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CLINICAL CANCER RESEARCH | CLINICAL TRIALS: TARGETED THERAPY

Role of Tumor-Infiltrating B Cells in Clinical Outcome of

Patients with Melanoma Treated With Dabrafenib Plus

Trametinib

Check for
updates

Jan C. Brase', Robert F.H. Walter?®, Alexander Savchenko®, Daniel Gusenleitner®, James Garrett'®,
Tobias Schimming®’, Renata Varaljai®, Deborah Castelletti', Ju Kim® Naveen Dakappagari®, Ken Schultz?,
Caroline Robert®, Georgina V. Long', Paul D. Nathan", Antoni Ribas'?, Keith T. Flaherty",

Boguslawa Karaszewska', Jacob Schachter'®, Antje Sucker®, Kurt W. Schmid®>'®, Lisa Zimmer®,
Elisabeth Livingstone®, Eduard Gasal”, Dirk Schadendorf®'®, and Alexander Roesch®'®

Purpose: Although patients with unresectable or metastatic mel-
anoma can experience long-term survival with BRAF- and MEK-
targeted agents or immune checkpoint inhibitors over 5 years, resis-
tance develops in most patients. There is a distinct lack of prether-
apeutic biomarkers to identify which patients are likely to benefit from
each therapy type. Most research has focused on the predictive role of
T cells in antitumor responses as opposed to B cells.

Patients and Methods: We conducted prespecified exploratory
biomarker analysis using gene expression profiling and digital
pathology in 146 patients with previously untreated BRAF
V600-mutant metastatic melanoma from the randomized, phase
III COMBI-v trial and treated with dabrafenib plus trametinib who
had available tumor specimens from screening.

Results: Baseline cell-cycle gene expression signature was
associated with progression-free survival (P = 0.007). Patients

Introduction

Pivotal phase III trials, including COMBI-v, evaluating targeted or
immune checkpoint inhibitor (ICI) therapy have demonstrated long-
term survival in patients with advanced melanoma. However, thera-
peutic resistance occurs regardless of therapy type, with >50% of
patients eventually dying of the disease within 5 years (1-3). Although
several resistance mechanisms acquired after targeted therapy have
been identified, including reactivation of the MAPK pathway, signif-
icant heterogeneity exists between patients and within tumors. Fur-
thermore, the association of individual resistance mechanisms with
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with high T-cell/low B-cell gene signatures had improved median
overall survival (not reached [95% confidence interval (CI),
33.8 months-not reached]) compared with patients with high
T-cell/high B-cell signatures (19.1 months; 95% CI, 13.4-
38.6 months). Patients with high B-cell signatures had high
B-cell infiltration into the tumor compartment, corresponding
with decreased MAPK activity and increased expression of
immunosuppressive markers.

Conclusions: B cells may serve as a potential biomarker to
predict clinical outcome in patients with advanced melanoma
treated with dabrafenib plus trametinib. As separate studies have
shown an opposite effect for B-cell levels and response to immu-
notherapy, B cells may serve as a potential biomarker to facilitate
treatment selection. Further validation in a larger patient cohort is
needed.

clinical response has yet to be determined (4). Regarding ICIs, features
such as insufficient antigen presentation and T-cell activation may
contribute to primary resistance; however, the underlying biology and,
therefore, effective therapies to overcome these mechanisms remain
undefined (5). Predictive clinical and biological characteristics are
needed to identify patients who will benefit most from each treatment
type.

