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1  |  INTRODUC TION

There are four major subtypes of melanoma, arising from mela-
nocytes located in different body locations: cutaneous melanoma 
(CM), acral lentiginous melanoma (ALM), uveal melanoma (UM) 

and mucosal melanoma (MM). CM is associated with exposure 
to ultraviolet radiation (UVR), resulting in a higher tumour muta-
tion burden (TMB) than UM, ALM and MM; conversely, CM has a 
lower level of chromosomal aberration compared with the other 
subtypes (Hayward et al., 2017). CM has been widely used as a 
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Abstract
The B-cell system plays an important role in the melanoma immune response; how-
ever, consensus has yet to be reached in many facets. Here, we comprehensively re-
view human studies only, due to fundamental differences in the humoral response 
with animal models. Tumour-infiltrating B-cells are associated with contradictory 
prognostic values, reflecting a lack of agreement between studies on cell subset clas-
sification and differences in the markers used, particularly the common use of a single 
marker not differentiating multiple subsets. Tertiary lymphoid structures (TLS) organ-
ise T-cells and B-cells within tumours to generate a local anti-tumour response and 
TLS presence associates with improved survival in response to immune checkpoint 
blockade, in late-stage disease. Autoantibody production is increased in melanoma 
patients and has been proposed as biomarkers for diagnosis, prognosis and treatment/
toxicity response; however, no consistent targets are yet identified. The function of 
antibodies in an anti-tumour response is determined by its isotype and subclass; IgG4 
is immune-suppressive and robustly correlate with poor patient survival in melanoma. 
We conclude that the current B-cell literature needs careful interpretation based on 
the methods used and that we need a consensus of markers to define B-cells and 
associated lymphoid organs. Furthermore, future studies need to not only examine 
antibody targets, but also isotypes when considering functional roles.
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model of immune-oncology, due to its highly immunogenic and 
immune evasive capacities, linked to the high TMB providing di-
verse sources of ‘non-self’ antigen recognised by the immune sys-
tem (Hutchison & Pritchard, 2018). T-cells have been particularly 
well studied, which has directly revolutionised cancer treatment, 
with immune checkpoint blockade (ICB) now prescribed as the 
gold standard of care for metastasised CM, significantly improving 
overall survival rates (reviewed by (Robert, 2020)). Not all patients 
respond to ICB and a further subgroup develop resistance; re-
search into what drives these responses has prompted a recent re-
surgence of interest in B-cells (Cabrita et al., 2020; Helmink et al., 
2020; Petitprez et al., 2020).

This review will discuss the existing evidence of the nature of 
B-cell responses in patients with melanoma and how this might in-
fluence response to ICB. This includes the seemingly contradictory 
observations of pro- and anti-tumourigenic responses mediated by 
B-cells, the effects of the tumour microenvironment, the develop-
ment of tertiary lymphoid structures and how all observations are 
influenced by the B-cell and tissue markers selected. We also dis-
cuss the potential to use antibodies as biomarkers for diagnosis, 
prognosis, therapeutic response or toxicity. We only focus on data 
derived from human studies, due to a lack of concordance of B-cell 
subtypes with animal models. A contextualising overview of B-cell 
antibody production can be found in Supplementary File 1 and 
Supplementary Figure 1, which provides an overview of the humoral 
immune system.

2  |  B- CELL SUBT YPE IDENTIFIC ATION

An important consideration when reviewing the literature on 
tumour immune response is how the cells were characterised. 
CD19 and CD20 are the most commonly used markers to define 
the presence of B-cells (e.g. Table 1 and Supplementary Table 1). 
They are expressed across all B-cell subsets, except some types 
of plasma cells, and are commonly used as ‘pan B-cell’ markers. 
CD19 expression can infer information on the activation status 
of the B-cell and may help to distinguish short-lived plasma cells 
from long-lived plasma cells, compared with CD20. The main im-
pact of only using a pan B-cell marker like CD19 or CD20 is that it 
does not allow us to begin to work out the nature of this response, 
which can have anti-tumourigenic or immunosuppressive (likely 
pro-tumourigenic) effects.

The markers for specific B-cell subtypes are less well defined and 
have been inconsistently used between studies making it difficult 
to compare observations across the literature. This issue is clearly 
illustrated when examining the markers used to define different B-
cell subsets in the melanoma studies discussed within this review 
(Table 1 and Table 2).

There is, therefore, a clear and urgent need for appropriate in-
terpretation when pan B-cell markers are used and a harmonisation 
of B-cell subtype definition and identification (e.g. reviewed in (Sanz 
et al., 2019)). This is not only an issue in the context of melanoma, 

but as illustrated from the data gathered in Supplementary Table 1, 
the most serious impact is the inability to bring together data from 
across the solid tumour field to fully understand what influences the 
role and impact of B-cells.

3  |  B- CELL S AND C ANCER

Despite the limitations outlined above, there is no question that B-
cells form part of the immunogenic response to CM and other can-
cers (e.g. Table 1, Supplementary Table 1; reviewed in (Mukherji, 
2013, Fridman et al., 2020)).

The B-cell responses or antibody specificities detected in can-
cer patient serum, lymph nodes and tumours include: (i) low-affinity 
IgM, possibly autoantibodies produced by innate-like B-cells (Zhang, 
2013); (ii) matured (undergone somatic hypermutated (SHM) and 
class switch recombination (CSR)) autoantibodies, recognising native 
self-proteins (e.g. (Kijanka et al., 2010; Li et al., 2020)); (iii) cancer-
antigen immune responses (IgM, IgA and IgG), which can be against 
well-described tumour antigen, including antigens of lineage-
specific differentiation (e.g. (Fishman et al., 1997; Sahin et al., 1995)), 
cancer-testis (CT) antigens (e.g. (Chen et al., 1997; Jager et al., 1998; 
Sahin et al., 1995)), mutational neoantigens (e.g. (Scanlan et al., 
1998; Yasuda et al., 2002)) and viral sources (e.g. (Louis et al., 2010; 
Meng et al., 2018; Smith et al., 2020)); (iv) non-specific activation 
of B-cells in a sufficiently inflammatory environment, including cells 
putatively labelled as regulatory B-cells (Breg; reviewed in (Sarvaria 
et al., 2017)); (v) CD86hiCD21lo antigen-presenting B-cells in the 
TLS, capable of stimulating T-cell activation when assessed in vitro 
(Wennhold et al., 2021).

