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Abstract

Cancer immunotherapy can result in lasting tumor regression, but predictive biomarkers of 

treatment response remain ill-defined. Here, we performed single-cell proteomics, transcriptomics, 

and genomics on matched untreated and interleukin-2 (IL-2) injected metastases from patients 

with melanoma. Lesions that completely regressed following intralesional IL-2 harbored increased 

fractions and densities of non-proliferating CD8+ T cells lacking expression of PD-1, LAG-3 

and TIM-3 (PD-1−LAG-3−TIM-3−). Untreated lesions from patients who subsequently responded 

with complete eradication of all tumor cells in all injected lesions (individuals referred to herein 

as “extreme responders”) were characterized by proliferating CD8+ T cells with an exhausted 
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phenotype (PD-1+LAG-3+TIM-3+), stromal B-cell aggregates, and expression of IFNγ and IL-2 

response genes. Loss of membranous MHC class I expression in tumor cells of untreated lesions 

was associated with resistance to IL-2 therapy. We validated this finding in an independent cohort 

of metastatic melanoma patients treated with intralesional or systemic IL-2. Our study suggests 

that intact tumor cell antigen presentation is required for melanoma response to IL-2 and describes 

a multi-dimensional and spatial approach to develop immuno-oncology biomarker hypotheses 

using routinely collected clinical biospecimens.
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INTRODUCTION

Up to 20% of patients with metastatic cutaneous melanoma present with “in-transit” 

metastasis, a form of locoregional recurrence (1). Therapeutic options for in-transit 

melanoma include surgical excision, isolated limb perfusion, radiation, systemic therapies, 

and intralesional therapies, including interleukin-2 (IL-2), which was the first FDA-approved 

immunotherapeutic agent (2, 3). Today, IL-2 is regaining popularity as an immuno-oncology 

agent as a number of pharmaceutical companies have IL-2 candidates in clinical trials 

for a variety of solid cancers (4). Compared to systemic IL-2 administration, intralesional 

IL-2 injection reduces systemic toxicity while maximizing intratumoral IL-2 concentration. 

Prior studies have reported that 41–96% of injected lesions show a complete response to 

IL-2 (3, 5). Although responding lesions have been shown to harbor increased densities 

of CD8+ T cells (6, 7), more detailed molecular and cellular effects of intralesional IL-2 

and biomarkers of response are unknown. In this study, we used single-cell proteomics 

and bulk transcriptomics and genomics to identify changes in the tumor microenvironment 

and biomarkers of response associated with intralesional IL-2 therapy for patients with 

melanoma while describing a multi-dimensional approach for biomarker hypothesis 

development.

Materials and Methods

Patients and tissue.

This study includes all patients with in-transit melanoma who presented for intralesional 

IL-2 therapy at Memorial Sloan Kettering Cancer Center (MSKCC) from 2015–2017 (n=7) 

and who met the criteria of having pretreatment (untreated) and IL2-injected tissue and 

subsequent IL2-response data at the level of each injected lesion (Supplementary Table 

S1). All patients signed statements of informed consent under protocols approved by the 

MSKCC Institutional Review Board, and the study was conducted in accordance with the 

Declaration of Helsinki. All lesions were surgically resected (Charlotte E. Ariyan) and 

immediately formalin-fixed and paraffin-embedded (FFPE). All biospecimens were obtained 

as part of routine clinical care with standard FFPE tissue processing in the MSKCC surgical 

pathology lab (CLIA accredited). FFPE tissue blocks were maintained in the MSKCC 

Department of Pathology temperature controlled storage units until use. For each specimen, 
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adjacent tissue sections were freshly cut for hematoxylin and eosin (H&E) (1 section, 

5-microns), multiplexed immunofluorescence (IF) (Cell Dive, Cytvia, Issaquah, WA) (1 

section, 5-microns), NanoString (10 sections, 10-microns), MSK-IMPACT (20 sections, 

5-microns), and immunohistochemistry (IHC) for MHC class I (1 section, 4-microns). Cell 

Dive validation IHCs were completed on 28 additional 4-micron thick tissue sections from 

lesion 3_2. Multiplexed IF (validation assay) was completed on one 4-micron thick tissue 

section. H&Es were reviewed by a board-certified Dermatopathologist (Travis J. Hollmann) 

for classification of treatment response as either complete response (CR) or non-CR based 

on the presense or absence of tumor cells, respectively.

Our validation cohort includes 19 patients with metastatic melanoma who received 

intralesional IL-2 or high-dose systemic IL-2 and who met the criteria of having 

pretreatment (untreated) tissue with no prior therapies and subsequent IL2-response data at 

the level of each injected lesion for intralesional IL-2 therapy and at the level of the patient 

for high-dose systemic IL-2 therapy. All patients signed statements of informed consent, and 

the study was conducted in accordance with the Declaration of Helsinki. All lesions were 

surgically resected and immediately FFPE using standard FFPE tissue processing. “CR” 

denotes full regression of the tumor following IL-2 therapy, whereas “non-CR” denotes 

remaining tumor cells following IL-2 therapy.

Targeted RNA sequencing using NanoString.

NanoString was performed for all lesions in the initial discovery cohort with the exception 

of lesions 3_2 and 6_2, which were excluded due to low RNA quantity post-extraction. RNA 

extraction was performed after macrodissection to exclude necrotic and normal skin regions. 