Previous studies indicated that immune composition of the tumor
microenvironment (TME) affects response (6, 7). Although B cells
represent up to 33% of infiltrating immune cells, most studies to date
have focused on the importance of tumor-infiltrating T cells (8). In
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Translational Relevance

Biomarkers are needed to identify patients who benefit most
from targeted or immune checkpoint inhibitor (ICI) therapy in
metastatic melanoma. We analyzed biomarkers using pretreatment
melanoma samples from the dabrafenib plus trametinib arm of the
randomized, phase IIl COMBI-v trial. To our knowledge, this is the
first large-scale analysis of gene expression signatures and tumor
cell and T- and B-cell interactions by digital pathology in patients
treated with targeted therapy. Distinct T-cell/B-cell signatures at
baseline demonstrated prognostic value, as high T-cell/low B-cell
signatures associated with prolonged survival versus high T-cell/
high B-cell signatures. Patients with high B-cell signatures had high
tumor B-cell infiltration associated with a modified tumor cell
phenotype. Recent findings show high T-cell/high B-cell signatures
at screening correlated with improved response to ICIs versus low
B-cell signature. B cells may be potential biomarkers to identify
patients who may achieve improved clinical benefit.

addition, findings have been inconsistent regarding the role of B cells
due to their contribution during antitumor responses and tumor
heterogeneity, growth, and metastasis (8-10). Recent studies in met-
astatic melanoma show B cells, in conjunction with T-cell signatures
are positive prognostic and predictive markers for clinical response to
immunotherapies, including ICIs (11-15). However, similar analyses
in patients with metastatic melanoma treated with BRAF and MEK
inhibitors have not yet been published.

We report findings from gene expression profiling (GEP) and digital
pathology studies in pretreatment tumor samples from the dabrafenib
(dab) plus trametinib (tram) arm of COMBI-v to evaluate B cells as a
potential biomarker to identify patients at screening who may derive
improved clinical benefit from targeted therapy.

Patients and Methods

Study design and participants

COMBI-v (ClinicalTrials.gov: NCT01597908) was an open-label,
randomized, phase III trial (N = 704) that included previously
untreated patients with unresectable stage IIIC or IV BRAF V600E/
K-mutant melanoma (per American Joint Committee on Cancer
Staging Manual, 7th edition) treated with dab + tram or vemur-
afenib monotherapy. Study design details were published previous-
ly (16). For comparison, treatment-naive tumor samples from 95
patients with BRAF V600 wild-type melanoma were randomly
selected at the Essen Department of Dermatology. The study was
approved by the ethical committee of the University Hospital Essen
(approval No. 16-7190-BO).

COMBI-v was conducted in accordance with the provisions of the
Declaration of Helsinki and Good Clinical Practice guidelines. The
protocol was approved by the institutional review board or human
research ethics committee at each site. All patients provided written
informed consent before participation in the study and collection and
analyses of tissue samples.

Tissue processing, NanoString CodeSet design, and expression
quantification

Tissue samples were submitted for BRAF testing for COMBI-v
screening. If patient consent and tissue sample were available,
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remnant tissue material was used for exploratory biomarker studies.
Biomarker analyses were conducted in two sets of patients included
in the dab + tram arm. All biomarker analyses were performed
using tumor block samples from COMBI-v biomarker set 1 (n = 79;
76 of 79 with gene expression results); biomarker set 2 (n = 67)
was an additional cohort with remnant formalin-fixed, paraffin-
embedded (FFPE) slides.

For GEP, literature-derived genes (N = 780) from typical resis-
tance pathways (Supplementary Materials and Methods) were
included in a custom NanoString CodeSet named the phenotypic
resistance panel. Probe sets for each gene were designed and
synthesized at NanoString Technologies. A commercially available
NanoString panel (nCounter PanCancer immune profiling panel)
was used to analyze 800 genes covering immune TME pathways,
aspects of interferon resistance, and immune escape in melanoma.
For both panels, NanoString standard chemistry was used. Per
panel, 100-ng RNA from FFPE material was analyzed at the
MOLBIZ Molecular Biology Centre (a NanoString core facility) at
University Hospital Essen, University of Duisburg-Essen, Essen,
Germany. Measurements were performed at maximum resolution;
fields of view were adjusted to 555.

Because biomarker set 2 consisted of older FFPE slides containing
limited material and did not allow for IHC testing, only GEP was
performed using the NanoString nCounter PanCancer immune pro-
filing panel.