Furthermore, the associations of B-cells and/or antibodies pres-
ent in patients with cancer can have anti- or pro-tumourigenic ef-
fects, which can only be identified from careful characterisation, as 
will be outlined in the context of melanoma within this review.

4  |  B- CELL S INFILTR ATING THE 
MEL ANOMA S

Although reports are highly variable, on average ~30–50% of 
tumour-infiltrating lymphocytes (TILs) in CM can be B-cells; this 
does not occur uniformly in each metastasis within an individual, 
or in tumours between different individuals. These inconsisten-
cies could be due to differences in markers used to define a B-cell 
(Table 1 and Supplementary Table 1), the sensitivity of the iden-
tification method used, melanoma stage, how representative of 
the total tumour the examined tissue section is (Erdag et al., 2012) 
and the location of the tumour (e.g. higher densities of CD20+ 
B-cells in lymph node metastases vs. subcutaneous metastases 
(Balatoni et al., 2018)). Analysing whole tumour sections, it was 
found that approximately 77% of primary melanoma tumours con-
tained CD20+ B-cells. Using a metastatic melanoma core tissue 
array, it was shown that 35% of tumours contained CD20+ B-cells 



    |  305RODGERS et al.

(Somasundaram et al., 2017). Despite these caveats, significantly 
decreased B-cell numbers are consistently found in advanced 
stage IV melanoma compared with earlier stages (Erdag et al., 
2012; Garg et al., 2016; Somasundaram et al., 2017) and those 
that are there in late-stage disease are frequently a suppressive 
phenotype (increased expression of IL-10 and TGFB1), which co-
occur with increased B-cell exhaustion marker expression (PDCD1, 
FCRL4, SIGLEC6 and CD22) (Griss et al., 2019).

4.1  |  Location and organisation of TILS

TILs are not confined to any one location within a tumour, although 
their location, either intratumoural, stromal or marginal, can be 
prognostic (Antohe et al., 2019; Barnes & Amir, 2017; Fu et al., 2019; 
Mihm & Mulé, 2015; Peled et al., 2019). When comparing stud-
ies on TILs, it is important to consider the context of the tumour 
section(s) used. For example, tissue cores only provide information 

TA B L E  1  Markers used to define B-cell subtypes in melanoma

B-cell (subtype) Method used Markers used Reference

B-cell Immunohistochemistry CD20+ Balatoni et al. (2018), Bosisio et al. (2016), Cabrita 
et al. (2020), Cipponi et al. (2012), Erdag et al. 
(2012), Garg et al. (2016), Halse et al. (2018), Harlin 
et al. (2009), Helmink et al.( 2020), Hillen et al. 
(2008), Kotlan et al. (2019), Ladányi et al. (2011), 
Martinez-Rodriguez et al. (2014), Messina et al. 
(2012), Meyer et al. (2012a), Somasundaram et al. 
(2017)

B-cell Immunohistochemistry CD19+, CD20+ Amaria et al. (2018)

B-cell Mass cytometry CD19+CD45+ (Helmink et al. (2020)

Circulating B-cells Flow cytometry CD19+ Carpenter et al. (2009), Das et al. (2018)

Naïve B-cells Mass cytometry CD19+CD45+ CD27−IgD+ Helmink et al. (2020)

Circulating naïve B-cells Flow cytometry CD19+CD27− Das et al. (2018)

Transitional B-cell Mass cytometry CD19+CD45+CD24++CD38+

+CD10+CD27−IgD+
Helmink et al. (2020)

Transitional cell-like Immunohistochemistry CD19−CD20+CD138−CD5+ Griss et al. (2019)

Circulating memory (non-
class-switched) B-cells

Flow cytometry CD19+CD27+IgM+ Das et al. (2018)

Memory (non-class-
switched) B-cells

Mass cytometry CD19+CD45+CD27+IgD+ Helmink et al. (2020)

Circulating memory (class-
switched) B-cells

Flow cytometry CD19+CD27+IgM− Das et al. (2018)

Memory (class-switched) 
B-cells

Mass cytometry CD45+CD19+CD27+IgD− Helmink et al. (2020)

Plasma cell Immunohistochemistry CD138+ Bosisio et al. (2016), Cipponi et al. (2012), Erdag et al. 
(2012)

Plasma cell-like Immunohistochemistry CD19+CD20−CD138+ Griss et al. (2019)

Plasma cell-like Mass cytometry CD19+CD20−CD45+CD22−C
D39++CD27++

Helmink et al. (2020)

Circulating plasmablasts Flow cytometry CD19+CD27+CD38hi Das et al. (2018)

Circulating plasmablasts Flow cytometry CD19+CD27brightCD38
+CD86+

Carpenter et al. (2009)

Circulating plasmablasts Flow cytometry CD19+CD20low/−CD38highCD
27+CD3−CD14−IgA−IgM−

Defalco et al. (2018)

Plasmablast-like Immunohistochemistry CD19+CD20−CD38+CD138− Griss et al. (2019)

Memory B-cell-like Immunohistochemistry CD19+CD20+CD38−CD13
8−CD27+

Griss et al. (2019)

Germinal centre B-cells Immunohistochemistry CD20, AID, Ki67 Cipponi et al. (2012)

Germinal centre B-cell-like Immunohistochemistry CD20+CD38+CD138−CD5− Griss et al. (2019)

Germinal centre B-cell-like Mass cytometry CD19+CD20++CD38+CD27−I
gD−CD86+CD95+

Helmink et al. (2020)

Activated B-cell-like Immunohistochemistry CD19+CD20−CD38−CD13
8−CD27+

Griss et al. (2019)
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about a limited tumour area, while whole tissue sections provide a 
larger field of investigation but often lose key positional informa-
tion (Hendry et al., 2017a). Infiltrating B-cells are often associated 
with TLS (Table 2) in various stages of formation, during which they 
become increasingly organised, resembling structures found in the 
secondary lymphoid structure (SLS) lymph nodes (Figure 1), likely 
enabling localised tumour-specific antigen presentation to T-cells 
and antibody production ((Wennhold et al., 2021) and reviewed by 
(Lauss et al., 2021)).

