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ABSTRACT

Chemokine-like factor (CKLF)-like MARVEL transmembrane domain containing 6 (CMTM6) modulates
degradation of a number of proteins, including programmed death ligand-1 (PD-L1) by protecting it
from ubiquitin-mediated degradation. In this role, it could modulate the effectiveness of immunotherapy.
Here, for the first time, we characterize CMTM6 expression in melanoma and evaluate its association with
response to immune checkpoint inhibitors (ICl). We evaluated the expression of CMTM6, PD-L1 and other
immune-related proteins in 60 pretreatment biopsies from metastatic melanoma patients who received
immunotherapy, in a tissue microarray (TMA) using quantitative immunofluorescence (QIF). Expression of
mRNA from control patients obtained from The Cancer Genome Atlas (TCGA) database was also com-
pared. CMTM6 expression was positively correlated with PD-L1, CD3, CD20, and CD68 markers, at protein
(Pearson’s r = 0.53-0.81, all P < .0001) and mRNA (Spearman’s r = 0.15-0.44, all P < .002, except for CD68
where P = .26) levels. CMTM6 protein was associated with longer survival after immunotherapy when
measured in the stromal (P = .007) and all the immune compartments tested (T cells, B cells, and
macrophages). Multivariable analyses also revealed significant CMTM6 survival associations when mea-
sured in stromal (Hazard Ratio (HR) = 0.12, P =.001) and CD68-positive (HR = 0.30, P = .043) compartments.
Additionally, PD-L1 but not CMTM6 showed prognostic value in control patients. Finally, high CMTM6 and
PD-L1 co-expression in the stromal compartment was significantly associated with longer survival in
treated patients (P = .028). Consequently, CMTM6 expression shows potential as a predictive factor for ICI
treatments.
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Introduction CMTMS6 inhibits ubiquitination of PD-L1 and subsequent
degradation via lysosomes, promoting stabilization of PD-L1
Immune checkpoint inhibitors (ICIs), such as anti- in the membrane. In addition, downregulation of CMTM6

programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) monoclonal antibodies, have
had a tremendous impact on treatment of metastatic mela-
noma, reaching up to 60% response in combined therapy.’
However, there are still patients that do not benefit.! The
US Food and Drug Administration (FDA) has approved pro-
grammed death ligand-1 (PD-L1) assays to measure PD-L1
expression by immunohistochemistry for specific drugs and
cancers such non-small cell lung cancer, bladder cancer, and
head and neck squamous cell carcinoma, among others.’
However, patients with absence or low expression of PD-L1
have also shown clinical benefit to ICIs.” Identifying biomar-
kers that can select patients that will benefit from immunother-
apy in a more accurate way is necessary.

Chemokine-like factor (CKLF)-like MARVEL transmem-
brane domain containing family member 6 (CMTM6) was
identified in 2003 and is widely expressed at the plasma mem-
brane of several cell types, but only recently it has been identi-
fied as a PD-L1 protein stabilizer in two independent large-
scale genetic screenings, which regulates T cell function.®’

gives rise to PD-L1 reduction, constitutively and interferon
gamma (IFN-y)-dependent, in cancer cells, dendritic cells,
and xenografts derived from patients with melanoma, with no
effect on PD-L1 mRNA levels.® Furthermore, CMTMS6, alone
or in combination with PD-L1, has shown prognosticw_12 and
predictive''* value in a variety of cancers. Despite all these
findings, there have been few efforts to determine the predictive
value of CMTMS, alone or colocalizing with PD-L1 for mela-
noma immunotherapy.

Given the potential value as a predictive marker, we decided
to determine whether CMTM6 expression, alone and co-
expressed with PD-L1, is associated with response to ICI therapy
in metastatic melanoma. We explored CMTM6 and PD-L1
protein levels by quantitative immunofluorescence (QIF) in
a cohort of ICI-treated patients with metastatic melanoma with
known clinical outcomes. Additionally, we assessed the prog-
nostic value of CMTMG6 expression and immune-related genes
utilizing a TCGA RNA-seq data set of control melanoma
patients and performing QIF on tissue from a historic non-
immunotherapy-treated melanoma cohort from Yale.
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Materials and methods
Patient cohort and TMA construction