Digital pathology

A duplex CD3/CD19 IHC assay was developed. CD3 and CD19
were selected as pan-T-cell and B-cell markers to assess both imma-
ture and mature cellular patterns. Duplex CD3/CD19 IHC staining
(n = 59) using anti-CD3 (clone LN10) and anti-CD19 (clone BT51E;
both of Leica Biosystems) was performed on the Leica Bond Rx
autostainer. Slides were scanned at 20 x magnification using Aperio
AT?2, Leica digital whole-slide scanner. Digital image analysis (IA) was
performed using the multiplex THC module, HALO v2.3 software
platform (Indica Labs). Analysis enabled clear distinction of melano-
ma tumor nests (or tumor compartment) and intratumoral and
peritumoral stroma (or stroma compartment) and excluded lymphoid
tissue (Supplementary Fig. S1); melanoma lesions were annotated by a
pathologist in collaboration with imaging scientists. IA was performed
blinded to clinical information to avoid unintentional bias. A specific
IA algorithm was developed to quantitatively assess the percentage of
CD3- and CD19-positive cells within melanoma tumor and stroma
compartments. To evaluate the extent of direct T-cell/B-cell interac-
tions, proximity analysis between CD3- and CD19-positive cells was
performed with the spatial analysis module using a 10-um radial
distance setting to assess close T-cell/B-cell interactions in tumor and
stroma classified regions, respectively.

Statistical analysis

Comparison of groups defined by gene expression was performed
using a Cox regression model; HRs and 95% confidence intervals (Cls)
are presented. Univariate Cox proportional hazards models were fitted
to assess or rank the importance of biomarkers on clinical response.
Kaplan-Meier nonparametric survival function estimates were fitted
and plotted to visualize the survival characteristics of specific sub-
groups. For continuous biomarker values, we used optimal cut point
determination as implemented in the R Maxstat package v0.52.2. P
values derived from this method were corrected using a conditional
Monte Carlo-based method. The multivariate Cox proportional
hazards model was generated using the R Survminer package

Clin Cancer Res; 27(16) August 15, 2021

4501



Brase et al.

v0.4.1. The UpSet plot was generated using the R UpSetR package
v1.3.3. All analyses were performed using R v3.4.3. The R package rms
v5.1.1 was used to analyze baseline characteristics.

Data sharing

Novartis is committed to sharing with qualified external research-
ers, access to patient-level data, and supporting clinical documents
from eligible studies. Requests are reviewed and approved by an
independent review panel on the basis of scientific merit. All data
provided are anonymized to respect the privacy of patients who have
participated in the trial in line with applicable laws and regulations.
This trial data availability is according to the criteria and process
described on ClinicalStudyDataRequest.com. The BMS-CA209-038
data set is available in the Gene Expression Omnibus (GSE91061;
ref. 17). Al TCGA data are available through the NCI Genomics Data
Commons Data Portal (https://portal.gdc.cancer.gov/).

Results

Patient characteristics and GEP

Between June 4, 2012, and October 7, 2013, patients were random-
ized within COMBI-v to receive dab + tram (n = 352) or vemurafenib
(n = 352; Supplementary Fig. S2; ref. 16). Baseline characteristics for
biomarker cohorts were similar to the overall study population
(Supplementary Tables S1 and S2). The techniques performed in this
study are summarized in an UpSet plot (Supplementary Fig. S3) used
to visualize co-occurrences between data sets.