Continuing the theme in this review on the importance of con-
sensus on B-cell classifications and markers used to identify them, 
the histopathological investigations of immune cell location and 
organisation within tumours (including TLS) have been historically 
inconsistent between studies, making comparisons and cohesive 
conclusions difficult. In a two-part review, Hendry et al. (2017) pro-
posed a standardised method to evaluate TILs in solid tumours to 
tackle this issue (Hendry et al., 2017a, 2017b). Once consensus has 
been reached, improved spatial-omics technologies (Lewis et al., 
2021) can be applied, to better understand the location and organi-
sation of TIL within the tumour.

5  |  PHENOT YPE OF B- CELL S 
INFILTR ATING MEL ANOMA

The composition of the melanoma-associated B-cell subtypes dic-
tates the type, efficacy and direction of response. The main tech-
niques used to phenotype B-cells are immunohistochemical staining 
or the flow, or mass, cytometry of TILs, suggesting a range of B-cell 
subtypes can be present in melanomas (Table 1). Based on these 
user-defined phenotypes, plasmablasts, plasma cells, activated B-
cells, germinal centre B-cells, transitional B-cells and memory B-cells 
have been identified in melanomas (Table 1). Since multiple B-cell 
subtypes are present in melanoma, this suggests that different B-
cell functionalities are at play in the immune response. For example, 
plasmablasts and plasma cells are active antibody-secreting cells and 
their presence in melanomas could indicate tumour antigen recogni-
tion by antibodies are present. Further classification of the infiltrat-
ing memory B-cells has not been performed, so it is unknown if they 
are affinity-matured products of a germinal centre reaction (IgG+ 
and undergone SHM) or derived from germinal centre independent 
mechanisms (IgM+ and not undergone SHM); but are likely to func-
tion either as plasmablast precursors or produce germinal centre 
B-cells (Pape & Jenkins, 2018). Moreover, the different levels of ma-
turity present across infiltrating B-cell subsets indicate differences 
in B-cell receptor (BCR) affinity to antigen are present, which influ-
ences the ability to produce a strong targeted response. The lack of 
consistently agreed upon B-cell subtyping categories and definitions 
(Table 1) has, however, hampered consensus in reported studies, 
and therefore, incomplete B-cell functions in response to melanoma 
have likely been reported (Amaria et al., 2018; Bosisio et al., 2016; 
Cabrita et al., 2020; Carpenter et al., 2009; Cipponi et al., 2012; Das 
et al., 2018; Erdag et al., 2012; Garg et al., 2016; Griss et al., 2019; 

Harlin et al., 2009; Helmink et al., 2020; Hillen et al., 2008; Kotlan 
et al., 2019; Ladányi et al., 2011; Martinez-Rodriguez et al., 2014; 
Messina et al., 2012; Meyer et al., 2012a; Somasundaram et al., 
2017); Table 1, Supplementary Table 1. The consistent use of a sin-
gle marker (usually CD19 or CD20, or the expression of Ig) to identify 
the presence of B-cells has particularly resulted in inconsistent in-
terpretation, as more information is required to understand whether 
they have a pro- or anti- tumourigenic role (Table 1; Supplementary 
Table 1).

Single-cell sequencing (scRNA-seq) has been used to perform 
an in-depth analysis of the T-cells present within CM and UM (e.g. 
(Durante et al., 2020; Tirosh et al., 2016; Yan et al., 2021)) but an 
equivalent comprehensive analysis of B-cells using this technology 
has not been completed, to date. One recent study used k-means 
clustering of scRNA-seq data to split B-cell TILs into four clus-
ters, characterised by user-defined phenotypes based on markers 
(1) switched, activated IgD−; (2) plasma cells; (3) unswitched IgD+ 
and (4) switched, activated IgD−, with unique markers relative to 
(1) (Helmink et al., 2020), while another used gene sets to identify 
the presence of activated, immature and memory B-cells and more 
rarely, plasma cells in melanomas (Cabrita et al., 2020).

6  |  MICROENVIRONMENT FAC TORS 
INFLUENCING B- CELL INFILTR ATION AND 
PHENOT YPES

The mechanisms controlling B-cell infiltration are not fully under-
stood but are likely influenced by the expression of chemokines in 
the tumour microenvironment, which can influence the trafficking 
and phenotype of lymphocytes in the tumour microenvironment.

In mice, CXCL13 is vital for the development of TLS (Ansel et al., 
2000) and this has been supported in humans, with intratumoural 
expression of CXCL13 correlating with increased B-cell infiltration 
(Bindea et al., 2013; Gu-Trantien et al., 2013; Harlin et al., 2009; 
Workel et al., 2019), and co-expression with its receptor CXCR5 on 
the same structure indicating the presence of TLS (Cabrita et al., 
2020). Further, circulating CXCL13  levels are increased in mela-
noma patients after treatment with ICB (Das et al., 2018), potentially 
linking TLS with survival (as detailed below). Importantly, however, 
upon activation by CXCL13, CXCR5 can induce proliferation (Legler 
et al., 1998) via pathways frequently modulated within CM, includ-
ing signalling through MAPK, PI3K and RAC1 (Hayward et al., 2017). 
Although not yet explored in melanoma, this cytokine axis was as-
sociated with progressive metastatic disease and poor survival, in 
colorectal cancer (Zhu et al., 2015), breast cancer (Panse et al., 2008) 
(that is not HER2+ (Razis et al., 2012)) and prostate cancer (El-Haibi 
et al., 2011; Singh, Singh, Sharma, et al., 2009; Singh, Singh, Singh, 
et al., 2009). Therefore, while CXCL13 in the tumour microenviron-
ment might indicate B-cell infiltration, tumour CXCR5 expression 
(rather than the TLS) could have a pro-tumourigenic effect.