Tissue specimens were prepared in a tissue microarray (TMA)
format as previously described.'> Pretreatment samples from
60 metastatic melanoma patients treated with immune check-
point blockers (pembrolizumab, nivolumab, or ipilimumab
plus nivolumab) from 2011 to 2017 were collected from Yale
Pathology archives (cohort ITx1). The patients from the com-
bined-treatment group received both drugs simultaneously in
similar doses and cycles among the patients. The clinicopatho-
logical characteristics of the patients obtained from clinical
records and pathology reports are included in Table 1, where
stage refers to the moment of diagnosis. Response Evaluation
Criteria in Solid Tumors (RECIST) 1.1 were used to classify
best overall response as complete response (CR), partial
response (PR), stable disease (SD), or progressive disease
(PD), and clinical records were reviewed to determine progres-
sion-free survival (PFS). Tumor tissue was obtained from for-
malin-fixed, paraffin-embedded (FFPE) specimens, and
0.6 mm cores were arrayed in a recipient block in TMA format.

Table 1. Clinicopathologic characteristics of the melanoma cohort treated with
immune checkpoint inhibitors and non-immunotherapy-treated melanoma
cohort.

Yale ITx mela-

noma cohort Yale non-immunotherapy-

(YTMA376 - treated cohort
n = 60) (YTMA76 — n = 131)

Characteristics n (%) n (%)
Sex
Female 26 (43) 73 (56)
Male 34 (57) 50 (38)
Unknown 8 (6)
Age
<60 24 (40)
=60 36 (60)
Mean=SD (range) 61 + 16.8 (6-86)
Stage
| 10 (17) 63 (48)
Il 11 (18) 38 (29)
1] 22 (37) 18 (14)
\" 12 (20)
Unknown 4 (8) 12 (9)
RECIST groups
CR/PR 26 (43)
SD 18 (30)
PD 16 (27)
Treatment
Nivolumab 11 (18)
Pembrolizumab 24 (40)
Ipilimumab plus 25 (42)

Nivolumab
Prior immune

checkpoint blockade
Yes 16 (27)
No 44 (73)
Mutation status
BRAF 19 (32)
NRAS 8 (13)
CKIT 1(3)
None detected 31 (52)
Location of

primary tumor
Extremity 57 (44)
Trunk 66 (50)
Unknown 8 (6)
Follow-up in months 76.9 (64)

DSOS — Median (1QT)

Three additional cores from placenta were inserted in the
TMA. Two independent blocks of this TMA were analyzed
and averaged. If the number of cases in which target proteins
were quantified differs from the total number of cases included
in the TMA (n = 60), the reasons are: loss of core during TMA
slide production or exclusion of cases after visual inspection for
stain quality control. Additionally, a historic cohort of 131
untreated melanoma patients was used as the control group.
The clinicopathological characteristics of the patients for both
cohorts obtained from clinical records and pathology reports
are included in Table 1. A Melanoma Index TMA was used for
antibody validation. It consists of tumor tissue from 30
untreated melanoma patients from a historic cohort and con-
trol cores including placenta, tonsil, and melanoma cell lines
(Yugen8, MEL624 WT, MEL624 B7-H1, MEL1335). The total
of cores was 40 and two-fold redundancy was placed in the
TMA. Tissues were collected with written-informed or waiver
consent from patients under the approved Yale Human
Investigation Committee protocol #9505008219 and con-
ducted in accordance with the Declaration of Helsinki of 1975.

