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ABSTRACT

Although immune checkpoint inhibitor (ICl) therapy has dramatically improved outcome for metastatic
melanoma patients, many patients do not benefit. Since adverse events may be severe, biomarkers for
resistance would be valuable, especially in the adjuvant setting. We performed high-plex digital spatial
profiling (DSP) using the NanoString GeoMx® on 53 pre-treatment specimens from ICl-treated metastatic
melanoma cases. We interrogated 77 targets simultaneously in four molecular compartments defined by
S100B for tumor, CD68 for macrophages, CD45 for leukocytes, and nonimmune stromal cells defined as regions
negative for all three compartment markers but positive for SYTO 13. For DSP validation, we confirmed the
results obtained for some immune markers, such as CD8, CD4, CD20, CD68, CD45, and PD-L1, by quantitative
immunofluorescence (QIF). In the univariable analysis, 38 variables were associated with outcome, 14 of which
remained significant after multivariable adjustment. Among them, CD95 was further validated using multiplex
immunofluorescence in the Discovery immunotherapy (ITX) Cohort and an independent validation cohort with
similar characteristics, showing an association between high levels of CD95 and shorter progression-free
survival. We found that CD95 in stroma was associated with resistance to ICl. With further validation, this
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biomarker could have value to select patients that will not benefit from immunotherapy.

Introduction

Immune checkpoint inhibitors (ICIs) have changed practice in
treatment for advanced or metastatic melanoma, achieving
60% response with a combination of the anti-PD-1 (pro-
grammed cell death 1) and anti-CTLA4 (cytotoxic
T-lymphocyte associated protein 4) drugs nivolumab and ipi-
limumab, respectively'. However, there is no broadly accepted
method for the selection of patients who benefit from this
therapy. In fact, many patients do not benefit, and some suffer
adverse events” . In the advanced setting, these events can
largely be managed, but the ICIs have also been approved in
the adjuvant setting where many patients are cured by surgery
alone. We suggest that biomarkers of resistance are especially
important in the adjuvant setting to help clinicians decide
which patients may be spared ICI therapy.

Towards the goal of finding biomarkers of resistance to
ICIs, we used a new spatially informed discovery method.
Digital Spatial Profiling (DSP) using the GeoMx® system
(NanoString Technologies) allows quantitative spatially
resolved measurements of multiple proteins on a single for-
malin-fixed, paraffin-embedded (FFPE) tissue section®. We
previously published a study where we explored the predictive
value of a 44-marker panel of immune markers in a cohort of
immunotherapy-treated metastatic melanoma patients by

DSP’. Here, we used an independent, newly collected cohort
to validate the previous findings and to further characterize the
tumor microenvironment with newly validated, larger anti-
body cocktails.

Materials and methods
Patient cohort and tissue microarray construction

Tissue specimens were prepared in a tissue microarray (TMA)
format as previously described®. In this study, we evaluated
pre-treatment specimens from two independent immunother-
apy-treated cohorts collected from Yale Pathology archives: the
Discovery ITX Cohort and the Validation ITX Cohort. The
Validation ITX Cohort was previously described”’, being
patients with unresectable stage III-IV melanoma treated
with anti-PD-1 alone or with anti-CTLA-4. The Discovery
ITX Cohort was built in 2020 and includes pretreatment sam-
ples from 53 metastatic melanoma patients treated with
immune checkpoint inhibitors (pembrolizumab, nivolumab,
or ipilimumab plus nivolumab) from 2013 to 19. RECIST 1.1
was used to classify best overall response as complete response
(CR), partial response (PR), stable disease (SD), or progressive
disease (PD), and to determine progression-free survival
(PFS)'?. Representative tumor areas were obtained from
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formalin-fixed, paraffin-embedded (FFPE) specimens, and 0.6
mm cores were arrayed in a recipient block in TMA format.
Three additional cores from placenta were inserted in the TMA
as a control. For antibody validation, a Melanoma Index TMA
was used, which consists of tumor tissue from 30 untreated
melanoma patients from a historical cohort and control cores
including placenta, tonsil, and melanoma cell lines (Yugens,
MEL624 WT, MEL624 B7-H1, MEL1335). Additionally, a non-
ITX treated Historic Control Cohort of 131 untreated mela-
noma patients was used as the control group to be compared to
the ITX Cohorts. The clinicopathological characteristics of the
patients of the three cohorts obtained from clinical records and
pathology reports are included in Supplementary Table S1.
Tissues were collected with written-informed or waiver con-
sent from patients under the approved Yale Human
Investigation Committee protocol #9505008219 and con-
ducted in accordance with the Declaration of Helsinki.