FFPE sections were deparaffinized using the mineral oil method. Briefly, 800μL mineral 

oil (Thermo Fisher catalog# AC415080010) was mixed with the sections and the sample 

was incubated at 65°C for 10 minutes. Phases were separated by centrifugation in 360μL 

Buffer PKD (DNeasy Blood & Tissue Kit, QIAGEN catalog# 69504), and Proteinase K (600 

mAU/mL) (DNeasy Blood & Tissue Kit, QIAGEN catalog# 69504) was added for digestion. 

After a three-step incubation (65°C for 45’, 80°C for 15’, 65°C for 30’) and additional 

centrifugation, the aqueous phase containing RNA was removed and DNase treated (DNeasy 

Blood & Tissue Kit, QIAGEN catalog# 69504). The RNA was then extracted using the 

RNeasy FFPE Kit (QIAGEN catalog #73504) according to the manufacturer’s instructions. 

A minimum of 100 ng of total RNA per sample was used to measure the expression of 770 

immune-related genes and 20 internal reference genes (PanCancer IO 360 gene expression 

panel) using NanoString Technologies’ nCounter platform. Normalization using the internal 

reference genes was performed using nSolver. Differential expression analysis was run using 

the DESeq2 Bioconductor package.

Targeted DNA sequencing using MSK-IMPACT.

MSK-IMPACT was performed for all tumor-containing untreated and non-CR lesions in 

the initial discovery cohort with the exception of patient 6 due to tissue availability. DNA 

extraction was performed after macrodissection to exclude necrotic and normal skin regions. 

FFPE tissue was deparaffinized using heat treatment (90°C for 10’ in 480μL PBS and 20μL 

10% Tween 20), centrifugation (10,000xg for 15’), and ice chill. Paraffin and supernatant 
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were removed, and the pellet was washed with 1mL of 100% ethanol followed by an 

incubation overnight in 400μl of 1M NaSCN for rehydration and impurity removal. Tissues 

were subsequently digested with 40μl of Proteinase K (600 mAU/ml) in 360μl Buffer 

ATL (DNeasy Blood & Tissue Kit, QIAGEN catalog# 69504) at 55°C. DNA isolation 

proceeded with the DNeasy Blood & Tissue Kit (QIAGEN catalog# 69504) according to 

the manufacturer’s protocol modified by replacing buffer AW2 with 80% ethanol. DNA was 

eluted in 0.5X Buffer AE heated to 55°C. Next-generation sequencing of patient-matched 

tumor/normal DNA was performed in the MSKCC Integrated Genomics Operation core 

facility using MSK-IMPACT 468, which has been previously described (8). A genetically 

matched normal was used for all cases. The current analysis framework can be found at 

https://github.com/mskcc/roslin-variant/wiki/Roslin-Output-v2.5.

H&E staining.

H&E staining was performed for all lesions (initial discovery and validation cohorts) using 

the Ventana Symphony automated H&E stainer with standard clinical protocol. Tissue 

sections were baked for one hour at 60°C, hydrated, stained with hematoxylin (Leica 

catalog# 3801560), stained with bluing reagent (Leica catalog# 3802918), stained with eosin 

counsterstain (Leica catalog# 3801600), rinsed, dehydrated, and coverslipped.

Multiplexed immunofluorescence (Cell Dive).

Multiplexed IF (Cell Dive) was performed for all lesions in the initial discovery cohort. 

Multiple primary antibodies clones were evaluated for each antigen by IHC on normal 

human multi-tissue controls (tonsil, placenta, skin, colon, kidney, pancreas, testicle, lung, 

and spleen) (Supplementary Fig. S1, Supplementary Table S2). The normal human controls 

were processed with standard FFPE tissue processing in the MSKCC surgical pathology lab 

(CLIA accredited), and FFPE tissue blocks were maintained in the MSKCC Department 

of Pathology temperature controlled storage units until use. All patients signed statements 

of informed consent under protocols approved by the MSKCC Institutional Review Board, 

and the study was conducted in accordance with the Declaration of Helsinki. The most 

optimal clone was conjugated to Cy2, Cy3, or Cy5 Bis NHS Ester dyes (GE catalog# 

PA22000, PA13000, PA25000, respectively) using a previously published protocol (9). Each 

conjugated primary antibody was evaluated at three different dilutions to the unconjugated 

antibody. The staining protocol consists of incubating slides for 60 minutes with the 

conjugated primary antibody and a 3% BSA in PBS diluent at room temperature followed by 

3 rounds of 5 minutes washes in 1X PBS. Each epitope was tested for stability to alkaline 

H2O2-based signal inactivation by exposing adjacent sections of a multi-tissue control to 0, 

1, 5, and 10 cycles of alkaline H2O2 followed by staining with the antibody (9).