Multiplexed immunofluorescence staining protocol

CMTM6 (RCT6, Absea) antibody has been previously vali-
dated by our lab and others.”'® Briefly, TMA sections were
deparaffinized, then subjected to antigen retrieval with 1 mM
EDTA (pH 8) at 97°C for 20 min in a Lab Vision PT Module
(Thermo Scientific, Waltham, MA, USA). Endogenous perox-
idases were blocked with 2.5% hydrogen peroxide in methanol
for 30 min, followed by additional 30 min of incubation with
0.3% bovine serum albumin with 0.05% Tween-20 blocking
solution. Subsequently, we performed a sequential multiplexed
immunofluorescence staining combining CMTM6 (1 ug/ml)
with different primary antibodies: panel 1 - PD-L1 (clone
SP142, 0.1 pg/ml, Abcam), CD68 (clone PG-M1, 1:200,
Agilent); panel 2 - CD3 (clone SP7, 1:100, Novus
Biologicals), CD20 (clone L26, 1:150, Agilent). Isotype-
specific horseradish peroxidase (HRP)-conjugated secondary
antibodies were incubated with the TMAs at room temperature
for 1 h before tyramide-based labeling for 10 min followed by
1 mM benzoic hydrazide with 0.15% hydrogen peroxide for
7 min twice to quench HRP activity. For panel 1, the secondary
antibodies were anti-mouse IgGl (1:100, Thermo Fisher
Scientific), anti-rabbit EnVision reagent (Agilent), and anti-
mouse IgG3 (1:1000, Abcam), and the substrates were TSA
Plus cyanine (Cy)5 tyramide, TSA Plus Cy3 tyramide, and
biotin tyramide, respectively, all from PerkinElmer. Sections
were then treated with streptavidin-Alexa Fluor 750 conjugate
(1:100, Invitrogen). For panel 2, the secondary antibodies were
anti-mouse IgG1 (1:100, Thermo Fisher Scientific), anti-rabbit
EnVision reagent (Agilent), and anti-mouse IgG2a (1:200,
Abcam), and the substrates were TSA Plus Cy5 tyramide,
biotin tyramide (1:50, PerkinElmer), and TSA Plus Cy3 tyra-
mide, respectively, all from PerkinElmer. Sections were then
treated with streptavidin-Alexa Fluor 750 conjugate
(Invitrogen). Finally, both panels used mouse anti-S100
(clone 15E2E2, 1:100, BioGenex) and HMB45 (1:100,
BioGenex) and then goat anti-mouse Alexa Fluor 488 antibody
(1:100, Thermo Fisher Scientific) for 1 h to identify melanoma



cells, as counterstaining 4',6-diamino-2-phenylindole (DAPI)
to visualize nuclei and ProLong Gold Antifade (Invitrogen)
was used for mounting. Control slides from index melanoma
TMA were included in each staining experiment to verify
reproducibility.

Fluorescence signal quantification and cutpoint selection

We used the Automated Quantitative Analysis (AQUA™)
method (Navigate BioPharma) to quantify the fluorescent sig-
nal of CMTMS6, PD-L1, macrophages and TILs as previously
described.'® AQUA method allows to create molecular com-
partments based on fluorescent signal of specific cell markers
(e.g., CD3+ for T cells) and quantify the expression of a given
target in the corresponding compartment. For example, after
defining cells positive for S100 and HMB45, a tumor mask will
be generated and the intensity of our target, CMTMS6, will be
measured. CMTM6 was measured in five compartments:
tumor compartment, created by binarizing the S100 and
HMB45 signal; stromal compartment, created by excluding
the tumor mask (a dilated tumor compartment) from
a dilated DAPI mask representing the total tissue; and three
immune compartments such as CD68-positive macrophage
compartment, CD3-positive T cell compartment, and CD20-
positive B cell compartment. QIF score was calculated by
dividing the target pixel intensity by the area of the compart-
ment of interest and then normalized to the exposure time and
bit depth at which the images were captured. Cases with stain-
ing artifacts or presence of less than 3% compartment area
were excluded after visual inspection.

We performed staining and target measurement in two
independent TMA blocks, with each block containing one
nonadjacent tumor core per patient; the average target QIF
scores were calculated for each case. Merged images displayed
in Figures 1-3 were combined using Image] (RRID:
SCR_001935). Different cutpoints, specified in the text, were
used to split tumors into high and low expression for each
marker. X-tile software'” (Yale University, New Haven, CT,
USA) was used to determine an optimal cutpoint.

Gene expression data analysis

RNA-Seq expression data for human melanoma were down-
loaded from the TCGA data set through www.cbioportal.org.
In this study, RNA-Seq by Expectation-Maximization (RSEM)
expression values of relevant genes were applied. Correlation
plots were generated by GraphPad™ Prism® v7.0 for
Windows. After assessing normality of the data set by
D’Agostino & Pearson and Shapiro-Wilk tests, Pearson’s or
Spearman’s correlation coefficients were calculated whether
the data set was normally distributed or not respectively,
including statistical significance.

Statistical analysis

Based on D’Agostino & Pearson and Shapiro-Wilk tests results
for normality, Pearson’s or Spearman’s correlation coefficients
(r) were used to analyze the linear association between two
continuous variables and used the non-parametric t-test
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Mann-Whitney to compare groups. Overall survival (OS) and
PFS curves were constructed using the Kaplan-Meier analysis
and statistical significance was determined using the log-rank
test. Unadjusted univariable analysis was conducted.
Multivariable Cox proportional hazards models included age,
sex, mutation status, stage, specimen category, treatment, and
prior immune checkpoint blockade as covariates.'®*° For sta-
tistical analysis, the average AQUA scores from two indepen-
dent cores of each case was used. All statistical tests were two-
sided, and P-values below 0.05 were considered statistically
significant. All statistical analyses were performed using
GraphPadTM Prism® v7.0 software, and JMP Pro software (ver-
sion Pro 13, SAS Institute Inc, Cary, NC).