After quality control and filtering (see Supplementary Materials and
Methods), NanoString results were available for 76 patients (biomark-
er set 1). All genes that had a nominal P < 0.05 in the univariate Cox
ranking against progression-free survival (PFS; n = 91) were explored
further. Unbiased Cox analysis showed cell-cycle genes were among
top pathways associated with poor clinical outcomes with dab + tram.
Correlation matrices were derived using the publicly available human
cutaneous melanoma data set from The Cancer Genome Atlas
(TCGA) to identify clusters of genes that were tightly coregulated
across large numbers of samples, which helped in sorting genes from
Cox analysis into distinct subgroups on a data-driven basis. The cell-
cycle-associated gene expression signature (GES) derived from TCGA
(8-gene signature: CENPF, BUBI, CCNA2, KIF2C, BIRC5, CCNBI,
UBE2C, E2F1; Supplementary Table S3) was significantly associated
with PFS (HR, 1.59; 95% CI, 1.09-2.31; P = 0.007); a Kaplan-Meier
curve using an optimized cut point is shown in Fig. 1A. Cell-cycle GES
was also associated with overall survival (OS; Fig. 1B), although no
statistically significant difference was observed. Patients with durable
benefit (PFS > 24 months) had a significantly lower level of cell-cycle-
associated GES at baseline than patients with shorter PFS (P = 0.008;
Fig. 1C).

Immune markers were among top candidates in Cox analysis
associated with improved PFS; predefined immune GES, for example,
T-cell-inflamed or IFNY signatures (18), showed a nonsignificant
association with clinical outcome (data not shown). T-cell-inflamed
GES did not show strong prognostic or predictive features, indicating
other immune markers, for example, those related to the TME and
alternative immune-cell populations, may be more important in
understanding clinical outcome with BRAF and MEK inhibition.

Transcriptional B-cell profile

We used an in-house GES (Supplementary Table S3) to evalu-
ate the association of the transcriptional B-cell profile with clinical
survival outcomes. High B-cell GES strongly associated with
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improved OS and contained independent prognostic information
compared with T-cell expression in the TCGA melanoma data set
(Supplementary Figs. S4A and S4B) and in patients with melanoma
treated with nivolumab [BMS-CA209-038 data set (17); Supple-
mentary Figs. S4C and S4D].

When we analyzed the transcriptional immune profiles of
COMBI-v biomarker data sets 1 and 2, almost all GES of specific
immune-cell subpopulations (e.g., T cells, B cells, macrophages)
significantly correlated with each other; therefore, most immune GES
were associated with positive clinical outcomes. Importantly, we found
B cells to be among top candidate pathways associated with poor OS
in univariate Cox analysis using our B-cell signature. To explore this
association further, we combined COMBI-v biomarker data sets 1 (n =
76) and 2 (n = 67) after removing the batch effect (see Supplementary
Materials and Methods). Multivariate analysis confirmed that batch
effects did not impact findings (data not shown). In accordance with
previous observations in different cancer types (7, 11, 19), we found a
positive correlation between T- and B-cell GES across COMBI-v
samples (Fig. 2A) and in a control cohort of BRAF V600 wild-type
melanoma samples (Supplementary Tables S4 and S5) comprising
NRAS-mutant and NRAS wild-type tumors (Supplementary Fig. S5).

Using the median for T- and B-cell GES to further dissect the
immune-cell composition of our cohort, we identified three subgroups:
T-low, T-high/B-low, and T-high/B-high melanomas (Fig. 2A; Sup-
plementary Figs. S6A and S6B). Baseline characteristics are summa-
rized in Supplementary Table S6. Few tumors were observed with low
T-cell/high B-cell GES; these samples were included in the T-low
group. In the T-high/B-high subgroup, 74% of tumor samples were
derived from lymph nodes. In the T-high/B-low and T-low subgroups,
tissue source was approximately equally distributed between lymph
nodes, skin, or other sites (Supplementary Table S6). Kaplan-Meier
analysis showed tumors with high T-cell GES levels stratified into two
distinct clinical subgroups based on B-cell gene expression; patients
with T-high/B-high tumors had relatively poor clinical outcomes after
dab + tram vs patients with T-high/B-low GES, who exhibited
improved survival outcomes (Fig. 2B and C). The T-high/B-low
subgroup showed fewer PFS events compared with T-low and
T-high/B-high subgroups. T-cell/B-cell GES strongly associated with
OS (Wald test, P = 0.016); median OS was not reached (95% CI,
33.8 months to not reached) in the T-high/B-low subgroup at the data
cutoff versus 31.3 months (95% CI, 15.9-65.8 months) in the T-low
subgroup and 19.1 months (95% CI, 13.4-38.6 months) in the T-high/
B-high subgroup. Multivariate analysis showed baseline T-cell/B-cell
GES was significantly associated with OS alongside previously estab-
lished prognostic factors, including Eastern Cooperative Oncology
Group performance status, lactate dehydrogenase level, and number of
organ sites with metastases (Fig. 2D; refs. 1, 20). Tissue source was not
associated with OS (Supplementary Fig. S7). The association between
T-cell/B-cell subgroups and OS was confirmed when adjusting mul-
tivariate analysis for NanoString batch or tissue source (data not
shown).