Digital spatial profiling

Our lab’s use of protein-based DSP has been previously
described”'". Briefly, FFPE tissue slides were deparaffinized
and subjected to antigen retrieval procedures. Afterwards, we
incubated them overnight with a cocktail of 77 unique photo-
cleavable oligonucleotide-labeled primary antibodies
(Supplementary Table S2). Additionally, tissue was incubated
with primary antibodies against specific targets and conjugated
with fluorophores to define the cellular compartments or Areas
of Interest (AOI) on each core: S100B for “tumor”, CD68 for

“macrophages”, and CD45 for “leukocytes”. SYTO 13 was used
for counterstain. Once slides were loaded on the GeoMx® DSP
instrument, a scanned fluorescent image was used to create
adjusted compartments for each core or Region of Interest
(ROI), with 650 um of diameter. Next, each ROI was segmen-
ted in four molecular compartments based fluorescent signal:
tumor (S100B+), macrophage (CD68+), leukocyte (CD45+),
and nonimmune stromal cells (SYTO13+/S100B-/CD45-/
CD68-) (Figure 1A-C). Figure 1D corresponds to
a hematoxylin & eosin (H&E) staining of serial section, show-
ing the same spot as in Figure 1A-C. Upon UV light exposure,
oligos were released from S100B+, CD68+, CD45+, and
“SYTO13+ only” regions, sequentially, for each ROI, and col-
lected through microcapillary aspiration and transferred into
microwell plates. Then, hybridization to 4-color, 6-spot optical
barcodes and digital counting in the nCounter® System
(NanoString Technologies) was conducted. Digital counts
from barcodes corresponding to protein probes were first
normalized with internal spike-in controls to account for sys-
tem variation and then normalized to S6 and histone H3
housekeeping markers.

Multiplex immune panels for DSP reproducibility
evaluation

Two multiplex panels were performed on the Discovery ITX
Cohort to validate DSP observations using an orthogonal
method (QIF): panel A (CD8/CD20/CD4) and panel
multiplexed

B (CD45/CD68/PD-L1). Panel A is a
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Figure 1. Compartments generated by DSP and an overview of target counts.

representative TMA melanoma spot showing the fluorescence image (A) and the

compartmentalized image created by molecular compartmentalization (fluorescence colocalization) (B) using GeoMx® DSP. C) Fluorescence image of same spot from
serial section using AQUA platform. D) H&E staining of the same spot scanned on Aperio AT2 (Leica). E) Violin plot including DSP counts for CD45, CD68, and S100B on
the corresponding compartments/AOls. F) Mean DSP counts + SEM in all compartments for each DSP marker. Scale bar, 100 um.



immunofluorescence (IF) protocol for cytotoxic T CD8+,
helper T CD4+, and B CD20+ cells that were previously
published'?. Briefly, tissue sections were subjected to deparaf-
finization, antigen retrieval, and blocking protocol mentioned
above. The following antibody cocktail of primary target anti-
bodies was incubated overnight: CD4 (rabbit IgG, clone SP35,
Spring Bioscience), CD8 (mouse IgGl, clone C8/144B, Dako),
CD20 (mouse IgG2a, clone 126, Dako). Sequential incubations
of isotype-specific horseradish peroxidase (HRP)-conjugated
secondary antibody with fluorescent reagents were performed:
anti-rabbit Envision (K4009, Dako) with biotinylated
tyramide/Streptavidin-AlexaFluor750 conjugate (Akoya), anti-
mouse IgG1 antibody (ThermoFisher) with Cy3 plus-tyramide
(Akoya), anti-mouse IgG2a antibody (Abcam) with Cy5-
tyramide (Akoya). For panel B, which was adjusted from Liu
etal.”?, after conducting similar procedures as for panel A until
primary antibody incubation, the antibody cocktail of primary
antibodies used was as follows: PD-L1 (rabbit IgG, clone
E1L3N, Cell Signaling Technology), CD68 (mouse IgG3,
clone PG-M1, Dako), and CD45 (mouse IgGl, clone 2B11
+PD7/26, Dako). HRP-conjugated secondary antibodies and
fluorophores for this panel were as follows: anti-mouse IgG3
antibody (Abcam) with biotinylated tyramide/Streptavidin-
AlexaFluor750 conjugate (Akoya), anti-rabbit Envision
(K4009, Dako) with Cy5-tyramide (Akoya), and anti-mouse
IgG1 Cy3 plus-tyramide (Akoya).

For both panels, incubations with 1 mM benzoic hydrazide
and 0.15% hydrogen peroxide were performed to quench resi-
dual HRP activity. Finally, anti-S100B (Rabbit, clone 1706 R,
Novus Biologicals) and goat anti-rabbit Alexa Fluor 488
(Invitrogen) were used to identify melanoma cells, counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) to visua-
lize nuclei and mounted with ProLong Gold Antifade
(Invitrogen), in both panels.