Results

CMTMe6 protein expressed in stroma was associated with
immunotherapy benefit in melanoma but not with
prognosis

After finding the optimal concentration of anti-CMTM6
(RCT6) antibody for melanoma tissue, previously validated in
lung tissue,”” we evaluated CMTMS6 expression on pre-
treatment samples from patients with melanoma who received
immunotherapy. We detected CMTM6 in both tumor and
stromal cells with a membranous or cytoplasmic localization
(Figure 1(a-d)), as observed in NSCLC."? Assessing CMTM6
expression quantitatively, the levels were significantly higher in
CR/PR group than in SD or PD groups (Supplementary Fig.
S1A and S1B). Although there were not significant differences
when the patients were grouped based on durable clinical
benefit (Supplementary Fig. S1F and S1G), CMTMS6 expression
was significantly higher in responders than in non-responders
according to objective response rate (ORR) classification
(Supplementary Fig. S1K and S1L), in both stromal and
tumor compartments (P = .0028 and P = .015, respectively).
Moreover, splitting the population at the median value showed
that high levels of CMTM6 protein in the stromal, which
includes mainly fibroblasts and immune cells, but not in the
tumor compartment was significantly associated with a longer
OS after PD-1 axis blockade (Figure 1(e,f), Table 2). These
results ~were confirmed by multivariable analyses
(Supplementary Table S1). Next, we measured CMTM6
expression in a historical cohort of melanoma patients that
did not receive immunotherapy to assess its prognostic value.
There were no statistically significant differences between high
and low CMTMB6 protein level in the control cohort, either in
tumor nor stroma, in terms of survival (Figure 1(g,h), Table 2,
Supplementary Table S1). Taking together, these results sup-
port CMTMS6 as an indicative biomarker for immunotherapy
in melanoma, a term that can be used instead of predictive,
since interaction tests cannot be performed without an
untreated control arm.

Immune cells expressed CMTMG6 and its level indicated
response to immunotherapy in melanoma patients

The tumor microenvironment is composed of many different
cell types, each of which plays some role either tumorigenesis
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Figure 1. Distribution of CMTM6 expression and its indicative value in human melanoma tissue. A-D) Representative case with tumor and immune cells positive for
CMTM6, being a) an overlapped image of the whole core with DAPI (nuclei) in blue, TUM (tumor cells = HMB45" and $100%) in green, and CMTM6 in red (scale
bar = 100 um); b-d) region from (a) image showing the three channels overlapped (b), only CMTM6 (c), and only TUM (d). Overall survival based on CMTM6 expression in

the tumor (e) and stromal (f) compartments in patients treated with immunotherapy, and overall survival for the non-immunotherapy-treated cohort based on CMTM6
expressed in tumor (g) or in stroma (h).

Table 2. Summary of CMTM6 expression as a predictive marker for PFS and OS measured in tumor, stromal, T cell, B cell, and macrophage compartments
using log-rank (Mantel-Cox) test for the immunotherapy-treated and the non-immunotherapy-treated melanoma cohorts. PFS = Progression-free survival;

0S = Overall survival; DFS = Disease-free survival; HR = Hazard ratio; 95% Cl = 95% Confidence interval; H = high; L = low (cut point = median). In bold text, statistically
significant p values.

Tumor Stroma T lymphocytes B lymphocytes Macrophages
Variable HR P HR P HR P HR P HR P
(H/L) (95% CI) value (95% CI) value (95% CI) value (95% CI) value (95% CI)  value
Immunotherapy-treated cohort PFS 0.79 0.45 0.69 0.24 0.69 0.25 0.69 0.25 0.81 0.54
(0.42-1.47) (0.37-1.31) (0.36-1.32) (0.36-1.31) (0.40-1.62)
(013 0.50 0.10 0.32 0.007 0.41 0.031 0.25 0.0016 0.35 0.025
(0.23-1.12) (0.14-0.72) (0.18-0.91) (0.11-0.57) (0.14-0.87)
Non-immunotherapy- DFS 1.03 0.93 1.01 0.98
treated cohort (0.53-2.00) (0.56-1.82)
(013 1.38 0.27 1.03 0.92
(0.77-2.47) (0.61-1.74)