To determine whether increased B-cell infiltration correlated with
a specific tumor cell-intrinsic phenotype, we compared gene expres-
sion levels from the two NanoString panels among the three sub-
groups of interest. As expected, in patients with high T-cell infiltration,
multiple B-cell-associated GES showed high expression levels in the
B-high subgroup compared with tumors with low B-cell infiltration.
We also found significant transcriptional upregulation of distinct
B-cell chemoattractants and their respective receptors (CXCLI13-
CXCR5, CCL19/21-CCR7; ref. 21) in the T-high/B-high subgroup
(Supplementary Fig. S8).
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MAPK activity profile

The MAPK pathway was the top network with significantly
decreased MAPK Pathway Activity Score (MPAS)/GES levels in
tumors with high B-cell infiltration (Fig. 3A; Supplementary
Table S7). MPAS negatively correlated with B-cell GES in all samples
(Fig. 3B; Spearman correlation, —0.375; P < 0.001), especially those
with high T-cell infiltration (Fig. 3C; Spearman correlation, —0.563;
P < 0.001). Patients with T-high/B-high signatures had significantly
lower MAPK pathway activity than the other subgroups (P =

AACRJournals.org
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0.003; Fig. 3D); a consistent trend was demonstrated with IHC analysis
of phosphorylated extracellular signal-regulated kinase (Supplemen-
tary Fig. §9). Analysis of MPAS signature in the TCGA data set yielded
a result similar to that observed in COMBI-v samples (Supplementary
Fig. S10A); MPAS also negatively correlated with B-cell GES in our
BRAF wild-type cohort (Supplementary Figs. S10B-S10D), suggesting
that the molecular features identified in tumors with high B-cell
infiltration were not specific for BRAF-mutant melanoma and could
be found in all melanoma subgroups before therapy.
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Figure 2.

T- and B-cell GESs across COMBI-v tumor samples and
survival outcomes. A, Patient tumor samples (n = 143) char-
acterized by level of T-cell/B-cell signature and (B) PFS
(P value was determined by Wald test) and (C) OS by T- and
B-cell signature subgroup (P value was determined by Wald
test). D, Multivariate analysis of baseline factors associated
with OS in patients from COMBI-v (n = 141). Data were missing
fortwo patients. P value was determined by log-rank test. AIC,
Akaike information criterion; ECOG PS, Eastern Cooperative
Oncology Group performance status; LDH, lactate dehydro-
genase; ULN, upper limit of normal.

CLINICAL CANCER RESEARCH



Figure 3.