The presence of a TLS is, however, not the only factor that influ-
ences the phenotype of B-cells infiltrating a melanoma. It has been 



308  |    RODGERS et al.

hypothesised various B-cells subtypes can develop regulatory prop-
erties to become Bregs, dependent on tumour microenvironmental 
cues (Largeot et al., 2019; Michaud et al., 2020). There has been more 
robust evidence of Bregs in mice; however, translation into humans has 
been impeded by lack of equivalent human markers (Lighaam et al., 
2018). Evidence to support Breg development in humans came from 
treating human peripheral B-cells with ‘breast cancer cell-conditioned’ 
media to create tumour-evoked B-cells with Breg features (Olkhanud 
et al., 2011). Furthermore, evidence in melanoma suggests some TIL 
with plasmablast-like marker phenotype also have Breg features (Griss 
et al., 2019). Bregs are believed to play an immunosuppressive role in 
the tumour microenvironment through the production of specific 
cytokines (e.g. IL-10, IL-35 and TGF-β). Measurement of the immu-
nosuppressive cytokines in the microenvironment is not a reliable 
measure of Bregs as they are not the only source(s) of these cytokines, 
which could include melanomas themselves, regulatory T-cells (Tregs) 
and dendritic cells (DC). These issues have meant that the impact of 
Bregs on immune control in melanoma has yet to be elucidated, and 
consequently there is a broad scope for research in this area.

7  |  PROGNOSTIC ROLE OF B- CELL S 
INFILTR ATING MEL ANOMA

Numerous studies have investigated the association between tu-
mour infiltrating B-cells and progression-free survival or overall 

survival in CM, but the findings have been inconclusive to date. 
Using whole tumour sections, a positive correlation between B-cell 
presence and (i) overall survival in primary CM (Garg et al., 2016; 
Ladányi et al., 2011); (ii) decreased metastatic progression in primary 
CM (Ladányi et al., 2011) and (iii) increased survival time in patients 
with metastasised CM (Erdag et al., 2012) have been reported. 
Furthermore, high expression of CD19, CD20 or B-cell signatures in 
CM data from the Cancer Genome Atlas (TCGA) has been correlated 
with significantly improved survival (Garg et al., 2016; Helmink et al., 
2020; Iglesia et al., 2016). In contrast, one study found no corre-
lations between B-cell infiltration and survival (Hillen et al., 2008) 
and other studies have shown association between B-cells and poor 
prognosis in primary CM (Martinez-Rodriguez et al., 2014; Meyer 
et al., 2012b). These inconsistent data are likely confounded by the 
differences in definitions of B-cells used between studies (Table 1) 
and studies using precise phenotyping of the B-cells subtypes and 
identification of the antibody isotypes present are now required.

There have also been investigations of the association between the 
humoral response and prognosis association with therapeutic inter-
vention. Evidence of acquired resistance to BRAF and MEK inhibitors 
induced by tumour-associated CD20+ B-cells came from an in vitro 
analysis, which suggested this was mediated by B-cell production of 
growth factor IGF-1 (Somasundaram et al., 2017). Further, this study 
revealed potential clinical application in a small pilot trial of B-cell de-
pletion by the anti-CD20 antibody ofatumumab (NCT01376713) in a 
cohort of CM patients (n = 10). Evidence of clinical activity was found 

F I G U R E  1  Defining a tertiary lymphoid structure. (a) As TLS mature, they become more organised structures. Starting from the top 
right-hand quadrant (i) An immature TLS, with B-cells and T-cells infiltrating the tumour but have not yet organised into discrete zones. 
(ii) A full definition of a TLS is shown, with expression of homeostatic chemokines and the presence of HEVs, a clear B-cell zone with the 
primary follicle containing B-cells and follicular DC, and a T-cell zone with T-cells and DCs. (iii) An active TLS with a secondary follicle formed 
where B-cells undergo clonal expansion and affinity maturation to elicit an in situ adaptive immune response. (iv) The hypothetical immune-
suppressive TLS that may occur after extended exposure to antigen, featuring immune-suppressive cytokines, IgG4, Bregs and Tregs and the 
structures beginning to resolve. (b) All four quadrants contain the same types of cells, antibodies, cytokines and tissue structures, but by 
increasing the number of cell and tissue markers a more detailed profile of a TLS will be achieved. (i) If single markers are used to detect 
B-cells and T-cells (e.g. CD20+ and CD3+, respectively), cell subtype information will be lost. (ii) A better-defined TLS, with CD8+ and CD4+ 
differentiation between T-cell subtypes and markers for follicular DC and tumour cells. (iii) A TLS, as defined by Dieu-Nosjean et al. (2014), 
using markers for B-cells, follicular DC, CD8+ and CD4+ T-cells and HEVs. IgG is the most common considered antibody isotype. (iv) Further 
definition revealing the active or immune-suppressive status of the TLS, including active B-cell subtypes, Breg, Treg, immunoglobulin isotypes 
and subclasses, HEVs, immune-stimulating or immune-suppressive cytokines, mature DC and follicular DC
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in 8/10 patients, and a benefit in measurable disease was found in 
6/10 patients though overall response evaluation showed progres-
sive disease in the majority of patients (Somasundaram et al., 2017). 
High T-cell/low B-cell gene expression signatures in pre-treatment 
tumour samples from patients subsequently treated with BRAF and 
MEK inhibitors were associated with longer survival compared with 
high T-cell/high B-cell signatures (Brase et al., 2021). Neither of these 
studies investigated the subtypes of B-cells involved, whether they 
were an immunosuppressive phenotype, or if they were associated 
with TLS within the tumour. This latter point is of particular interest 
due to recent work that has correlated TIL associated with TLS with 
good response to ICB, which will be further detailed in the section 
specifically focussed on the TLS.