or the immune response to control tumor progression. Many 2). However, OS was significantly longer in treated patients
of those cells, such as lymphocytes (T cells, B cells, NK cells), with high levels of CMTMS6 expression in TILs (Figure 2(c,f);
macrophages, dendritic cells, and fibroblasts among others®®  Table 2), especially in CD20 compartment (B cells) (P = .0016;
can be defined by expression of specific proteins. Here, we HR =0.25; 95% CI = 0.11-0.57). In unadjusted univariable Cox
modified a previously published multiplexed TIL immuno- proportional hazard analysis, CMTM6 protein expressed by
fluorescence panel®” (Figure 2(a,d)) to determine the associa- B cells was significantly associated with longer OS but not
tion between CMTM6 and some stromal cells in melanoma. with PFS (Supplementary Table S1). However, it did not
There was a high correlation between stromal CMTM6 expres- remain statistically significant by multivariable analysis
sion and CMTMS6 expressed in CD3+ T lymphocytes (r = 0.84, (Supplementary Table S1). In Cox regression analyses,
P <.0001) and in CD20+ B lymphocytes (r = 0.79, P <.0001) CMTMS6 in CD3 compartment was not associated with either
(Figure 2(b,e)). Furthermore, patients who responded to PES nor OS (Supplementary Table S1). As expected, high CD3
immunotherapy had significantly higher levels of CMTM6 [(PFS: P = .042; HR = 0.042; 95% CI = 0.27-1.76) (OS:
protein in CD3+ cells and CD20+ cells compared with non- P = .0004; HR = 0.20; 95% CI = 0.09-0.45)] but not CD20
responders (Supplementary Figure 2(c,d,m,n)). PFS for [(PFS: P = .47; HR = 0.79; 95% CI = 0.41-1.51) (OS: P = .14;
CMTMS levels expressed in both lymphocyte subpopulations HR = 0.55; 95% CI = 0.25-1.22)] was associated with PFS and
were comparable between high and low protein groups (Table OS when measured in the stromal compartment, as previously
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Figure 2. CMTM6 in the immune populations from immunotherapy-treated patients with melanoma. Representative images showing expression of CMTM6 in T cells (a),
B cells (d), and macrophages (g) by colocalization of CMTM6 and CD3, CD20, and CD68 markers, respectively. Correlation between CMTM6 QIF scores in the stromal
compartment versus CMTM6 expression in T cells (b), in B cells (e), and in macrophages (h). Overall survival based on CMTM6 expression in T cells (c), in B cells (f), and in
macrophages (i) in patients treated with immunotherapy. r = Pearson’s correlation coefficient; DAPI, 4'6-diamino-2-phenylindole; TUM (tumor cells = HMB45"* and

5100%) (scale bar = 100 pm).

described for this cohort.”>** Taken together, we found
CMTMB6 protein was expressed in lymphocytes, and high levels
of CMTMS6 protein in these immune cells were associated with
longer OS.

Additionally, we examined the relationship between
CMTMS6 and lymphocyte infiltration in TCGA RNA-seq data
from 443 control patients with melanoma who did not receive
immunotherapy. There was a statistically significant correla-
tion between CMTM6 and CD3E (r = 0.15, P = .0019) and
CD20 (= MS4A1) (r = 0.23, P < .0001) gene expression, corre-
sponding to T and B lymphocytes, respectively (Supplementary
Fig. S2A and S2B). This correlation was higher at protein level
measured by QIF in the ITx-1 cohort (Supplementary Fig. S2F
and S2G). When we analyzed the OS from the TCGA data set
available for 434 patients using median as a cutpoint, CMTM6
was not prognostic (Supplementary Fig. S3A), whereas high
levels of CD3E mRNA were correlated with a longer OS
(P < .0001; HR = 0.58; 95% CI = 0.45-0.76) (Supplementary
Fig. S3F). Similar results were observed for CD20 gene expres-
sion (P < .0001; HR = 0.56; 95% CI = 0.43-0.73)
(Supplementary Fig. S3G). Additionally, we confirmed Ki67
(MKi67) as a poor prognostic marker in melanoma by

analyzing its expression on the TCGA cohort as a control of
our analysis (Supplementary Fig. S3H), as previously
described.”® In summary, CMTM6 mRNA correlated with
lymphocyte markers, such as CD3E and MS4A1I, in RNA-seq
data from TCGA for melanoma. Moreover, CMTM6 was not
prognostic, supporting what we found at protein level in our
historical control cohort survival (Figure 1(gh), Table 2,
Supplementary Table S1).