To validate the NanoString DSP technology, we performed
QIF experiments using the AQUA method®'* on the discov-
ery cohort for well-characterized markers in the context of
immunotherapy in melanoma using different immunohisto-
chemistry approaches™*'*"'®, Both DSP and AQUA plat-
forms create molecular compartments based on positive
immunofluorescence signal with a region of interest to mea-
sure selected targets. Visually, for most of the cores, the
compartments generated by both methods were comparable,
as shown in Figure 1A-C. Regression of QIF scores and DSP
counts for lymphoid markers in three compartments between
the two assays for two independent blocks are included in
Supplementary Fig. S2A. Whereas CD8 cytotoxic T cell mar-
ker (r=0.48 (block 1)/0.54 (block 3); P<0.01-0.0001) and
CD4 helper T cell marker (r=0.37/0.53; P<0.05-0.001)
showed high concordance between both methods when mea-
sured in near serial sections, there was a low degree of
agreement between QIF and DSP platforms for CD20 B cell
marker. These results support similar findings obtained by
our group on an independent ITX-treated melanoma
cohort™"?, as the cell frequency directly impacts on accurate
measurements based on cell density. Moreover, CD8 but not
CD4 nor CD20 was associated with better outcome by QIF
(Supplementary Fig. S2B-D), validating previous analysis on
an independent cohort of melanoma patients treated with
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immune checkpoint inhibitors from Yale (Validation ITX
Cohort)”?. Similarly, CD8 in CD68+CD45+SYTO13 com-
partment by DSP showed a similar trend as by QIF (HR:
0.86, 95% CI =0.39-1.89) but did not reach statistical signifi-
cance, whereas survival analysis for CD4 and CD20 by DSP
was confirmed by QIF analysis. Counting CD68 in stroma
compartment (r=0.60 (block 1)/0.64 (block 3); P<0.0001)
had a higher concordance compared with tumor measure-
ments (r=0.36 (block 1)/0.46 (block 3); P<0.01-0.001),
which can be attributed to a prominent presence of macro-
phages in the stroma in comparison to the tumor
(Supplementary Fig. S3A). Both PD-L1 and CD45 were
highly correlated between QIF and DSP, regardless of the
evaluated compartment (Supplementary Fig. S3A). In terms
of outcome benefit, high levels of PD-L1 were associated with
longer PFS compared with patients expressing low PD-L1
protein by QIF (Supplementary Fig. S3D). By DSP, high
levels of PD-L1 showed longer PFS when measured in
CD68+CD45 compartment (HR: 0.86, 95% CI=0.41-1.80),
but it was not statistically significant. As previously
observed”’, neither CD45 nor CD68 were associated with
outcome (Supplementary Fig. S3B-C), which was correlated
with DSP analyses.

CD95 antibody validation and multiplex CD95 panel

We tested three anti-CD95 monoclonal antibodies: C18C12
(CST), 13/Fas (BD Biosciences), EPR5700 (Abcam). First, we
optimized the titer for all the clones using the standardization
array Melanoma Index array at five concentrations covering
two orders of magnitude in serial sections. A titration curve
was plotted using the average scores of the highest 10% (“sig-
nal”) and lowest 10% (“noise”) of the patient tumor cores,
including the signal-to-noise ratio (Supplementary Fig. S4H).
The optimal antibody concentration selected was the one that
had the highest dynamic range of signal with the highest signal-
to-noise ratio. For antibody validation, a test cell array from
a previous study'® was used, containing a variety of tumor cell
lines.

Next, we performed a multiplexed IF protocol for CD95,
CD68, and CD45 markers on discovery and validation ITX
melanoma cohorts, using two-fold redundancy per cohort.
Briefly, tissue sections were subjected to deparaffinization,
antigen retrieval, and blocking protocol mentioned above'?.
Primary antibodies against CD45 (mouse IgGl, clone 2B11
+PD7/26, Dako) and CD95 (rabbit, clone EPR5700, Abcam)
were incubated overnight. Afterwards, two isotype-specific
HRP-conjugated secondary antibodies and fluorescent
reagents were incubated with the tissue: anti-rabbit Envision
(K4009, Dako) with Cy5-tyramide (Akoya), and anti-mouse
IgG1 antibody with Cy3 plus-tyramide (Akoya). A benzoic
hydrazide solution was used to block endogenous HRP.
Then, anti-CD68 (mouse IgG3, clone PG-M1, Dako) antibody
incubation for 1 hour at room temperature was performed,
followed by anti-mouse IgG3 antibody with biotinylated
tyramide/Streptavidin-AlexaFluor750 incubation. Lastly, mel-
anoma cells were detected with anti-S100B and goat anti-rabbit
AlexaFluor488 antibodies. DAPI was used for counterstain.
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Fluorescent measurement and scoring

Quantitative immunofluorescence (QIF) of each target was
performed using the Automated Quantitative Analysis
(AQUA™) software v3 (Navigate BioPharma Inc.) as pre-
viously described”. Briefly, the QIF scores were obtained
by dividing the target compartment pixel intensities by the
area of a specific compartment such as all cells (DAPI+),
tumor (S100B+), stroma (DAPI+ nuclei minus tumor),
macrophages (CD68+), or leukocytes (CD45+).
Additionally, QIF scores were normalized by exposure
time and bit depth at which the images were captured.
Besides visual evaluation, cases with staining artifacts or
less than 3% tumor were excluded from the analysis.