The multi-tissue control was included on each slide for quality control. Tissue sections 

were baked for one hour at 60°C, deparaffinized, hydrated, processed through a 2-step 

antigen retrieval process (step 1: citrate-based pH 6.0 , Vector catalog# H-3300; step 

2: EDTA-based pH 8.5, Sigma catalog# T6066-100G/Biorad catalog# 161-0729/Sigma 

catalog# P9416) using a previously published protocol (9), and blocked overnight using 

normal donkey serum (Jackson ImmunoResearch catalog# 017-000-121). The tissue was 

then stained with DAPI for 15 minutes (Thermo Scientific catalog# D3571) and washed 
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3 rounds for 5 minutes with 1X PBS. A whole slide image was acquired for field of 

view (FOV) selection. FOVs were placed on the tumor-stroma interface, tumor center, and 

regressed tumor. Tissue sections then underwent 16 cycles of background imaging, staining, 

imaging, and signal inactivation. Images were acquired using the Cytell Cell Imaging 

System (Cytvia, Issaquah, WA). Image App software was used for image acquisition and 

registration (using DAPI), and this functionality is fully incorporated into the commercial 

Cell Dive product (Leica Microsystems). An acquired background image following each 

cycle of dye inactivation was used to subtract autofluorescence from the subsequent stain 

round resulting in autofluorescence removed images.

Multiplexed immunofluorescence (validation assay).

Multiplexed IF (validation assay) was performed for all lesions in the initial discovery 

cohort. Tissue sections were processed using the protocol described for IHC through 

antigen retrieval followed by 3 sequential cycles of staining (CD4: 0.7 microgram/mL, 

CD8: 0.125 microgram/mL, TIM-3: 0.15 microgram/mL) with each round including a 

30-minute combined block and primary antibody incubation (Akoya opal antibody diluent/

block catalog#ARD1001). The CD4, CD8, and TIM-3 antibodies used can be found 

in Supplementary Table S2. CD4 and CD8 detection was performed using 10-minute 

incubation with a goat anti-mouse Poly HRP secondary antibody (Invitrogen catalog# 

B40961). The HRP-conjugated secondary antibody polymer was detected using fluorescent 

tyramide signal amplification using Opal dyes 520 (CD4), 570 (CD8), 650 (TIM-3) (Akoya 

catalog# FP1487001KT, catalog# FP1488001KT, and catalog# FP1496001KT, respectively). 

The covalent tyramide reaction was followed by heat-induced stripping of the primary/

secondary antibody complex using Akoya AR9 buffer (catalog# AR900250ML) and Leica 

Bond ER2 (90% ER2 and 10% AR9) at 100°C for 20 minutes preceding the next cycle. 

After 3 sequential rounds of staining, sections were stained with Hoechst (Invitrogen 

catalog# 33342) and mounted with ProLong Gold antifade reagent mounting medium 

(Invitrogen catalog# P36930). Whole slide images were acquired using Zeiss AXIO scanner. 

Indica Labs’ HALO Image Analysis software was used for image analysis. Necrotic regions 

were excluded.

Immunohistochemistry.

IHC for MHC class I was performed for all lesions (initial discovery and validation cohorts) 

and for the 28 markers in the multiplexed IF panel (Supplementary Table S2) for lesion 3_2 

using an automated staining system (Leica Bond RX) with 3,3’ Diaminobenzidine (DAB) 

detection (Leica Bond Polymer Refine Detection catalog# DS9800). Tissue sections were 

baked for 3 hours at 62°C in vertical slide orientation with subsequent deparaffinization 

performed on the Leica Bond RX. Antigen retrieval was conducted for 30 minutes using 

Leica Bond epitope retrieval solution 2 (ER2) (EDTA, pH 9.0) (catalog# AR9640) followed 

by incubation of the primary antibody at previously optimized concentrations for 30 minutes 

(a list of the primary antibodies used can be found in Supplementary Table S2) followed 

by incubation of the secondary antibody (Leica Bond Polymer Refine Detection catalog# 

DS9800). MHC class I staining was scored for the percentage of membrane-positive tumor 

cells within the entire tissue section in 5% increments (0% to 100%). Slides were scored 

blindly by Travis J. Hollmann and Maryam Pourmaleki. IHC staining for the 28 markers 
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for lesion 3_2 was visually inspected alongside the multiplexed IF (Cell Dive) staining for 

the 28 markers for lesion 3_2 by Travis J. Hollmann and Maryam Pourmaleki to ensure 

accuracy of the multiplexed IF method.

Multiplexed immunofluorescence analysis (Cell Dive).

Image analysis: HALO was used for image visualization and analysis. For each FOV, 

images for the 28 markers and DAPI were stacked. Markers with technical issues or non-

specific staining in either a single FOV or the lesion were excluded. High intensity artifacts 

were annotated for exclusion. The tumor-stroma interface was manually annotated for each 

interface FOV using the marker SOX-10, which labels the nuclei of tumor cells. Annotation 

coordinates were exported for downstream analysis. Nuclear segmentation parameters and 

thresholds were set for each lesion and optimized using 2 FOVs.

Cell loss computation: DAPI images (first and last cycles 1 and 32) were processed with 

intensity normalization and histogram matching. Sum of squared differences was used to 

generate a pixel level bit mask image highlighting areas of cell loss/drift between images. 

The bit mask and cell coordinates were used to calculate a loss/drift percentage for each cell

Data processing: Each cell was assigned a unique ID. Cells in regions with artifacts, in 

the 20-micron border region of each FOV, and with greater than 10% loss/drift of pixels 

were removed from analysis. For each interface FOV, we created a quad tree consisting of 

pixel coordinates of the annotated tumor interface using R-package SearchTrees v0.5.2. For 

each cell, we identified the nearest point on the tumor interface using k-nearest neighbor 

lookup on the tree and measured the distance from the cell to that point (0.293 microns 

per pixel conversion). Each cell falling within +/− 360-microns of the tumor interface was 

assigned to a 10-micron interval. Distance in microns between all unique pairs of cells in 

each FOV was calculated for cell neighborhood analyses. Intensity values for each marker 

were normalized by dividing the intensities for each marker by the value of the threshold. 