NK cells have been shown to have a role in killing tumor
cells by themselves and in supporting antitumor T cell activity
through IFNy secretion.® Moreover, they have been used in
clinical trials as infusions leading to engineered NK cells with
improved activity against tumor.”® There is a wide variety of
surface markers that NK cells express depending on their state
of maturation and activation. CD56 is expressed by NK cells
along their maturation and it’s commonly used as general NK
marker.”” We decided to explore the expression of NK-related
genes from TCGA RNA-seq data of control melanoma
patients. Supplementary Fig. S4 summarizes the correlation
between CMTM6 and multiple NK-associated genes related
to maturation and activation status. Overall, CMTM6 demon-
strated a high statistically significant correlation with the
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majority of NK genes assessed, supporting the hypothesis of
a relationship of CMTM6 and NK cells in melanoma. NKp44
was not correlated with CMTM6, most likely due to the low
level of expression of this gene (n = 59). Interestingly, CD56
showed very low correlation or absent with CMTM6 and the
rest of the NK genes, which could be explained by CD56 being
expressed not only in NK cells but also in other immune cells
and even tumors cells, as we observed in our melanoma sam-
ples (data not shown). Taken together, this indicates that
CMTMS6 could have a function in NK cells in melanoma.

Finally, we determined whether CMTM6 was associated with
macrophages by multiplexing CMTM6 and CD68 antibodies
using quantitative immunofluorescence in the immunotherapy-
treated cohort (Figure 2(g)). As observed for TILs, there was
a high correlation between CMTM6 protein measured in the
stromal compartment and the CD68 compartment (r = 0.89,
P < .0001, Figure 2(h)). Additionally, positive correlation was
also seen between CD68 and CMTM6 total mRNA in the
TCGA control cohort (Supplementary Fig. S2C) and CD68 and
CMTMS6 total protein in the immunotherapy-treated cohort
(Supplementary Fig. S2H). When survival analysis was performed,
high levels of CMTMS6 protein expressed in macrophages were
associated with longer survival in the immunotherapy cohort
(Figure 2(i), Table 2), even upon multivariable analysis (Table
S1). Similarly, CD68 and PD-L1 total levels of mRNA
(Supplementary Fig. S2E) and protein (Supplementary Fig. S2J)
were highly correlated. Altogether, patients with high levels of
CMTMB6 protein in macrophages showed a longer survival com-
pared to the low expressers in the immunotherapy cohort.

Co-expression of PD-L1 and CMTM6 proteins did not
improve CMTM6 protein alone performance as
a predictive biomarker

The CMTM6 mechanism of action is not completely under-
stood, but one of its functions is as a stabilizer of PD-L1 in the
cell by protecting it from degradation.” Since CMTM6 has been
described to colocalize with PD-L1 in human lung cancer
tissue,'® we assessed the association of these two molecules in
tumor cells and macrophages from melanoma patients that
received immunotherapy. Visually, CMTM6 and PD-L1 colo-
calization was mostly observed in macrophages (Figure 3(a-e)).

/CD68/PD-L1

8000+

6000

4000+

PD-L1in stroma
(QIF score)

2000+

There was a high correlation between CMTM6 and PD-L1
protein levels in stroma (Figure 3(f)) and in macrophages
(Figure 3(g)), together with total mRNA level (r = 0.37,
P < .0001; Supplementary Fig. S2D) and total protein level
(r = 0.74, P < .0001; Supplementary Fig. S2I). PD-L1 alone
was not associated with better outcome regardless the cutpoint
used: median, optimal cutpoint or top tertile (Figure 4(a-c),
Supplementary Table S2). Next, we assessed outcomes in four
subgroups based on high or low CMTM6 and PD-LI co-
expression levels (Supplementary Fig. S5). Median PFS was
comparable between the four phenotypes (Supplementary
Fig. S5B, S5C, and S5D, Supplementary Table S1).13
However, OS was significantly longer in patients with high co-
expression of CMTM6 and PD-L1 in the stroma compared to
low levels of both and the rest of three phenotypes (Figure 4
(d-f), Supplementary Fig. S5E, S5F, and S5G, Supplementary
Table S1). No marker co-expression phenotype was signifi-
cantly associated with survival by multivariable Cox propor-
tional hazard analysis after adjustment for age, sex, mutation
status, stage, treatment, specimen category, prior immune
checkpoint blockade (Supplementary Table S1).