Hematoxylin & eosin (H&E) staining of the Discovery ITX
Cohort

After removing paraffin and rehydration steps, the slide
was stained with hematoxylin (Dako) for 5 minutes, fol-
lowed by eosin Y for 60 seconds, and underwent sequential
incubations on alcohol and xylene for dehydration.
A brightfield image was digitized at 20x using the
ScanScope AT2 platform (Leica Biosystems, Wetzlar,
Germany).

Gene expression data and protein enrichment analyses

RNAseq data from public databases were used to analyze
the expression of FAS in different tumors (TCGA dataset;
www.cbioportal.com) and tumor cell lines (CCLE (Cancer
Cell Line Encyclopedia) dataset, Broad Institute). In addi-
tion, the relationship between FAS and immune infiltrates
in melanoma was studied by Tumor Immune Estimation
Resource (TIMER 2.0, http://timer.cistrome.org/).

Statistical analysis

The software used for statistical purposes was GraphPad™

Prism® v7.0 software for Windows (GraphPad Software,
Inc.,, La Jolla, CA), JMP Pro software (version Pro 13, SAS
Institute Inc., Cary, NC), and RStudio version 1.4.1717.
Pearson’s correlation coefficient (r) was used to assess the
agreement between two blocks for 71 targets analyzed by
DSP in CD68+, CD45+, or S100B+ compartments or AOIs
on Yale Melanoma Discovery ITX Cohort, as well as QIF
scores and DSP counts from near serial sections for immune
markers. Overall survival (OS) and PFS curves were con-
structed using Kaplan-Meier analysis, and statistical signifi-
cance was determined using the log-rank test. Multivariable
Cox proportional hazards models included age, sex, stage,
ECOG status and specimen category as covariates*' >>. For
statistical analysis, the average AQUA scores from two avail-
able cores of each case were used, for both DSP and QIF
experiments. All statistical tests were two-sided, and signifi-
cance was represented as (*) P <0.05, (**) P<0.01, (***) P<
0.001, (****) P<0.0001.

Results
DSP standardization to QIF and validation

We generated 106 ROIs from 53 melanoma cases, each
represented by two TMA cores in two master blocks of the
Discovery ITX Cohort. ROIs were compartmentalized in
four molecular compartments (tumor =S100B+; macro-
phages = CD68+; leukocytes = CD45+ without CD68+ cells
as they were included in the macrophagic compartment;
SYTO 13+/S100B-/CD68-/CD45- = nonimmune stromal
cells, like fibroblasts) and 77 protein markers (including
controls) were separately measured. It is important to men-
tion that due to the heterogenicity of S100B levels melanoma
cells and the fact that some melanomas are CD68+, the
classification of tumor AOIs was based on not only S100B
positivity but also morphology and previous QIF experi-
ments using secondary antibody amplification system for
S100B. For this analysis, we only selected the compartments
with 220 nuclei for accurate target measurement in the
tumor compartment (n=50), in CD68 compartment (n=
43), in CD45 compartment (n =37), and in nonimmune
stromal cell compartment (n=12), resulting in 142 AOIs.
To analyze the effect of all cells in the stroma on treatment
response, we created two aggregate stromal compartments
for each target: one defined as the sum of DSP counts in
leukocytes and macrophages, and a second one defined as
the sum of DSP counts in leukocytes, macrophages and
nonimmune stromal cells (CD68-/CD45-/SYTO13+), such
as fibroblasts.

To evaluate the reproducibility of DSP and to determine the
correlation of target count measurements between nonadjacent
tumor areas, we compared counts of DSP markers in S100B,
CD68, and CD45 compartments from each of the two inde-
pendent cores from the 53 specimens, collected in separate
DSP runs (Supplementary Fig. S1). For the tumor (S100B)
compartment, almost all the markers analyzed in the tumor
compartment, including immune targets, had high correlation
with 7> 0.4 and P < 0.05 for most of them (Supplementary Fig.
S1C). This could be explained by the size of the tumor area that
some immune cells infiltrated in the tumor were included in
the tumor compartment due to either variability of S100B
expression and limitations of fluorescent anti-S100B primary
antibody to detect low levels of the protein or contamination
from adjacent immune cells CD68+ and CD45+. For CD68+
compartment, markers related to monocytic lineage such as
CD163, CD40, CD11c, and CD14, and other immune markers
were highly correlated between blocks. In CD45+ compart-
ment, CD8 (r=0.91; P <0.0001), Tim-3 (r=0.89; P <0.0001),
CD45RO (r = 0.85; P < 0.0001), or GZMA (r = 0.83; P < 0.0001)
were highly correlated between blocks, showing tissue hetero-
geneity might not be relevant for these markers in this cohort.
Additionally, these markers were expressed at higher levels
than the negative controls (Figure 1F). Then, we studied the
DSP counts of the markers used to create the compartments by
IF (S100B, CD68, CD45) in each respective compartment
(Figure 1E), and the selected marker in the corresponding
compartment was higher than the rest. There was a spillover
of S100B counts in both CD68 and CD45 compartments, most
likely due to segmentation issues related to 10 pm resolution of
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the UV light mirrors and higher abundance of this marker
compared to CD68 or CD45.