Intensity values below the threshold (less than 1) were flattened to 1. The log of the intensity 

values for each marker was divided by the width of the log intensity (97.5-percentile value) 

distribution across the FOV. Cells were assigned to a cell type using positive and negative 

combinations of cell identity markers. A method was created to reset problematic thresholds.

t-SNE analysis: We performed dimensionality reduction on the full set of marker 

intensities using the Rtsne package. The normalized/transformed intensities were projected 

onto 2 dimensions using the t-SNE method with a perplexity of 250 and 5,000 iterations.

Statistical analysis: We transformed fractions to log odds and used R function 

wilcox.test() with the default two-sided option to compute significance of the differences 

and effect sizes as log odds ratios (OR). We used the same method log-transformed 

densities, reporting effect sizes as fold changes. P-values were adjusted for multiple testing 

with Bonferroni adjustment.

Statistical integration of overall and intra-patient analyses: From filtered cell 

fractions for overall CR versus untreated and overall non-CR versus untreated comparisons, 
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we filtered cell fractions with at least one significant overall OR (p-adjusted<0.05). 

Harmonic mean p-value (HMP) was calculated for each intra-patient comparison and 

adjusted using Bonferroni test. The union of untreated lesion FOVs was used for patients 

with 2 untreated lesions (#4, #6).

Tumor MHC class I neighborhoods: Immune cells were grouped by being in MHC-

I–low, MHC-I–mixed, MHC-I–high, tumor-free, and isolated neighborhoods (30-micron 

radius) based on neighborhoods having a maximum of 25% MHC-I+ tumor cells, between 

25–75% MHC-I+ tumor cells, a minimum of 75% MHC-I+ tumor cells, no tumor cells, or no 

neighbors, respectively.

Identification of B-cell aggregates.—Clusters of B cells were identified using the set 

of B-cell pairs with less than 30 microns between them. Starting with one pair as a cluster, 

all B-cell neighbors of both cells in the pair were added to the cluster, followed by neighbors 

of neighbors. Clusters of 20 B cells or more were labeled B-cell aggregates.

CD8+ T-cell neighborhoods.—Immune cells were grouped by being in CD8+ T-cell 

triple-negative (TN), single-positive (SP), double-positive (DP), or triple-positive (TP) 

neighborhoods using PD-1, LAG-3, and TIM-3 based on neighborhoods having exclusively 

one degree of CD8+ T-cell exhaustion (TN, SP, DP, or TP). All other immune cells were 

excluded from the analysis. Log OR of each cell fraction in groups SP, DP, TP versus TN 

was computed. Cell fractions were tested for monotonicity as exhaustion progresses using R 

package Kendall.

Data and materials availability.

All data supporting findings of this study are available online at https://zenodo.org/record/

4300912#.YcUQgH3MLFR. All code and detailed computational methods for multiplexed 

IF and NanoString analysis are available at https://github.com/mskcc/Halo_Melanoma_IL2.

RESULTS

We identified seven patients with multiple contemporaneous in-transit melanoma metastases, 

of which at least one metastasis was surgically removed without prior IL-2 injection (termed 

untreated) and at least one metastasis had received IL-2 injections prior to resection (Fig. 

1A). This cohort of matched untreated and IL2-injected lesions provided an opportunity to 

investigate pretreatment molecular and cellular makeup as well as IL2-associated changes 

within the tumor that are associated with tumor response to therapy. For each lesion, 

we assessed the co-expression of 28 proteins at single-cell resolution (using multiplexed 

immunofluorescence, multiplexed IF (9, 10), the abundance of 770 immune response–

related transcripts (bulk RNA), and the presence or absence of genetic alterations in 468 

cancer genes (bulk DNA) in immediately adjacent FFPE tissue sections (Fig. 1B).

In total, 9/18 (50%) IL2–injected lesions responded completely to intralesional IL-2 (termed 

CR), defined by the absence of tumor cells on histopathological review. The other 9/18 

IL IL2–injected lesions contained abundant residual tumor cells (termed non-CR; Fig. 1C, 

Supplementary Table S1). Two patients (termed extreme responders) experienced complete 
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regression of all IL2–injected lesions, whereas all other patients (termed non-/mixed 

responders) had at least one IL2–resistant lesion. Metastases from a given patient harbored 

similar mutations and copy number profiles (Supplementary Fig. S2, A and B), supporting 

their origin from the same primary tumor clone. When compared to a larger cohort of 

cutaneous melanomas that were sequenced using MSK-IMPACT (8), our cohort showed a 

similar distribution of genetic alterations (Supplementary Fig. S2, B and C).

Our selection of markers for single-cell proteomic analysis included markers for both cell 

identity (e.g., tumor cell) and cell function (e.g., antigen presentation) (Supplementary Fig. 