PD-L1 protein colocalized with CMTM6 protein in
macrophages at higher proportion than in tumor cells

To confirm the colocalization of CMTM6 and PD-L1, we used
the recently published"’ formula for AQUA analysis that we
created for similar analysis in NSCLC. This formula allows
calculation of the percentage of pixels per unit area where the
pixels were above the threshold for both CMTM6 and PD-L1
and then divided that value by the number of pixels within the
compartment of interest (tumor, stromal, or CD68).
Macrophages showed a significantly higher colocalization of
PD-L1 and CMTMS6 than either tumor or stromal compart-
ments (Supplementary Fig. S5A).

High PD-L1 mRNA levels are associated with longer
survival in non-immunotherapy-treated patients with
melanoma

Finally, we assessed whether the co-expression of CMTM6 and
PD-L1 (CD274) had a prognostic significance at mRNA level
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Figure 3. Expression of CMTM6 and PD-L1 in melanoma. Representative image of melanoma tissue expressing CD68 (c), PD-L1 (d), and CMTM6 (e) individually and
overlapping (a, b) (scale bar = 100 pm). Correlation between CMTM6 and PD-L1 expression in stromal (f) and macrophage (g) compartments. r = Pearson’s correlation
coefficient; DAPI, 4'6-diamino-2-phenylindole; TUM (tumor cells = HMB45™ and S100™).
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Figure 4. Predictive performance of CMTM6 and PD-L1 in immunotherapy-treated patients with melanoma. Overall survival corresponding to PD-L1 expression alone in
the tumor compartment (a), the stromal compartment (b), and in macrophages (c) in patients who received immune checkpoint inhibitors. Overall survival in patients
with high levels of both CMTM6 and PD-L1 compared with co-expression of low levels of CMTM6 and PD-L1 in the tumor compartment (d), the stromal compartment

(e), and in macrophages (f).

on the TCGA control cohort. We used the median as a cutpoint
for each marker individually and then combined them. When
they were analyzed individually, PD-L1 but not CMTM6 was
linked to longer survival (Supplementary Fig. S3A and S3B).
Patients expressing high levels of PD-LI mRNA showed
a significantly higher median OS compared with the rest (low
PD-L1 and low CMTMé6: mOS = 50 months; low PD-LI and
high CMTM6: mOS = 62 months), either simultaneously
expressing high (mOS = 111 months) or low
(mOS = 117 months) levels of CMTM6 mRNA (P < .0001)
(Supplementary Fig. S3C). Moreover, when we combined
grouped patients based on high or low PD-L1I gene expression
regardless CMTM6 mRNA level, the differences between med-
ian OS were statistically significant (high PD-LI1 and low/high
CMTMe6: mOS = 111 months; low PD-L1 and low/high
CMTMé6: mOS = 58 months; P < .0001) (Supplementary Fig.
S3D). This result indicates that PD-L1 is driving the prognostic
value in the combination of CMTM6 and PD-L1 mRNA mar-
kers and it does not improve on survival stratification when
PD-L1 mRNA is analyzed individually (117 months versus
58 months; P < .0001).

Discussion

In melanoma, immunotherapy based on immune checkpoint
blockade has emerged as a highly effective treatment. However,
the mechanisms of action of the checkpoints are not comple-
tely understood. As a result, the reasons why only a subset of
patients respond to the therapy remain unclear.”® Recently,
CMTMS6 has been identified as a key positive regulator of PD-
L1 expression®’ and was related to prognosis and response to
immunotherapy in a variety of tumor types.'®'"'* Here, we
found that CMTM6 protein was broadly expressed in mela-
noma tissue, in both tumor and stromal compartments, and