Identifying new biomarkers for immunotherapy in
melanoma

We assessed the association between the expression of 71
targets measured by DSP in four compartments and outcome
in pretreatment specimens of 53 melanoma patients who
received immunotherapy. Two nonadjacent TMA cores per
each patient were collected in separate runs from two indepen-
dent TMA master blocks.

Table 1. Markers significantly associated with PFS benefit under immune checkpoint inhibitors. HR = Hazard ratio; 95% Cl
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In the log-rank and univariable unadjusted analysis
using three exploratory cut points (median, top tertile,
top quartile), we found 38 variables (a target in
a compartment) associated with PFS and/or OS (Tables 1,
2). Figure 2 depicts DSP counts of representative markers
in CD45, CD68 and S100B AOI and Kaplan-Meier curves
for ERK 1/2, CD95 and HLA-DR. In the multivariable
analysis, 14 variables remained statistically significantly
associated with beneficial outcome or resistance to therapy
(Tables 1, 2). In the tumor compartment, high levels of
CD95 and S100B were associated with resistance to immu-
notherapy and with shorter PFS (HR: 2.98, P=0.025; and
HR: 3.29, P=0.038, respectively) (Table 1). In contrast,

=95% confidence interval.

Markers associated with PFS benefit

Cut-off Log-rank Univariable Multivariable
Compartment Marker point HR (95% Cl) P HR (95% Cl) P HR (95% Cl) P
Tumor CD95 Median 2.98 (1.46-6.09) .0022 3.16 (1.46-6.86) .0024 2.98 (1.11-8.01) .025
S100B Median 2.05 (1.01-4.17) 0.044 2.12 (1.00-4.46) 0.044 2.08 (.80-5.39) 0.12
S100B Top quartile 2.19 (.91-5.27) 0.031 2.24 (1.06-4.74) 0.044 3.29 (1.04-1.37) 0.038
Ki67 Top tertile .34 (.16-.70) 0.018 .33 (.13-.86) 0.012 .31 (.10-.99) 0.033
ERa Top tertile 1.99 (.92-4.32) 0.050 2.01 (.99-4.09) 0.060 1.82 (.64-5.16) 0.26
CD68 PD-1 Median 2.62 (1.18-5.83) .016 2.65 (1.17-6.01) 017 2.93 (1.16-7.43) .018
PD-1 Top tertile 2.69 (1.10-6.62) 0.0095 2.73 (1.24-6.03) 0.015 5.09 (1.78-14.57) 0.002
PD-1 Top quartile 2.98 (1.02-8.69) 0.0054 4.52 (1.78-11.47) 0.0024 6.86 (2.21-21.3) 0.001
CD95 Median 2.79 (1.22-6.34) 0.0069 3.00 (1.31-6.89) 0.0086 1.96 (.76-5.08) 0.15
CD9%5 Top tertile 2.59 (1.03-6.56) 0.011 2.88 (1.24-6.71) 0.017 2.84 (.92-8.81) 0.065
CD95 Top quartile 3.64 (1.15-11.50) 0.0006 452 (1.78-11.5) 0.002 5.20 (1.46-18.5) 0.011
EpCAM Top quartile 3.17 (1.13-8.93) 0.0026 3.27 (1.45-7.37) 0.007 2.99 (1.07-8.38) 0.034
P-ERK1/2 Top quartile 2.23 (.84-5.94) 0.046 2.28 (.99-5.22) 0.063 2.06 (.73-5.81) 0.2
BCLXL Top tertile .38 (.17-.85) 0.045 .38 (.14-1.02) 0.036 .33 (.10-1.06) 0.044
ERK1/2 Median 44 (.20-.96) 0.039 43 (.19-.98) 0.040 .39 (.16-1.00) 0.046
Pan-CK Top tertile 2.77 (1.12-6.84) 0.0054 3.25 (1.36-7.76) 0.0083 2.42 (.86-6.86) 0.096
CD45 SMA Median 2.59 (1.09-6.14) .026 2.74 (1.09-6.91) .028 2.65 (0.75-9.41) 12
LAG3 Median 2.85 (1.17-6.94) 0.012 3.08 (1.23-7.68) 0.014 1.82 (.55-6.04) 0.32
p53 Median A1 (17-.96) 0.040 .38 (.15-.99) 0.039 .35 (.12-1.04) 0.049
ERa Median 2.30 (.97-5.48) 0.044 2.48 (1.00-6.17) 0.048 2.11 (.62-7.22) 0.21
0X40L Top tertile 2.68 (.95-7.55) 0.018 2. 82 (1.15-6.91) 0.028 6.51 (1.92-22.07) 0.0025
PARP Top quartile .27 (.10-.71) 0.057 7 (.06-1.15) 0.036 .39 (.06-2.52) 0.3
CD45+CD68 BIM Top tertile 2.33 (0.90-6.08) .048 1 59 (0.73-3.45) 3 0.93 (0.38-2.31) 9
BIM Top quartile 2.44 (0.94-6.34) .015 1.74 (0.77-3.92) 4 0.90 (0.35-2.34) 8
PD-1 Median 2.15 (1.00-4.60) .036 1.77 (0.83-3.74) 14 1.48 (0.66-3.33) 3
D27 Top quartile 2.14 (0.86-5.35) .046 1.59 (0.72-3.53) 3 1.54 (0.60-3.94) 4
CD45+CD68+SYTO13 CD20 Top quartile 2.22 (0.88-5.60) .034 2.74 (1.09-6.91) 3 0.94 (0.38-2.32) 9
S100B Median 2.62 (1.23-5.57) .010 2.02 (0.94-4.33) .066 2.58 (0.94-7.13) .054
LAG3 Top tertile 2.09 (0.87-4.99) .045 1.75 (0.80-3.79) 2 1.55 (0.62-3.90) 4
CD80 Top tertile 2.51 (1.04-6.04) .01 0.38 (0.15-0.99) .065 1.78 (0.77-4.14) 2
S100B Top tertile 2.11 (0.91-4.89) .044 2.48 (1.00-6.17) A5 1.60 (0.64-4.00) 3
P-ERK1/2 Top tertile 2.19 (0.94-5.12) .033 2.82 (1.15-6.91) 12 1.08 (0.46-2.53) 9
Bold values represent the Values equal or below 0.05.
Table 2. Markers significantly associated with OS benefit under immune checkpoint inhibitors. HR = Hazard ratio; 95% Cl = 95% confidence interval.
Markers associated with OS benefit
Cut-off Log-rank Univariable Multivariable
Compartment Marker point HR (95% Cl) P HR (95% Cl) P HR (95% Cl) P
CD68 ERK1/2 Median 0.39 (0.15-0.98) .043 0.36 (0.13-1.01) .042 0.24 (0.07-0.77) .012
ERK1/2 Top tertile 32 (.12-82) 0.052 .31 (.09-1.08) 0.039 4 (.03-.74) 0.0079
HLA-DR Median 6 (.10-.67) 0.0048 .22 (.07-.70) 0.0045 .09 (.01-.55) 0.0035
HLA-DR Top tertile 0 (.12-.76) 0.039 29 (.08-1.01) 0.028 .22 (.05-1.02) 0.037
HLA-DR Top quartile .12 (.04-.30) 0.010 .12 (.02-.89) 0.010 .11 (.01-1.18) 0.019
CD45 PD-1 Median 2.95 (1.10-7.94) .033 3.01 (1.04-8.73) .034 1.93 (0.49-7.54) 34
LAG3 Median 3.00 (1.11-8.08) 0.032 3.02 (1.05-8.73) 0.032 3.02 (.65-13.94) 0.14
MART1 Median 2.75 (1.03-7.38) 0.047 2.82 (.97-8.19) 0.047 1.77 (.50-6.28) 0.37
0OX40L Top tertile 3.07 (.98-9.59) 0.016 3.28 1.18-9.11) 0.025 5.83 (1.71-19.84) 0.0046
BCL6 Top quartile 2.61 (.74-9.16) 0.049 2.75 (.96-7.85) 0.072 3.20 (.88-11.7) 0.087
CD45+CD68 BIM Top quartile 2.70 (0.96-7.61) .020 1.99 (0.81-4.87) 14 1.18 (0.40-3.53) 8