MPAS signature versus T-cell/B-cell GESs in
COMBI-v. A, Upregulated (>0) and downregulated
(<0) genes from pathway analysis in COMBI-v tumor
samples by T-cell/B-cell subgroup; T-high/B-high
(n = 20), T-high/B-low (n = 25). B, Correlation
analysis of MPAS and B-cell signature in patients
included in the biomarker cohort from COMBI-v
(n = 76; P value was determined by Spearman
correlation test) and (C) in patients with high T-cell
signature (n = 45; P value was determined by
Spearman correlation test). D, MPAS signature
expression by T-cell/B-cell subgroup. A box plot
shows median with interquartile range (P value was
determined by two-sided Wilcoxon signed-rank
test).
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Direct T-cell/B-cell interactions by spatial proximity analysis
Several studies have investigated immune cell and tumor cell density
and relative localization using IHC; however, recent technological
developments showed digital pathology conducts comprehensive
spatial cell analysis (7, 11, 19, 22). We used digital pathology tools
to perform blinded analysis of T- and B-cell interactions in tumor
(Fig. 4A) versus stroma (Fig. 4B) compartments of T-cell/B-cell
subgroups; marked-up tumor and stromal areas defined by the digital
IA classifier for this same representative field of view are shown in
Supplementary Fig. S1. We evaluated T-cell/B-cell interaction as a sign
of direct cell-to-cell co-localization using the number of CD3-positive
T cells within a 10-pm distance of CD19-positive B cells based on cell
size measurements and morphological shape in classified tumor areas
(n=59). Analysis showed the T-high/B-high (GES) subgroup not only
had high B-cell infiltration levels but that each B cell was more likely to
exhibit direct cell-to-cell interactions with T cells in stroma and tumor
compartments (Fig. 4C-E), and were significantly more likely to
interact with T cells compared with those in the T-high/B-low
subgroup (Fig. 4F). Because we used the percentage of CD3-positive
cells identified within a 10-um distance in B-high and B-low sub-

CD3+ in stroma (>10 pm)
® CD3+ in stroma (<10 pym)

CD3+ in tumor (>10 ym)
® CD3+ in tumor (<10 pm)
® CD19+ in stroma

groups, which both had high T-cell infiltration, we can exclude the
possibility that significant differences in T-cell/B-cell interaction
scores are based only on higher absolute numbers of B cells in one
subgroup compared with the other.

To examine the presence of tertiary lymphoid structures (TLS), we
quantitatively evaluated COMBI-v samples using spatial proximity
analysis to assess direct (within a 10-um distance) and distant proxi-
mities between T and B cells. Samples (n = 59) were digitally annotated
to measure the area of classified melanoma lesions. Although we
observed tumor areas ranging from 0.8 to 313.7 mm? (mean =+ SD,
48.0 £ 60.9 mm?), we did not detect TLS that met the previously
described morphologic criteria in our cohort of pretreatment
samples (13).

T-cell receptor sequencing (TCR-seq; n = 20) revealed that patients
with high levels of tumor-infiltrating B cells had an even distribution of
T-cell clones, whereas patients with low B-cell infiltration had higher
levels of T-cell clonality, suggesting that clonal expansion had already
occurred in the T-high/B-low subgroup (Supplementary Fig. S11).

Next, we investigated why the strong presence of direct T-cell/B-cell
interaction did not result in improved clinical outcomes, as observed in

Figure 4.

Tumor and stroma T- and B-cell in-
teractions. Lymphocyte aggregates
observed by dual CD3/CD19 IHC stain-
ing in a representative pretherapeu-
tic tumor sample from a patient in
COMBI-v with a high T-cell/high B-cell
signature. This is the same represen-
tative field of view shown in Supple-
mentary Fig. S1. Tumor (A) and stroma
(B) compartments with CD3-positive
T cells (light blue) and CD19-positive B
cells (brown) with connected bands
representing spatial proximity distri-
bution. Digital (C), spatial (D), and
proximity (E) analysis of T- and B-cell
interactions that occurred at a dis-
tance of <10 and >10 um, respectively.
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TCGA data sets and reported in ICI studies (12-15). We found a strong
positive correlation (Pearson correlation 0.696; P < 0.001; Supplemen-
tary Fig. S12A) between tumor and stroma CD19 levels and between
tumor and stroma T- and B-cell interactions (Pearson correlation
0.764; P<0.001; Supplementary Fig. S12B), suggesting that the T-high/
B-high subgroup not only exhibited direct T-cell/B-cell interaction in
the stroma but that higher levels of B cells were directly interacting with
melanoma cells and T cells in the tumor compartment.

Immunosuppressive features of B-cell-rich tumors
To explore whether immunosuppressive features could further
explain our findings in the B-high subgroup, we used a multiplex

Figure 5.