S1A, Supplementary Table S2). For each marker, we evaluated specificity and sensitivity 

of the fluorescent dye-conjugated antibody through staining of normal human tissues 

(Supplementary Fig. S1, B and C), epitope stability to H2O2-based signal inactivation 

through repeated dye inactivation cycles (Supplementary Fig. S1D), and multiplexed 

IF staining specificity through staining of adjacent tumor sections with standard IHC 

(Supplementary Fig. S1E). Using combinations of positivity and negativity for cell identity 

markers, we defined 16 immune cell types, tumor cells, adipocyte/Langerhans cells, 

epithelial cells, and nerve cells (Supplementary Table S3).

To identify functionally distinct subpopulations of tumor and immune cells, we annotated 

each cell type with combinations of 15 cell-function markers, ultimately resulting in 

664 distinct “cell states”. For comparisons between samples, the relative abundance of 

these subpopulations was expressed as cell fractions (e.g., fraction of Ki67+ CD8+ T 

cells over all CD8+ T cells) and cell densities (e.g., Ki67+ CD8+ T cells per millimeter 

squared), ultimately amounting to 685 distinct cell fractions and 664 distinct cell densities 

(Supplementary Fig. S3, Supplementary Table S4).

Following cell segmentation, marker thresholding, and removal of cells displaced during 

any staining cycle, we identified a total of 2,572,629 cells within 333 high-dimensional 

FOVs from 22 excised lesions in total (untreated, CR, and non-CR) of which 928,592 were 

immune cells (Supplementary Fig. S3B, Supplementary Table S5). Examination of multiple 

FOVs from each lesion allowed us to survey a much broader tumor area than typically 

examined using tissue microarrays (Supplementary Fig. S4A and S4B, Supplementary Table 

S5). We observed considerable heterogeneity in the composition of immune-cell infiltrates 

within FOVs from the same lesion (Supplementary Fig. S4C). At the single-cell level, the 

expression of some markers appeared mostly restricted to specific immune-cell types (e.g., 

expression of the IL-2 receptor alpha chain CD25 in CD4+ regulatory T cells), whereas other 

markers (e.g., Ki67) were expressed in all immune-cell types (Supplementary Fig. S3C). 

Within cell types, certain cell-function markers were more broadly expressed than others 

(e.g., expression of TIM-3 and CD27 in T cells and B cells) (Supplementary Fig. S3D–G).

To gain insight into the molecular processes that are associated with a complete lesion 

response to intralesional IL-2, we determined the frequency of each cell state in untreated 

and IL2–injected lesions (Fig. 2A, Supplementary Table S6). Compared to untreated lesions, 

CR lesions showed increased fractions of CD8+ T cells over all T cell subtypes and all 

immune cells, a well-documented effect of IL-2 (6, 7). CR lesions also showed increased 

fractions of PD-1−LAG-3−TIM-3− CD8+ T cells, CD4+ (helper) T cells, CD4+ regulatory T 
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cells, B cells, and natural killer (NK) cells (Fig. 2A, Supplementary Fig. S5). CR lesions 

also showed the lowest fractions of TIM-3+ cells (across most immune-cell types), a finding 

that we validated using an independent multiplexed IF platform (Fig. 2A, Supplementary 

Fig. S6A and S6B). This is reminiscent of the reported association between TIM-3 and 

treatment resistance in other immuno-oncology contexts (11, 12). Non-CR lesions, on the 

other hand, showed an admixture of immune and tumor cells and no statistically significant 

change in CD8+ T-cell infiltration compared to untreated lesions (Fig. 2A). Interestingly, 

non-CR lesions did harbor increased numbers of CD25+ CD4+ regulatory T cells, suggesting 

that failure to upregulate the IL-2 receptor alpha (CD25), a well-documented effect of 

IL-2 (13), is not the cause of IL-2 resistance in these lesions. We observed no differences 

in immune-cell populations between multiple untreated lesions from the same patient 

(Supplementary Fig. S7A and 7B, Supplementary Table S7). Overall, there was considerable 

heterogeneity in the IL-2 response between patients (Supplementary Fig. S8, Supplementary 

Table S6). For example, non-CR lesions from two patients showed significantly increased 

fractions of PD-1−LAG-3−TIM-3− CD8+ T cells. However, at the level of the cohort, this 

trend did not reach statistical significance.

We also analyzed the density of distinct cell states in CR, non-CR, and untreated lesions and 

again observed increased densities of CD8+ T cells and PD-1−LAG-3−TIM-3− CD8+ T cells, 

CD4+ (helper) T cells, CD4+ regulatory T cells, and B cells in CR lesions and increased 

densities of CD25+ CD4+ regulatory T cells in non-CR lesions, both compared to untreated 

lesions (Supplementary Fig. S9, Supplementary Table S8). We also observed an increase in 

the density of B cells and a decrease in the density of proliferating (Ki67+) macrophages 

in CR lesions compared to untreated lesions (Supplementary Fig. S9, Supplementary Table 

S8).

Our examination of immune-cell states at the single-cell level suggested that effective 

antitumor immunity consequent to IL-2 injection was characterized by the presence of 

non-proliferating T cells with a non-exhausted phenotype (PD-1−LAG-3−TIM-3−). At the 

level of the transcriptome, we identified 70 genes that were differentially expressed in 

CR lesions compared to untreated lesions (Fig. 2B, Supplementary Table S9). This “IL2–

response signature” included the upregulation of 25 genes associated with T-cell activation 

(e.g., ADORA2A, CD69, DPP4, GZMM, STAT4, TBX21) and immune-cell localization to 

tumors (e.g., CCL18, MARCO, CXCR6, GZMM, DPP4, CD69). Hierarchical clustering 

of the differentially expressed genes grouped untreated and non-CR lesions from the same 

patient, suggesting IL-2 injection in the non-CR lesions failed to cause transcriptional 

reprogramming towards antitumor immunity. Interestingly, the clustering also grouped the 4 

untreated lesions from the two patients who experienced complete regression of all injected 

lesions (extreme responders), indicating the presence of a transcriptional state that favors 

IL-2 response.