Bold values represent the Values equal or below 0.05.
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Figure 2. Candidate predictive markers to immunotherapy in the discovery cohort by DSP. A) Violin plot showing RECIST groups (CR/PR: complete response/partial
response, SD: stable disease, PD: progression disease) for specific DSP markers in the corresponding compartments (CD45, CD68, STO0B). *: P < 0.05; **: P < 0.01; ***: P <
0.001. Kaplan-Meier curves showing progression-free survival (PFS) (B-D) and overall survival (OS) (E-G) for DSP markers in CD68 compartment using the median as
cutoff point. Survival analysis by log-rank (Mantel-Cox) test was performed and results were included in table 1 and 2.

high levels of Ki-67 statistically predicted longer PFS (HR:
0.033, P=0.033). For the CD68 compartment, relevant
immune markers, such as PD-1 (HR: 6.86, P=0.001) and
HLA-DR (HR: 0.09, P=0.004) were significantly associated
with resistance to therapy and poor survival, respectively.
Only OX40L measured in the CD45 compartment was
significantly associated with shorter PFS (HR: 6.51, P=
0.0025) and OS (HR: 5.83, P=0.005) (Tables 1, 2). When
the 71 targets were interrogated in the combined stromal
compartment (CD45+/CD68+/SYTO13- or CD45+/CD68
+/SYTO13+), none of them reached statistical significance
after multivariable analysis, although additional markers
were found relevant by log-rank test, like CD27, BIM,
LAG3, and CD80. When we analyzed PD-L1 in our
Discovery ITX Cohort, it was associated with better out-
come when analyzed in the stroma by QIF (Supplementary
Fig. S3D) but not by DSP, although the trend was similar
(CD68 AOI by DSP = cutoff point: tertile; HR (95% IC):
0.54 (0.24-1.22)), as previously shown by our group on an
independent ITX melanoma cohort, the Validation ITX
Cohort’.