HLA-DR/IDO-1-positive  melanoma
cells in B-cell-high and -low gene sig- A
nature subgroups from COMBI-v.
Analysis of HLA-DR/IDO-1 expression
in tumor cells using multiplex FIHC in
representative samples from (A)
patients with a high or low B-cell GES
and (B) across all three T-cell/B-cell
signature subgroups (n = 54). A box
plot shows median with interquartile
range (P value was determined by
two-sided Wilcoxon signed-rank test).
C, Univariate Cox analysis of HLA-DR/
IDO-1-positive tumor cells in B-cell-
high versus B-cell-low signature
subgroups and OS by Kaplan-Meier
analysis of patients with high versus
low levels of HLA-DR/IDO-1-positive
tumors (P value was determined by
log-rank test). An optimized cutoff

B cellHigh
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fluorescence THC (FIHC) assay by AQUA Technology (Navigate
BioPharma, a Novartis subsidiary; refs. 23, 24) to quantify the pop-
ulation of human leukocyte antigen (HLA)-DR/indoleamine 2,3-
dioxygenase 1 (IDO-1)-double-positive tumor cells. Melanomas with
high B-cell infiltration had higher levels of intrinsic immunosuppres-
sive HLA-DR/IDO-1-double-positive tumor cells than low-B-cell
melanomas (Fig. 5A). High levels of HLA-DR/IDO-1-double-
positive cells were present in tumors with concomitant high T- and
B-cell infiltration and in tumors with low T-cell infiltration but were
not present in tumors with high T-cell infiltration and low B-cell levels
(Fig. 5B). The presence of HLA-DR/IDO-1-double-positive tumor
cells was not associated with PFS but significantly associated with
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poor OS in univariate Cox analysis (HR, 1.10; 95% CI, 1.01-1.20;
P = 0.036; Fig. 5C).

Discussion

Pretherapeutic biomarkers are needed to facilitate treatment selec-
tion in BRAF V600-mutant melanoma to provide the greatest chance
of long-term survival. In this study, GEP of tumor samples from
COMBI-v revealed that cell-cycle-related markers were key candi-
dates associated with reduced PFS with dab + tram. A similar pattern
was reported with vemurafenib, whereby low cell-cycle GES associated
with prolonged survival (25). In our biomarker cohort, although
T-cell-inflamed signature did not significantly associate with clinical
outcomes, analysis of B-cell signature revealed that high T-cell/low
B-cell GES at screening was positively associated with OS with dab +
tram, whereas high T-cell/high B-cell GES corresponded with poor
survival outcomes.

Our findings complement analyses in metastatic melanoma, renal
cell carcinoma, and sarcoma, whereby baseline GES levels of tumor-
associated CD8-positive T cells and CD20-positive B cells were
enriched in patients with improved survival after ICI treatment,
whereas patients with low B-cell tumor infiltration had a significantly
increased risk of death (12-15). Helmink and colleagues (14) dem-
onstrated that this T-cell/B-cell profile was independent of BRAF
mutation status, consistent with our results. Interestingly, recent B-cell
studies identified TLS, characterized as >200-um aggregates contain-
ing germinal centers, in samples with high T-cell/B-cell GES, which
positively correlated with ICI responses (13-15). Although the same
morphological criteria were applied, TLS were not observed in
COMBI-v pretreatment samples. However, these structures can be
heterogeneous regarding maturity and applied histomorphologic
criteria, such as size of lymphoid aggregates, could be a limiting
factor for detecting TLS in small tissue biopsy samples. In addition,
lymphocyte aggregation with direct cell-to-cell interaction that was
observed with tumor-associated T and B cells in our samples could
signify immature TLS that are induced upon treatment, as reported
with ICIs (13-15). Analysis of on-treatment samples in future studies
would help to address this hypothesis. Because previous studies
suggest B-cell-rich aggregates may provide a gateway for naive
lymphocytes to enter tumors and sustain T-cell responses (13, 26),
we conducted TCR-seq. Our findings support single-cell analysis by
Cabrita and colleagues (13), whereby tumor samples with high B-cell
levels contained more naive T cells than samples with low B-cell
levels. Interestingly, high clonality, as observed in T-high/B-low
samples, was described as a favorable parameter for response to
BRAF and MEK inhibitors in early and advanced melanoma (27).
Together, these findings suggest that the melanoma immune micro-
environment is modified by the presence of B cells, and although the
composition of lymphocyte aggregates in pretherapeutic high B-cell
samples is similar in patients treated with targeted therapy and IClIs,
these interactions may be associated with different clinical outcomes
based on resistance mechanisms.