8  |  CHAR AC TERISTIC S OF THE BCR OF 
TUMOUR-INFILTR ATING B- CELL S

Assessment of the BCR expressed by the B-cell TIL can provide vital 
information about the characteristics of the infiltrating cells, includ-
ing whether they have undergone Ig isotype switching, the isotypes 
produced and the clonality of the B-cells present, which can be used 
to infer the quality, context and direction of the B-cell response. It is, 
therefore, vital that both the immunoglobulin isotype and subclass 
are measured, as it is not possible to deduce the immunosuppressive 
or anti-tumour impact of the cell present or of the antibodies pro-
duced without this assessment (Supplementary Figure 1).

Bulk tumour gene expression analysis showed the BCR 
heavy chain isotype expression was, in order of abundance, 
IgG>IgA>IgM>IgD, measured in the TCGA SKCM RNA-seq data 
(Cancer Genome Atlas, 2015; Selitsky et al., 2019); these samples 
spanned all stages of CM disease and outcomes. Further analysis has 
indicated that increased ratios of IgA, IgD or IgE to total Ig were 
associated with a negative prognosis in CM (Bolotin et al., 2017). 
Similarly, earlier studies showed by mRNA expression array that IgG 
and IgM heavy chain genes, and both κ and λ light chain genes, were 
expressed in melanoma biopsies (Harlin et al., 2009) and that plasma 
cells in CM primaries were predominantly IgG+ or IgA+ (Bosisio et al., 
2016). These studies were unable to distinguish Ig subclasses, but 
this has been specifically examined by other investigators, showing 
that BCR tends to have switched towards the IgA1, IgA2, IgG1 and 
IgG2 subclasses when they have infiltrated melanoma TLS (Cipponi 
et al., 2012). Importantly, BCR diversity was lower (i.e. increased 
clonality) and SHM was higher in primary tumour and regional sub-
cutaneous metastases compared with distant metastases (Selitsky 
et al., 2019) and decreased BCR diversity was associated with bet-
ter survival in melanoma (Bolotin et al., 2017; Iglesia et al., 2016; 
Selitsky et al., 2019). Within a clonally expanded B-cell cluster, mul-
tiple antibody subclasses can be found suggesting that CSR occurs 
again after clonal expansion. Indeed, individuals with higher levels of 
B-cell IgG3–IgG1 switches, likely indicating B-cell progression in the 
face of persistence of antigen (Jackson et al., 2014), had significantly 
better clinical outcomes in melanoma (Hu et al., 2019).

9  |  TERTIARY LYMPHOID STRUC TURES

The role of the TLS in cancer has recently come under increased 
scrutiny, after associations with ICB response were identified (re-
viewed by (Lauss et al., 2021)). TLS display remarkable plasticity, 
providing a temporary system to elicit an in situ adaptive immune re-
sponse, resolving once the source of the antigen or inflammation has 
been eradicated (Wotherspoon et al., 1993). When fully matured, 
TLS is highly organised structures bearing a strong resemblance to 
SLS such as lymph nodes; Figure 1a. As with other aspects of the 
B-cell response, historically there has been inconsistency in the 
identification criteria for a TLS, which has likely contributed to the 
ambiguous prognostic value in cancer described in previous studies. 
To provide consensus, Dieu-Nosjean et al. (2014) proposed a set of 
criteria to define a TLS, which includes a) the manifestation of im-
mune cells into two discrete areas; b) a B-cell zone containing naïve 
B-cells and follicular DCs, c) a T-cell zone containing T-cells and DCs; 
d) the presence of structurally distinct blood vessels, known as high 
endothelial venules (HEVs), which allow the trafficking of lympho-
cytes into lymphoid tissues and areas of chronic inflammation and 
e) expression of homeostatic chemokines including CXCL13 (Dieu-
Nosjean et al., 2014). The addition of successive information pro-
vides increasing detail, important for interpretation of the data (e.g. 
as illustrated in Figure 1).

10  |  PRESENCE OF TL S IN MEL ANOMA

The first evidence of TLS formation in melanoma was circa 2011, 
described as ‘follicle-like aggregates’ or ‘ectopic lymphoid struc-
tures’ in ~25% of primary and metastasised CM (Cipponi et al., 
2012; Ladányi et al., 2011). A 12 chemokine gene expression sig-
nature (consisting of CCL2, CCL3, CCL4, CCL5, CCL8, CCL18, CCL19, 
CCL21, CXCL9, CXCL10, CXCL11 and CXCL13) has been suggested 
to predict the presence of TLS via indication of co-presence of 
CD20+ B-cells, CD86+ DC and CD4+FoxP3− and CD8+ T-cells in 
stage IV CM (Messina et al., 2012). Now, it is well established 
melanomas can have multiple TLS present, which can be at vary-
ing stages of maturity; Table 2, Figure 1a. This is independent of 
the tumour mutational burden, indicating TLS formation is not 
dependent on immune response due to neoantigens (Cabrita 
et al., 2020), unlike the CD8+ T-cell response in CM (Hutchison 
& Pritchard, 2018). The presence of TLS has shown contradictory 
associations with patient outcome (Cabrita et al., 2020; Castino 
et al., 2016; Dieu-Nosjean et al., 2014; Figenschau et al., 2015; 
Germain et al., 2014; Martinet et al., 2011; Yamaguchi et al., 2020); 
reviewed by (Fridman et al., 2020; Lin et al., 2019), which were 
likely confounded by the definitions of TLS used (Table 2). Since 
consistent criteria to identify a TLS have been proposed (Dieu-
Nosjean et al., 2014), studies have more consistently shown a posi-
tive outcome associated with TLS. Though, it is important to note 
that even when the identification criteria were met, due to meth-
odological limitations this needed to be done over consecutive 
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assays on different histology sections (Table 2). The development 
of conjugated antibodies that can be released from sections, allow-
ing large-scale multiplexing immunohistochemistry (e.g. Miltenyi 
REAlease® antibodies) will improve the consistency of reporting 
TLS and other aspects of the tumour architecture.