One of the key goals of our analysis was to identify molecular or cellular changes in 

untreated lesions that might predict a complete lesion response to subsequent IL-2 therapy. 

We therefore compared untreated lesions from “extreme responders” to the untreated lesions 

from patients for whom none or only some of the lesions had responded to IL-2 (non-/mixed 

responders) (Fig. 3A). Untreated lesions from extreme responders harbored a higher fraction 
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of CD8+ T cells and a lower fraction of CD4+ T cells and MHC-II− macrophages (Fig. 

3B, Supplementary Table S10). Untreated lesions from extreme responders also had higher 

fractions of proliferating T cell populations, CD27+ “activated” T- and NK-cell populations, 

B7-H3+ macrophage populations and tumor cells, and PD-L1−B7-H3−IDO-1− macrophage 

populations and tumor cells. Untreated lesions from extreme responders also harbored a 

higher fraction of PD-1+LAG-3+TIM-3+ (exhausted) CD8+ T cells and both exhausted and 

proliferating CD8+ T cells, suggesting they were tumor reactive. We also observed a higher 

density of B cells in untreated lesions from extreme responders (Supplementary Fig. S10, 

Supplementary Table S11).

One of the most consistent differences between untreated lesions from extreme responders 

compared to non-/mixed responders was the higher fraction of B2M+MHC-I+MHC-II− 

tumor cells (ID: 500) and lower fraction and lower density of B2M−MHC-I−MHC-II− 

tumor cells (ID:506) (Fig. 3B). In fact, there was near complete overlap between the lack 

of MHC-I and B2M expression on tumor cells and subsequent IL-2 response failure at 

the single-cell level (Fig. 3C). We confirmed this finding by IHC staining for MHC-I 

(Fig. 3D). All untreated lesions from extreme responders exhibited membranous MHC-I 

positivity in at least 75% of tumor cells, whereas all untreated lesions from non-/mixed 

responders exhibited membranous MHC-I positivity (if any) in less than 75% of tumor 

cells (Fig. 3E). We also found higher fractions of B2M+MHC-I+MHC-II+ macrophage/

monocytes in untreated lesions from extreme responders, suggesting MHC-I expression in 

both tumor cells and macrophages is associated with IL-2 response (Supplementary Fig. 

S11, Supplementary Table S10).

To confirm the association between tumor MHC-I expression and complete response to IL-2, 

we performed IHC staining for MHC-I in tumor biopsies from 19 previously untreated 

patients with metastatic melanoma who subsequently received IL-2 therapy (Table 1, 

Supplementary Table S12). We again found that all patients who had a CR exhibited 

membranous MHC-I positivity in the vast majority (at least 75%) of tumor cells (Fig. 3F). 

Conversely, lack of membranous tumor MHC-I expression was strongly associated with no 

or incomplete tumor response (non-CR) (Supplementary Table S13).

Lack of membranous tumor MHC-I expression was not associated with mutations in B2M 
or other antigen presentation–pathway related genes (Supplementary Fig. S12A). Untreated 

lesions from extreme responders showed significantly increased bulk RNA levels of B2M, 

HLAB, and HLAC (Supplementary Fig. S12, B–F), consistent with our findings at the 

protein level. Loss of B2M RNA expression in bulk tumor was positively correlated with 

loss of MHC-I protein expression on the tumor cell membrane (Supplementary Fig. S12G).

Our data indicated that expression of MHC-I protein on the tumor cell membrane, which 

is required for antigen presentation, was associated with a higher fraction of exhausted 

and proliferating CD8+ T cells. To explore this relationship in greater detail, we compared 

the functional state of immune cells in the immediate “neighborhood” (i.e, within 30 μm) 

of MHC-I–high and MHC-I–low tumor cells (Supplementary Fig. S13, Supplementary 

Table S14). MHC-I-–high neighborhoods harbored higher fractions of T cells and T-cell 

populations positive for CD27, PD-1, LAG-3, TIM-3, and MHC-II, while MHC-I–low 
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neighborhoods harbored higher fractions of NK cells, consistent with the known inhibitory 

effect of MHC-I on NK cells (14) and a dominant innate immune response in MHC-I–low 

lesions.

We next examined the expression of immune-related genes in untreated lesions from 

extreme responders and non-/mixed responders where we found differential expression 

of 96 genes. Untreated lesions from extreme responders showed uregulation of several 

genes associated with IFNγ and IFNα signaling, antigen presentation, IL-2 response, 

tertiary lymphoid structures (TLS), and T-cell dysfunction (Fig. 4A, Supplementary Table 

S15). Some of these gene-expression signatures (e.g., IFNγ signature and TLS) have been 

associated with clinical response to immune checkpoint blockade (ICB) in melanoma (15, 

16). We did not observe significant expression changes in genes that identify immune cell 

populations, suggesting that upregulation of these gene-expression signatures in extreme 

responders was not simply a reflection of higher immune cell counts (Supplementary Fig. 