B cells were associated with distinct tumor cell phenotypes, as
components linked to B-cell chemoattraction were significantly
increased, whereas the MAPK pathway was significantly downregu-
lated in B-cell-rich samples. These suggest tumors with high B-cell
chemoattraction could be less dependent on MAPK signaling for
growth because B cells may provide additional growth signals. Fur-
thermore, Somasundaram and colleagues (8) found that insulin-like
growth factor-1 derived from tumor-activated B cells, among other
cytokines, was associated with resistance to BRAF and MEK inhibitors.
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Importantly, an immunosuppressive phenotype was identified as
positive expression of HLA-DR/IDO-1 in high B-cell samples. In
contrast to the effects we saw with targeted therapy, Johnson and
colleagues (28) found concomitant high levels of HLA-DR/IDO-1 and
programmed death receptor 1 (PD-1)/programmed death ligand 1
(PD-L1) expression in pretreatment tumors, assessed using the same
FIHC AQUA assay applied in this study, were associated with positive
survival outcomes after anti-PD-1 therapy. Previous studies indicate
that IFNy-mediated signaling, often stimulated by T cells, induced
both HLA-DR/IDO-1 expression and upregulation of PD-L1 (28).
These results further underline differential mechanisms that may
dictate response to targeted therapy and ICIs in melanoma.

Potential organ-site bias in our study was addressed by examining
baseline characteristics of T-cell/B-cell subgroups and clinical out-
comes by tissue source. Our findings are in line with other B-cell
analyses in melanoma because, although a higher proportion of B-cell-
rich tumors were observed in tissue samples collected from lymph
nodes than from skin or other locations, we also identified high B-cell
levels in skin samples (13, 14). Additionally, several lymph node
samples were not classified as T-high/B-high. T-cell/B-cell subgroups
were well balanced for baseline characteristics, including subsequent
ICIs, whereas tissue source was not associated with survival. Although
we did not find evidence that tissue source affected our findings, tissue
heterogeneity in melanoma studies and generally higher tumor-
infiltrating B-cell levels in lymph node samples are challenges that
need to be addressed if B-cell markers are to be considered for
treatment selection in the future.

T-cell/B-cell subgroups showed a stronger effect for OS versus PFS,
suggesting a prognostic component rather than a direct treatment
effect in the first line. Because of the low number of samples often
included in exploratory biomarker studies, we were unable to reliably
validate our findings with other studies (29). Future studies with
available on-treatment or postprogression samples should assess
whether B-cell levels and T-cell/B-cell interactions are modulated by
therapy and whether these changes impact response to subsequent
therapies and postprogression survival. Somasundaram and colleagues
showed an upregulation of B cells and growth factors, such as insulin-
like growth factor-1, upon treatment with MAPK inhibitor therapy (8);
however, the relationship between baseline B-cell infiltration levels,
on-treatment modulation, and clinical outcome is still largely
unknown. In our biomarker cohort, few patients were subsequently
treated with anti-PD-1 therapy because this treatment was not widely
used at that time. Future studies are needed to determine whether
patients with disease that progressed with BRAF and MEK inhibitor
therapy respond to subsequent anti-PD-1 therapy if B cells are present
in the tumor.

We have identified B cells as a potential pretherapeutic biomarker to
help select patients with unresectable or metastatic melanoma who
may benefit the most from dab + tram, although further validation is
needed.
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