11  |  COMPOSITION OF TL S IN 
MEL ANOMA

While ~50% of metastatic CM were positive for CD20+ B-cell in-
filtrates, only ~25% were associated with features resembling fol-
licles of a TLS (Cipponi et al., 2012). Significant focus has been on 
demonstrating associations between the different types of cells 
and the structures within tumours, to investigate TLS functional-
ity. In fully formed TLS, mature follicular DC is associated with ac-
tivated B-cells and mature DC is associated with activated T-cells, 
resembling the clusters of lymphocytes seen in SLS (Figure 1a). 
The composition of the TLS can provide vital information on the 
status of the B-cell response; however, the interpretation of these 
data requires consideration of the markers used for definition 
(Figure 1b; Table 2).

HEVs are found near TLS but not elsewhere in metastatic CM 
sections (Cipponi et al., 2012). Mature DC, CD3+CD8+ T-cells and 
CD20+ B-cells specifically localise in HEV-rich areas, suggesting 
they play a key role in transporting these cells into the tumour mi-
croenvironment; conversely, Treg infiltration is not enhanced in the 
tumour by HEV (Martinet et al., 2012). A higher HEV density is asso-
ciated with better clinical markers of melanoma such as low Breslow 
thickness, early disease staging, low levels of tumour invasion and 
tumours with a high lymphocytic infiltration (Avram et al., 2013; 
Martinet et al., 2011, 2012).

A proportion of single B-cells infiltrating CM express AID and 
BCL6 required for the formation of germinal centres (Cabrita et al., 
2020); furthermore, B-cell follicles with nucleic expression of AID 
are often positive for Ki67 and in close contact with melanoma, indi-
cating cell proliferation in response to tumour is occurring (Cipponi 
et al., 2012). Activated T-cells of various subtypes are increased 
within melanoma TLS and are often found in close contact with 
CD20+ B-cells (Cipponi et al., 2012; Helmink et al., 2020; Ladányi 
et al., 2007, 2011), including CD40L+ activated T-helper (TH) cells 
(Cabrita et al., 2020), suggesting T-cell interaction with antigen-
presenting cells and B-cells with TH-cells in the TLS, leading to the 
activation of both cell types.

While B-cell activation and maturation can occur in TLS, termi-
nal differentiation to plasma cells seems to be a rare occurrence. 
In invasive primary CM or ALM, only a small proportion contained 
CD138+ plasma cells (~6%), and of these, ~12% were associated with 
the TLS (Bosisio et al., 2016). These plasma cells were often IgA+, 
suggesting recirculation of plasma/plasmablast cells from the skin 
to lymph nodes, rather than in situ production (Bosisio et al., 2016). 
In melanoma metastases, plasma cells are often found surrounding 

TLS in an irregular and diffuse pattern but are also rare within TLS 
(Cipponi et al., 2012). Furthermore, the presence of plasma cells has 
been associated with a favourable prognosis in some solid tumours 
(Berntsson et al., 2016; Gentles et al., 2015), including metastatic 
melanoma (Erdag et al., 2012); however, in primary CM, infiltration 
by IgA+CD138+ plasma cells is associated with markers of negative 
prognosis, including high Breslow thickness, high mitotic rate and 
the presence of ulceration (Bosisio et al., 2016). A further two early 
studies also showed an association with a poor prognosis in CM; 
however, their method of identifying plasma cells was not explicitly 
stated (Mascaro et al., 1987; Weissmann et al., 1984).

12  |  PROGNOSTIC VALUE OF TL S IN 
MEL ANOMA

It is also important to consider that the TLS is dynamic, with the pres-
ence and maturity of TLS potentially altered by treatment. Patients 
experiencing an active, tumour clearing, immune response tended 
to have mature TLS, compared with patients who did not respond to 
anti-CTLA4 and anti-PD1 ICB immunotherapies (e.g. (Cabrita et al., 
2020; Helmink et al., 2020; Ladányi et al., 2007; Riaz et al., 2017)). 
Switched memory B-cells and increased BCR diversity are also sig-
nificantly enriched in tumours from patients who responded to ICB 
(Helmink et al., 2020), and some therapies enhance plasma cell TLS 
differentiation (Soiffer et al., 1998). High density of activated and 
co-localised T-cells, CD20+ B-cells and DC populations are also as-
sociated with improved survival (Cabrita et al., 2020; Helmink et al., 
2020; Ladányi et al., 2011). While the presence of FOXP3+ Treg in 
TLS has not yet been described in the context of CM survival, they 
have been associated with poorer patient outcome in other cancers 
(Gobert et al., 2009; Joshi et al., 2015). Of note, germinal centre-like 
B-cells (CD19+CD20+CD38+CD27−IgD−CD86+CD95+) were found 
in melanomas regardless of their response to immunotherapy, sug-
gesting their presence is not necessarily indicative of mature TLS 
(Helmink et al., 2020).

Notably, changes in circulating B-cell populations also occur 
due to treatment, likely at least in part as a function of TLS activity. 
Patients on ICB combination therapy compared with monotherapy 
showed a modest increase in circulating class-switched memory B-
cells, CD21lo B-cells and plasmablasts (Das et al., 2018). Similarly, pa-
tients with metastatic but non-progressing melanoma treated with 
anti-CTLA4 had higher levels of circulating plasmablasts compared 
with healthy controls (Defalco et al., 2018).

13  |  ANTIBODIES A S BIOMARKERS

Currently, the measurement of circulating lactate dehydrogenase 
(LDH) levels is the only serum marker in clinical use for mela-
noma staging (AJCC 8th edition (Keung & Gershenwald, 2018)). 
Elevated serum LDH levels correlate with a poor prognosis (e.g. 
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(Eton et al., 1998)) and can be used to predict and monitor re-
sponse to treatment (e.g. (Diem et al., 2016)). Care needs to be 
taken when investigating possible serological biomarkers to en-
sure that the potential for false-positive results is minimal, such as 
using healthy individuals and patients with other types of cancer 
as control groups (Zornig et al., 2015). Autoantibodies have po-
tential for use as cancer biomarkers because they are present in 
the circulation, early in disease before clinical symptoms of dis-
ease appear (Disis et al., 1997; Trivers et al., 1995, 1996; Yao et al., 
2012; Zhong et al., 2006) and are relatively stable in circulation 
for a long time (Neiman et al., 2019). An important perspective not 
often assessed in melanoma, however, is the longitudinal stability 
of antibody repertoires, particularly with changing tumour burden 
as disease progresses/with treatment (e.g. as assessed in lung ad-
enocarcinoma (Li et al., 2020)).