S14). Given that tumor mutation burden (TMB) has been predictive of response to ICB (17), 

we determined TMB in our untreated lesions, but we found no instances of hypermutation 

(Supplementary Table S16).

One of the TLS-related and upregulated genes in untreated lesions from extreme responders 

was CXCL13, a B-cell attractant that is secreted by dysfunctional CD8+ T cells (18, 

19) and has been linked to clinical response to ICB (20). We therefore examined the 

spatial distribution of B cells and exhausted CD8+ T cells relative to the tumor–stroma 

interface (+/− 360 μm) in untreated lesions (Fig. 4B). We had previously observed increased 

densities of B cells in untreated lesions from extreme responders (Supplementary Fig. S10). 

Upon examining the spatial distribution of the B cells, we found that these B cells were 

predominantely in the stroma of extreme responders following intralesional IL-2 (Fig. 4C, 

Supplementary Table S17). Although our review of H&E stains of the untreated lesions 

did not identify TLS, using multiplexed IF we observed a greater number of CD20+ B-cell 

aggregates, which were surrounded by both CD8+ and CD4+ T cells, in untreated lesions 

from extreme responders (Fig. 4, D–F, Supplementary Table S17).

Next we examined the degree of CD8+ T-cell exhaustion (Fig. 4G) as a function of 

their spatial distribution relative to the tumor–stroma interface (Fig. 4H, Supplementary 

Table S18). In untreated lesions, we observed increasing fractions of PD-1+LAG-3+TIM-3+ 

exhausted CD8+ T cells, as CD8+ T cells approach the tumor interface from both the 

stroma (–360 μm) and from within the tumor (+360 μm, Supplementary Fig. S15A and 

S15B, Supplementary Table S18). We observed increased densities of several CD8+ T-cell 

populations (i.e., expressing different combinations of PD-1, LAG-3, and TIM-3) in both 

the tumor (−360:0 μm) and stroma regions (0:360 μm) of extreme responders compared to 

non-/mixed responders (Fig. 4I, Supplementary Table S18).

To identify potential contributors of CD8+ T-cell exhaustion, we also characterized 

the cellular neighborhood of CD8+ T cells as they progress from a triple-

negative (PD-1−LAG-3−TIM-3−) to triple-positive (PD-1+LAG-3+TIM-3+) state (Fig. 4J, 

Supplementary Table S19). As CD8+ T cells become exhausted (PD-1+LAG-3+TIM-3+), 

their neighborhood is characterized by increasing fractions of B2M+MHC-I+MHC-II− tumor 
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cells, proliferating/activated (Ki67+CD27+ICOS+) T and NK cells, B7-H3+ macrophages 

and tumor cells, and decreasing fractions of CD4+ T cells, MHC-II− macrophages, and 

PD-L1−B7-H3−IDO-1− macrophage and tumor cells in their cellular neighborhoods.

DISCUSSION

Clinical response to ICB has been extensively studied and associated with both tumor cell–

intrinsic factors (including TMB, HLA expression, and PD-L1 expression) (17, 21) and 

tumor microenvironment factors (including TLS and dysfunctional T cells) (16, 18, 22). 

There are presently no known biomarkers of response for IL-2. Our data shows that the 

absence of membranous MHC-I in tumor cells is associated with the failure to respond 

to IL-2. This finding emerged from our multi-dimensional analysis of in-transit metastases 

from 7 melanoma patients receiving intralesional IL-2 and was subsequently confirmed in an 

independent multi-institutional validation cohort of 19 patients with metastatic melanoma. 

Of note, melanoma patients in our validation cohort had received IL-2 therapy in either an 

intralesional or high-dose systemic formulation, broadening the impact of this biomarker 

to melanoma patients receiving systemic IL-2. Expression of MHC-I on the tumor-cell 

membrane in melanoma has also been reported to be associated with clinical response to 

anti–CTLA-4, but not anti–PD-1 ICB (23).

In addition to widespread tumor-cell MHC-I expression, untreated lesions from “extreme 

responders” showed hallmarks of a tumor-reactive microenvironment, with stromal B-cell 

aggregates, increased expression of IFNγ, IFNα, and IL-2 response–related genes, and 

CD8+ T cells with an “exhausted” phenotype. The immune-cell infiltrate after complete 

eradication of all tumor cells, on the other hand, was characterized by CD8+ T cells with a 

“non-exhausted” phenotype. Given the limitations of our study design, we were unable to 

determine the molecular basis of this “switch” in CD8+ T-cell phenotype. It might represent 

an IL2-induced reversal of a pre-existent exhausted state, novel trafficking of naïve CD8+ 

T cells into these lesions, local expansion of naïve CD8+ T cells in these lesions, or a 

combination thereof (24–26). Further studies with sequential tumor biopsies may be able to 

address this important mechanistic question.

