.5 Cell Signaling Technology 86630BF
LAG3 Nd145  D2G40 1:50 0.5 Cell Signaling Technology 15372BF
CD163 Sm147  EDHu-1 1:100 0.5 Fluidigm 3147021D
CD14 Nd148 D7A2T 1:50 0.5 Cell Signaling Technology 56082BF
PD1 Nd150 D4w2J 1:50 0.5 Cell Signaling Technology 86163BF
CD45 Sm152  D9M8I 1:100 0.5 Fluidigm 3152018D
CD44 Eu153 M7 1:100 0.5 BioLegend 103001
Vimentin Sm154 D21H3 1:200 0.5 Fluidigm 3154014A
FoxP3 Gd155  236A/E7 1:25 0.5 Abcam ab96048
CD4 Gd156 OTI5D9 1:50 0.5 Novus Biologicals NBP2-70357
E-cadherin Gd158  2.40E+11 1:100 0.5 Fluidigm 3158029D
CD68 Tb159  KP1 1:50 0.5 Abcam ab233172
CD1a Gd160 O10 1:50 0.5 Abcam ab212980
CD20 Dy161 L26 1:200 0.5 Novus Biologicals NBP2-80486
CD8a Dy162  C8/144B 1:100 0.5 eBioscience 14-0085-82
CXCL12 Dy163  D7A2T 1:50 0.5 Abcam 97958BF
Pan-keratin Dy164  AE1/AE3 1:100 0.5 Abcam ab80826
HLADR Ho165  EPR3692 1:50 0.5 Abcam ab215985
IL-1beta Er166 3A6 1:50 0.5 Cell Signaling Technology = 12242BF
Granzyme B Er167 GB11 1:50 0.5 Fluidigm 3167023D
Ki67 Er168 B56 1:50 0.5 Fluidigm 3168022D
ColTypel Tm169  Polyclonal 1:300 0.5 Fluidigm 3169023D
CD3 Er170 Polyclonal, carboxy-terminal ~ 1:100 0.5 Fluidigm 3170019D
TIM3 Yb171  D5D5R 1:50 0.5 Cell Signaling Technology 45208BF
CD56 Yb172  3H15L12 1:50 0.5 Invitrogen 701379
CD45RO Yb173  UCHL1 1:100 0.5 Fluidigm 3173016D
HLAClassl Yb174  EMR8-5 1:50 0.5 Abcam ab70328
PDL1 Lu175  SP142 1:50 0.5 Abcam ab236238
CD11c Yb176  EP1347Y 1:50 0.5 Abcam ab216655
DNA1 Ir191 1:400 Fluidigm 201192A
DNA2 Ir193 1:400 Fluidigm 201192A

The instrument was calibrated using a tuning slide to optimize the sensitivity of the detec-
tion range. Hematoxylin and eosin—stained slides were used to guide the selection of four
regions of interest based on the pathological examination of the tissue. Scanning protocol
was set for 200 Hz frequency and the raw MCD file was exported for downstream data
analysis.
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Preprocessing of IMC Data

IMD data was preprocessed as described previously (Zanotelli and Bodenmiller 2017), with
some modifications. Briefly, image data was extracted from MCD files acquired with the
Fluidigm Hyperion instrument. Hot pixels were removed using a fixed threshold, the image
was amplified two times, and Gaussian smoothing applied. From each image a square 500-
pixel crop was saved as a HDFS5 file for image segmentation.

Image segmentation was performed with ilastik (Berg et al. 2019) (version 1.3.3) by man-
ually labeling pixels as belonging to one of three classes: nuclei; cytoplasm—as the area im-
mediately surrounding the nuclei; and background—as pixels with low signal across all
channels. Outputs probabilities were used to segment the image using CellProfiler
(Carpenter et al. 2006) (version 3.1.8) with the IdentifyPrimaryObjects module, and followed
by the “ldentifySecondaryObjects” module in which identified nuclei are used to seed an
expansion of the cell area to generate a cellular mask.

Analysis of IMC Data

We assessed the quality of each acquired channel as described previously (Rendeiro et al.
2021) and quantified single cells by averaging signal intensity of each channel in the area
of each cell in the cell mask. We used Scanpy (Wolf et al. 2018) (version 1.5.0) to process
the single-cell data. Values were log1p transformed and normalized in order for the sum
of each cell to equal 1 x 10%. Cell type assignment was performed by computing a neighbor
graph on this standardized and centered matrix with eight neighbors per cell and by cluster-
ing the cells with the Leiden algorithm (Traag et al. 2019) in the Python implementation (lei-
denalg, version 0.8.0), with 0.75 as resolution parameter. To derive data-driven labels for
each cluster, we used the mean intensity of each cluster in each channel, centered and scaled
in both dimensions, averaged for both (Wisconsin double transformation). To those values,
we fit a Gaussian Mixture model (scikit-learn, version 0.23.0) with two classes and used the
decision boundary to label each cluster above that value as positive for that marker. The
union of positive markers for a given cluster was used as a label for the cluster. To declare
cells as positive for a certain marker, we also used a Gaussian mixture model with two classes
except the ones run for each marker using the log-transformed intensity matrix.

The following additional software versions were used: Python version 3.8.2, numpy ver-
sion 1.18.3, scipy version 1.4.1, and scikit-image 0.17.2.

ADDITIONAL INFORMATION

Data Deposition and Access

IMC data can be found at the following publicly accessible repository: https:/doi.org/10
.5281/zeno0do.6251220. Source code used to analyze IMC data are available at https
//github.com/ElementolLab/msuc-imc. Additional data that support the findings of this
study are available on request from the corresponding author (J.M.M.). Interpreted variants

were submitted to ClinVar (https:/www.ncbi.nlm.nih.gov/clinvar/) and can be found under
accession numbers SCV002500974-SCV002500987.

Ethics Statement

This study was approved by the Institutional Review Board (Protocol # 1305013903). Written
informed consent was obtained from the patient for publication of this case report and any
accompanying images.
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