14  |  ANTIBODIES A S BIOMARKERS FOR 
THE PRESENCE OF MEL ANOMA

To date, no consistent autoantibody targets for a biomarker have 
been identified in all patients and no panel has been sufficiently 
accurate for clinical use to detect melanoma, as summarised in 
Supplementary Table 2 (Karagiannis et al., 2015; Litvak et al., 2004; 
Zaenker et al., 2018; Zornig et al., 2015). The ability to perform high-
throughput proteome screens (e.g. (Gowen et al., 2018; Kijanka & 
Murphy, 2009)) opens the potential to identify novel melanoma-
specific antibody biomarker panels and characterise longitudinal 
changes associated with the presence of melanoma. Future stud-
ies must be validated using large cohorts, including other cancers, 
pathologies and healthy controls to find truly melanoma-specific 
biomarkers.

15  |  ANTIBODIES A S PREDIC TORS OF 
DISE A SE OUTCOME

A reduction in antibody responses has been observed in patients 
with stage III/IV disease compared to those with stage I/II local 
disease (Gilbert et al., 2011). The reason for this has yet to be elu-
cidated, but it could suggest that immune tolerogenic mechanisms 
switch off tumour-associated responses after long-term exposure 
to tumour antigen. The presence of circulating antibodies against 
melanoma-associated antigens has been correlated with improved 
survival in some studies (e.g. (Fassler et al., 2019; Jones et al., 1981; 
Yuan et al., 2011)), but not in others (e.g. (Zornig et al., 2015)). IgG4 
titres positively correlate with disease progression, indicating B-cells 
in metastatic melanoma could have class-switched to this inhibitory 
IgG subclass, which decreases binding of the other IgG subclasses 
(as discussed in more detail below) (Karagiannis et al., 2013). 
Reproducibility is likely hampered by the lack of studies examining 
Ig isotypes and their subclasses, and future studies should take this 
into consideration.

16  |  ANTIBODIES A S MARKERS OF 
RESPONSE TO THER APY

While the appearance of autoantibodies and clinical signs of auto-
immunity were strongly associated with improved relapse-free and 
overall survival in one study of patients receiving adjuvant therapy 
with high-dose interferon-α2b for stage II/III melanoma (Gogas et al., 
2006), further studies did not replicate these observations (Bouwhuis 
et al., 2009, 2010). In contrast, more consistent findings have been 
shown in responders to ICB. These include elevated levels of au-
toantibodies in circulation against four melanoma differentiation 
antigens (gp100, MelanA/MART1, TRP1/TYRP1 and TRP2/TYPR2) 
and the CT antigen NY-ESO-1 (Fassler et al., 2019; Haag et al., 2018), 
which have been proposed as a method to track ICB response. The 
subclasses of antibodies that responded to these antigens have also 
been investigated in a few studies. In one, NY-ESO-1 and TRP1 IgG1 
and IgG2, and TRP2 IgG2 were statistically significantly (p < .05) as-
sociated with positive response to checkpoint inhibition while IgG3 
and IgG4 to the tested tumour antigens were similar in responder 
and non-responders (Fassler et al., 2019). Another found that ICB 
responders had higher pre-treatment IgG2  levels compared with 
non-responders, but no differences in total IgG or other subclasses 
(Diem et al., 2019). Of note, total IgG and IgG against common viral 
epitopes in Epstein–Barr virus remained stable 6–9  weeks after 
initiation of ICB in both responders and non-responders, indicating 
stability in established memory B-cell responses during treatment 
(Fassler et al., 2019).

17  |  ANTIBODIES A S MARKERS OF 
IMMUNE-REL ATED ADVERSE E VENTS

Some patients on ICB experience serious immune-related adverse 
events (irAEs), particularly with combination therapies (reviewed in 
(Robert, 2020)); antibodies have been suggested as biomarkers for 
predicting irAEs. One proteomic microarray study reported a change 
in the level of circulating autoantibodies was predictive of irAE risk 
in CM patients receiving a combination of two ICB compared to 
those receiving monotherapy (Gowen et al., 2018). Furthermore, 
this study suggested a potential causative role for autoantibodies 
in irAE development, with significant enrichment in antigen targets 
highly expressed in organs affected by irAEs or involved in pathways 
associated with immune pathology (Gowen et al., 2018). One study 
found no significant association between pre-ipilimumab treatment 
reactivity to 29 common clinical autoantibodies and the develop-
ment of irAEs (De Moel et al., 2019), while another suggested a peak 
in autoantibodies preceding serious irAE onset in response to BCG 
and ipilimumab, assessed by protein microarray, in patients with 
metastatic CM (Da Gama Duarte et al., 2018). The patient num-
ber was too small (n = 2) to make any definitive conclusions in this 
second study but illustrates that autoantibodies would perhaps be 
better analysed using a high-throughput method, rather than using 
candidate proteins.
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18  |  ANTIGEN AND EPITOPES 
RECOGNISED BY ANTIBODIES IN 
MEL ANOMA PATIENTS