Our study combined in situ single-cell profiling with bulk RNA and DNA profiling 

from adjacent unstained tissue sections of FFPE tumor, a biospecimen source that is 

widely available for the majority of cancer patients. This approach allowed us to identify 

therapy-associated cell states and gene-expression signatures and generate immunotherapy 

response biomarker hypotheses. Since the single-cell data architecture, spatial analytics, and 

biostatistical outputs developed in our work are platform agnostic and expandable to any 

number of cell phenotypes, our approach could be helpful to guide the clinical development 

of other immunotherapies for cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

By integrating single-cell proteomic and bulk genomic technology to analyze routinely 

collected cancer biospecimens, the authors identify molecular and cellular changes 

associated with intralesional IL-2 therapy in melanoma and provide a template for 

immunotherapy biomarker hypothesis development.
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Fig. 1. Multi-dimensional assessment of in-transit melanoma metastases treated with 
intralesional IL-2.
(A) Study design. Multiple cutaneous in-transit metastases were excised from each 

melanoma patient, including at least one untreated (UT) and one IL2-injected lesion. 

Treatment response for IL2-injected lesions was classified as complete response (CR) or 

non-CR. (B) Allocation of consecutive tumor tissue sections for molecular analyses. (C) 

Summary of molecular analyses completed for each lesion. “Non-responder” refers to all 

non-/mixed responder patients.
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Fig. 2. Immune-cell states and gene-expression signatures following tumor-cell eradication by 
IL-2.
(A) Shown are cell fractions (rows) with significant changes following IL-2 injection. The 

forest plot shows the overall effect size (odds ratio) and 95% confidence interval (CI) of 

each cell fraction across all patients for complete response (CR) (n=101 fields of view, 

FOVs) versus untreated (n=112 FOVs) and non-CR (n=120 FOVs) versus untreated. The 

overall median fraction, scaled to 1 for the largest fraction, is shown for untreated, non-CR, 

and CR lesions. Significant results, determined using a two-sided Wilcoxon test adjusted 
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by Bonferroni correction, are indicated with an asterisk above the median fraction with p-

adjusted noted (n.s., not significant). See also Supplementary Table S6. See Supplementary 

Table S3 for full cell type names. (B) The heatmap indicates scaled RNA expression values 

for differentially expressed genes (p-adjusted<0.0001) in CR (n=6) versus untreated (n=9) 

and/or non-CR (n=5) versus untreated, sorted by CR versus untreated fold change. See also 

Supplementary Table S9.
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Fig. 3. Pre-treatment tumor MHC-I expression is associated with complete tumor response to 
IL-2.
(A) Grouping of untreated (UT) lesions from extreme responder and non-/mixed responder 

patients (labeled “non-responder” throughout figures). (B) Shown are cell fractions (rows) 

with significant differences in untreated lesions from extreme responders (n=38 fields of 

view, FOVs) versus non-/mixed responders (n=74 FOVs). The left panel shows fractions in 

each FOV, with overall median, minimum, and maximum (each point represents an FOV). 

The forest plot shows effect size (odds ratio) and 95% confidence interval (CI) of each cell 

fraction with p-adjusted noted (two-sided Wilcoxon test adjusted by Bonferroni correction). 

See also Supplementary Table S10. See Supplementary Table S3 for full cell type names. 

(C) t-SNE of untreated lesion tumor cells colored by patient response and normalized 

intensity of MHC-I and B2M. (D) MHC-I IHC of untreated lesions (scale bar, 50-microns). 

(E) Bar graph showing the percent of untreated lesions with expression of membranous 
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MHC-I in greater than 75% of tumor cells in the initial cohort (extreme responder (n=4) 

and non-responder (n=5)) and (F) in the validation cohort (CR, complete responder (n=6) 

and non-CR, non-complete responder (n=13)) based on IHC staining (Fisher’s exact test, 

two-sided, exact p-value noted).
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Fig. 4. Activated tumor microenvironment prior to IL-2 treatment characterizes extreme 
responders.
(A) The heatmap indicates scaled RNA expression values for differentially expressed genes 

(p-adjusted<0.05) in untreated lesions from extreme responders (n=4) versus non-/mixed 

responders (labeled “non-responder” throughout figures) (n=5), sorted by fold change. See 

also Supplementary Table S15. (B) Schematic of tumor interface analysis. mIF, multiplexed 

IF. (C) Box plots showing B-cell density in tumor and stroma of untreated lesions 

(minimum, median, and maximum with each point representing a field of view, FOV). 
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Significant results, determined using a two-sided Wilcoxon test adjusted by Bonferroni 

correction, are indicated with an asterisk (p-adjusted<0.05). See also Supplementary Table 

S17. (D) Total B-cell aggregate counts in untreated lesions. (E) Total count of B cells 

per aggregate (Wilcoxon rank sum test, exact p-value noted) in untreated lesions (extreme 

responder (n=10) and non-responder (n=4)). (F) Representative multiplexed IF images 

from an untreated lesion of an extreme responder (6_4) and non-/mixed responder (1_1) 

showing B cell aggregates. (G) Cartoon of CD8+ T-cell states. (H) Mean density of CD8+ 

T cells expressing all combinations of PD-1/TIM-3/LAG-3 in untreated lesions in 10-micron 

intervals from −360:360-microns. See also Supplementary Table S18. (I) Box plots showing 

density of CD8+ T cells expressing all combinations of PD-1/TIM-3/LAG-3 in tumor and 

stroma of untreated lesions (minimum, median, and maximum with each point representing 

an FOV). See also Supplementary Table S18. (J) CD8+ T-cell neighborhood definitions. The 

heatmap indicates effect size (odds ratio) of each cell fraction (rows) in untreated lesions for 

SP/DP/TP neighborhoods normalized against TN neighborhoods. See also Supplementary 

Table S19.
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