CD95 as a candidate biomarker for resistance to
immunotherapy

Based on the results obtained with DSP technology, the
next step was to confirm the observations by an orthogonal
method such as standard multiplexed immunofluorescence
method first on the Discovery ITX Cohort and then on
a second independent cohort, the Validation ITX Cohort.
Among all the potential candidates that were associated
with PFS benefit after multivariable analysis, we decided
to pursue CD95 (also known as APOI or Fas), which is
a cell surface receptor member of the TNF-a (Tumor
Necrosis Factor) family that, upon Fas Ligand (FasL) bind-
ing, induces extrinsic apoptosis®*. We first validated our
antibody as previously described®. Briefly, after finding the
optimal concentration of the three monoclonal anti-CD95
antibodies commercially available (Supplementary Fig.
S4H), we chose clone EPR5700 based on specific membra-
nous signal (Supplementary Fig. S4B-G), comparison
between the other antibodies (Supplementary Fig. S4J, K)
and orthogonal validation by comparing protein and
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Figure 3. Validation of CD95 as an indicative immune marker forimmunotherapy in melanoma identified by DSP. A, J) Two representative images of CD95 expression on
melanoma tissue (CD95: red; STO0B (melanocytes): green; CD45 (pan-leukocyte): yellow; CD68 (macrophages): cyan; nuclei: blue). (B-E) and (F-I) are regions from
images A and J, respectively, showing CD95 (B, F), CD45 (C, G), S100B (D, H), and CD68 (E, I) in white. Kaplan-Meier survival curves showing: (L) PFS for CD95 protein
quantified in CD68 compartment by QIF in discovery ITX cohort YTMA469 (cutoff point: median); (M) PFS for CD95 protein measured in stroma by QIF in validation ITX
cohort YTMA376 (cutoff point: top tertile); (N) OS for CD95 protein quantified in stroma by QIF in non-ITX cohort YTMA192 (cutoff point: top tertile); (O) OS for FAS mRNA

from TCGA dataset in non-ITX cohort (cutoff point: top tertile).

mRNA on multiple cancer cell lines (Supplementary Fig.
S4I). After multiplex IF (Figure 3A-J), we observed that
CD95 expression was higher in the tumor compartment
than in the stroma compartment, and non-responder
groups (“PD”) expressed statistically significantly higher
amount of CD95 protein compared to the rest of RECIST
groups (“CR/PR” and/or “SD”) in all compartments
(Supplementary Fig. S5A). As observed by DSP, high levels
of CD95 in CD68 compartment were associated with
shorter PFS (Figure 3L). More importantly, when we
explored CD95 in our independent Validation ITX
Cohort, we confirmed that low levels of CD95 were asso-
ciated with longer PFS (Figure 3M). Similar to the
Discovery ITX Cohort, the levels of CD95 protein in the
Validation ITX Cohort were slightly higher in the tumor
compartment with respect to the stroma compartment,
without  differences  between = RECIST  groups
(Supplementary Fig. S5B). To determine if CD95 was indi-
cative or associated with resistance to ICIs, we needed to
determine if CD95 was a prognostic factor in metastatic
melanoma-treated patients with standard of care therapy
prior to immunotherapy. For that purpose, we applied the
same multiplex QIF protocol on an immunotherapy non-
treated cohort of melanoma patients from the Yale
archives, named as Historic Control Cohort. Whereas
CD95 was higher in tumor than in stroma as in the immu-
notherapy-treated cohorts (Supplementary Fig. S5C), we
found opposite results regarding survival analysis: patients

that expressed higher levels of CD95 in the stroma showed
longer OS than patients expressing lower levels based
(Figure 3N). Furthermore, we confirmed this result using
RNA-seq data from TCGA (Figure 30). FAS mRNA dis-
tribution in multiple cancer types is shown in
Supplementary Fig. S5D. Interestingly, FAS mRNA expres-
sion was positively correlated with multiple immune infil-
trates, such as neutrophils, T cell CD8+ cells, T cell CD4+
memory, B cells, monocytes, macrophages M1, NK cells,
and T regulatory cells, and inversely correlated with T cell
CD4+ T helper type 1, and T-like NK cell abundance
(Supplementary Fig. S6).

CD95 regulates the immunity at multiple levels, but it has
also been described as a modulator of tumor activities®*. When
we divided our cohort in “high” and “low” p53 DSP counts
using the median as a cutoff point, we observed statistically
significant differences regarding CD95 DSP counts on S100B
AOI (high p53: median =30.25, 95% CI =22.91-48.65; low
p53: median=15.72, 95% CI=15.65-29.24; P=0.020 by
Mann-Whitney test) and CD45 AOI (high p53: median =
72.30, 95% CI=56.71-128.8; low p53: median = 35.74, 95%
CI =35.38-74.58; P=0.022 by Mann-Whitney test), confirm-
ing published results®.