was associated with response to ICI therapy when measured in
the stromal compartment. In multivariable analysis, CMTM6
was also found to be an independent predictor of response to
immunotherapy. Previous work done by our lab on NSCLC
showed a similar trend,"” and others have shown similar results
by THC assays also in NSCLC."* The most probable explana-
tion is that CMTMS6 function will depend on the cell/tissue
where it is expressed and, therefore, its role could be tumor-
specific. To assess the prognostic value of CMTMS6, we evalu-
ated its expression in a historical cohort from our institution of
melanoma patients who did not receive immunotherapy. We
did not find an association between CMTM6 expression and
survival at protein level. This result was supported by TCGA
RNA-seq data from melanoma patients who did not receive
immunotherapy. Next, we were able to measure CMTM6 pro-
tein expression in three immune cell populations:
T lymphocytes, B lymphocytes, and macrophages.
Additionally, protein expression of CMTM6 and markers for
the above cell types (CD3, CD20, and CD68, respectively) were
highly correlated and was associated with good outcome.
CMTM6 might be stabilizing PD-L1 expression in these three
immune  populations, since  macrophages®>'’>  and
lymphocytes® express PD-LI. This suggests an intricate rela-
tionship of suppressive and costimulatory function between
different immune populations and/or tumor cells, without
excluding the possibility of additional roles for CMTMS6 in
lymphocytes. Equally important, CMTM6 was correlated with
NK-related genes at mRNA in a control melanoma cohort.
Taken together, these results point out a broad role for
CMTM6 in immune modulation, as previously suggested.'?
Colocalization of CMTM6 and PD-L1 in tumor cells,
stroma and CD68-positive macrophages seen here confirms
previously published data.>>'*> Both markers were correlated
at both protein level in our ICI-treated cohort and at mRNA
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level from TCGA RNA-seq data of control patients. However,
the association between both markers was statistically signifi-
cant only when measured in the stromal compartment.
Interestingly, the phenotypes with similar levels of CMTM6
and PD-L1, either high or low, represented the highest number
of patients, although there were also some cases without this
relationship, indicating that CMTMBG6 is not the only mediator
of PD-L1 expression and is likely to have multiple functions
beyond its interactions with PD-L1. CMTM6 expression has
been shown to be independent of IFN-g pathway
activation,®'%3% which is a well-characterized regulator of PD-
L1 expression.”’ Recently, CMTM6 has been shown to be
involved in lipid uptake during atherogenesis®>*’ and regula-
tion of activated and exhausted T cells in the TME and cancer
stem cells.!® In addition, there have been described many
regulators of PD-L1 expression such as protein stabilizers
CMTM4’ and COP9 signalosome 5,* and PD-L1 motifs
related to posttranslational modification regulation.>

The relationship between CMTMS6 expression and outcome
remains controversial. We did not find prognostic significance
using TCGA RNA-seq data from control melanoma patients,
supporting similar results obtained at protein level in
NSCLC."? Nevertheless, CMTM6 expression has been asso-
ciated with poor prognosis for glioma,'* head and neck squa-
mous cell carcinoma,'® and pancreatic cancer.!' On the other
hand, high levels of CMTMS6 have been linked to good prog-
nosis in triple-negative breast cancer.'' These results together
with the fact that CMTM6 is widely expressed in many cell
types and multiple cancers'"' suggest that CMTM6 might have
variable roles depending on the cell type and tumor in which it
is expressed. Interestingly, PD-L1 expression was associated
with a good prognosis in the TCGA control melanoma cohort,
which supports previously published data for melanoma’® and
cervical cancer’’. On the other hand, PD-L1 has shown nega-
tive prognostic value in other cancers.”®*

This study has a number of limitations. Firstly, the immu-
notherapy-treated cohort we evaluated by QIF is
a retrospective collection with mixed therapies, not a clinical
trial. In clinical trials, PD-L1 is a controversial predictive bio-
marker for immunotherapy in melanoma.*'~* In our study, we
did not observe a significant association between PD-LI
expression and survival for any of the compartments in
which it was measured even testing a range of cutpoints.
Previously, our group found that PD-L1 expression in CD68-
positive cells was a predictive marker for PFS and OS for the
same cohort.”* This discrepancy could be explained by use of
different methodologies (QIF versus NanoString GeoMx
Digital spatial profiling, respectively). Further studies using
larger independent cohorts will be needed to clarify the role
of PD-L1 as a predictive marker in metastatic melanoma.
Another limitation of the study is the use of median as
a cutpoint. This cut-point was not optimized since we do not
have a second independent validation set of ICI-treated
patients. Lastly, TMAs were used to evaluate predictive value
of biomarkers instead of whole tissue sections. In order to
partially take into account tumor heterogeneity, experiments
included two cores from separate regions of the same tumor for
each patient. But this still represents a limitation since clinical
biomarkers are always assessed on whole tissue slides.

In summary, we demonstrated that CMTMBG is expressed in
both tumor and immune cells in melanoma and is a predictive
marker of OS. Additionally, CMTME is highly correlated with
PD-L1 at both protein and mRNA level.
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