Discussion

In this study, we used the novel GeoMx® DSP technology to
identify novel candidate predictors of response or resistance to
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immunotherapy. Immune markers that are highly represented
in the tissue, such as CD8, CD45 or CD68, were highly con-
cordant between DSP and QIF, whereas CD20, which was
present in the tissue at low proportion, showed poor correla-
tions between methodologies. We found similar results pre-
viously when we compared Imaging Mass Cytometry (IMC)
and DSP/QIF results for the same markers’.

PD-L1 is a controversial biomarker largely, since it is diffi-
cult to accurately measure. There are several studies comparing
the performance of PD-L1 laboratory-developed test (LDT)
assays as well as the four Food & Drug Administration (FDA)-
approved PD-L1 immunohistochemistry assays linked to sev-
eral therapies for multiple cancers, illustrating the necessity of
harmonization between them at the expense of misclassifying
patients for the corresponding treatment’’>°. Moreover,
whereas some studies showed association between PD-L1
expression and benefit upon ICI therapy, there are clearly
responses in PD-L1 low or negative patients in both melanoma
and lung cancer’"**. In our study, patients expressing high
levels of PD-L1 in the stroma showed better outcome by QIF,
confirming published data’.

In this study, we identified 38 variables associated with PFS
and/or OS benefit in spatial context using GeoMx® DSP tech-
nology. On multivariable analysis, 14 of them remained statis-
tically significant. One of the most relevant findings was the
identification of high levels of CD95 in tumor and CD68
compartments as a predictor of resistance to immunotherapy
in melanoma. Furthermore, this result was confirmed by an
orthogonal method in the same cohort and validated by an
orthogonal method in an independent ITX cohort (Figure 3,
Supplementary Table S3). CD95 is ubiquitously expressed in
normal tissues®, and it has a dynamic range of expression
among melanoma and multiple tumors (Supplementary Fig.
S5D). CD95 regulates extrinsic apoptosis upon binding its
ligand CD95L. However, many pro-survival functions in
tumor cells have been also described for this pathway, such as
promoting metastasis, increasing cancer initiation and cancer
stemness>>>>. Furthermore, FAS mRNA expression has been
associated with p53 mutational status in a melanoma cohort
treated with ipilimumabzs. In our study, we observed an asso-
ciation between p53 and CD95 protein levels by DSP. CD95
and its ligand are also expressed in immune cells. In macro-
phages, blocking CD95/CD95L interaction in vitro suppresses
their activation, suggesting a role of this pathway in promoting
chronic inflammation®®, which may contribute to ICI
resistance®”*%, In our study, we observed an association
between FAS expression and multiple immune populations in
melanoma, such as cytotoxic CD8+ T cells and memory T cells
in melanoma, using TIMER (Supplementary Fig. S6), support-
ing the relevance of CD95 role in immunotherapy response in
our ITX cohorts.

By contrast, CD95 protein measured in CD68 compartment
in the non-ITX cohort by QIF was a positive prognostic factor
associated with OS benefit (Figure 3, Supplementary Table S3).
Similar results were obtained for total FAS mRNA levels in an
independent cohort from TCGA dataset. CD95 has been pre-
viously described as a prognostic factor in solid and hemato-
logic cancers, both positively and negatively associated with
disease progression33. During tumor progression, CD95 can be

downregulated in order for the cancer cells to minimize the
risk of undergoing apoptosis. However, high levels of CD95
(and CD95L) are associated with disease progression, suggest-
ing that this receptor facilitates tumor growth and metastases.

Our study has a number of limitations. First, all the
protein experiments were done on TMAs rather than
whole tissue sections>”. Despite its advantages as biomarker
discovery tool, TMA is not used in clinical setting and is not
the optimal format for immune cell evaluation. To compen-
sate for this weakness, we used two nonadjacent TMA cores
for each patient. Further, we argue that if a biomarker can be
validated on the small area of a TMA spot, then it is likely to
validate on whole tissue sections. Another limitation is the
resolution of the GeoMx® DSP technology (10 pum) compared
to well-characterized QIF technique using fluorescence
microscopes (0.2 um) and other high-plex
methodologies*™*!, which might account for reduced mea-
surement accuracy in cells in close proximity in our study,
such as S100B expressed in CD45 or CD68 compartments,
and others’. Both AQUA and DSP use the molecular com-
partmentalization approach (instead of segmentation) for
target measurement. This is considered a limitation by
some investigators and we have shown that it can be
a weakness when studying low-frequency events like rare
immune cell populations'”. Even though we validated our
findings using a second independent cohort of pre-treatment
specimens from ITX melanoma cohort, the analysis did not
take into account the variety of immunotherapies that the
patients received. Comparing additional samples from
patients receiving different treatments provided by multiple
institutions will be required to confirm our findings.

In conclusion, this study illustrates the potential of DSP
technology to explore the tumor microenvironment, providing
new predictive or indicative candidates for response and resis-
tance to cancer therapy. Based on our findings, CD95 could be
a potential biomarker for resistance to ICI blockade in mela-
noma, and with validation, could suggest alternative therapy or
management for those patients likely to be refractory to
immunotherapy.
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