In B-cell cultures, ~28% of those derived from patients produced an-
tibodies that recognised melanoma cells, compared to 2% of cultures 
derived from healthy controls (Gilbert et al., 2011); however, the 
identification of melanoma-specific antigens has not been a hugely 
successful process. A large source of this lack of progress is that the 
epitopes recognised by B-cells are rarely continuous linear peptides 
(in contrast to T-cell epitopes); instead, the majority are conforma-
tional and therefore discontinuous sequences (Rubinstein et al., 
2008; Sivalingam & Shepherd, 2012). This provides a significant 
challenge when identifying the epitopes recognised and the rarer 
linear sequences have been disproportionally mapped (Vita et al., 
2019). Techniques such as protein arrays have enabled screening for 
the protein antigens recognised by antibodies, but do not provide 
any information on the epitope sequences recognised (e.g. review 
of the technology (Kijanka & Murphy, 2009); in melanoma (Gowen 
et al., 2018); in colorectal cancer (Kijanka et al., 2010)). These arrays 
tend to identify autoantibodies against common native proteins but 
can be modified to ensure they include targets of interest, such as 
tumour-associated antigens and post-translationally modified (PTM) 
proteins, which can aberrantly occur in malignantly transformed 
cells. For example, a classic T-cell epitope (YMDGTMSQV) formed 
by PTM of tyrosinase specifically occurs in melanoma (Skipper et al., 
1996) and alteration in glycosylation patterns seen in melanoma 
(Laidler et al., 2005) can increase the number of targets for tumour-
specific antibodies (Kotlan et al., 2019). Studies do not often consider 
the PTM of proteins, and therefore, there is considerable potential in 
this approach to identify previously unappreciated targets. Further, 
these arrays would not recognise epitopes created from tumour-
specific mutations, which in cancers such as melanoma, are an im-
portant source of immunogenicity (Hutchison & Pritchard, 2018).

Importantly, the initial epitope recognised by the adaptive im-
mune system can be expanded to recognise multiple epitopes on 
an individual molecule, known as epitope spreading (reviewed by 
(Cornaby et al., 2015)). B-cell epitope spreading has yet to be shown 
in melanoma; however, T-cell epitope spreading following immuno-
therapy has been demonstrated (Chapuis et al., 2016; Corbière et al., 
2011). B-cell epitope spreading likely occurs simultaneously with 
their role as antigen-presenting cells, where their BCR binds antigen 
from lysed tumour, processes and presents novel epitopes cells to T-
cells, which in turn become activated by TH-cells of linked specificity.

19  |  B- CELL RESPONSES ENCOUR AGING 
TUMOUR IMMUNE E VA SION

As with the Treg axis attenuating the T-cell response, there are pro-
cesses in place to control the B-cell response. One such mechanism 
is the production of IgG4, which is the least abundant of the IgG 

subclasses (~4% of the total) and has the highest affinity for the in-
hibitory receptor FcγRIIb. IgG4 can become hetero-bivalent, mean-
ing it cannot cross-link antigens or form immune complexes like the 
IgG1 – IgG3, further hampering its immune-activating capabilities 
(van der Neut Kolfschoten et al., 2007). IgG4 has, therefore, been 
hypothesised to exert an anti-inflammatory effect, dampening FcR-
mediated processes in the presence of persistent antigen. It has been 
suggested that there is an evolution of the qualities of the antibody 
response over the progression of cancer, such that IgG4 levels rise 
after prolonged antigen exposure from the tumour (Aalberse et al., 
1983; Jackson et al., 2014).

Certainly, in melanoma patients, IgG titres isolated from blood, 
lymph nodes, or TIL all exhibited higher proportional IgG4 subclass 
compared with skin or blood from healthy individuals (Karagiannis 
et al., 2013; Saul et al., 2016). Further, the presence of IgG4 cor-
relates with poor patient prognosis in several tumour types (re-
viewed in (Crescioli et al., 2016)), and in agreement, elevated IgG4 
titres have been found in metastatic melanoma patients, correlating 
with poor patient survival (Daveau et al., 1977; Karagiannis et al., 
2013). Elevated tumour IgG4

+ B-cell infiltrate and serum IgG4 levels 
are also associated with an increased risk of melanoma progression 
from early stages, indicating immunosuppressive mechanisms may 
be present and active at both peripheral and local levels (Karagiannis 
et al., 2015). Elevated mRNA expression of IL-4, IL-10 and IFN-γ, cy-
tokines known to drive and maintain CSR in favour of IgG4 (Ishizaka 
et al., 1990; King & Nutman, 1993; Satoguina et al., 2005), could 
predict higher IgG4 levels in both primary and metastatic CM when 
compared to healthy skin samples (Karagiannis et al., 2013). This CSR 
likely occurs in situ, as evidence in both melanoma and healthy skin 
shows antibodies with identical V(D)J sequences belonging to dif-
ferent subclasses occurs in parallel with the expression of AID (Saul 
et al., 2016). Finally, a subset of IgG4

+ B-cells (IgG4
+CD49b+CD73+) 

that express pro-angiogenic cytokines including VEGF, CYR61, 
ADM, FGF2, PDGFA and MDK has been identified; this subset is 
increased in the circulation of melanoma patients and could suggest 
a potential role for IgG4 in tumour angiogenesis (van de Veen et al., 
2020).

There has only been one study that specifically examined the 
functional effect of increased IgG4 in melanoma. Antibodies with 
the same binding specificity to melanoma-associated antigen CSPG4 
(also known as MCSP) but differing in the Fc domains (IgG1 or IgG4) 
were tested for effector function; IgG1 mediated significantly higher 
levels of antibody-dependent cell-mediated phagocytosis (ADCP) 
of melanoma by monocytes than IgG4 (Karagiannis et al., 2013). 
Additionally, the degree of tumour death seen by IgG1 was lowered 
when IgG4 antibodies were concurrently present, implying IgG4 is 
not only unable to trigger ADCP, but its presence may also dampen 
IgG1-mediated ADCP. Furthermore, the presence of IgG4 of irrele-
vant specificity can also decrease the IgG1-mediated ADCP showing 
that competition for antigen binding may not be the only mechanism 
by which IgG4 modulation of immune response occurs (Karagiannis 
et al., 2013).
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As we have made clear throughout, before we can reach an under-
standing of the role of B-cell subtypes, TLS and Ig subclasses in mel-
anoma, the field at large needs to reach consensus on the markers 
used to identify them. It is currently difficult to reach conclusions 
on the roles of each of these factors when their definition differs 
between studies. Urgently, comprehensive guidelines should be pro-
duced, such as those put forward for TLS (Dieu-Nosjean et al., 2014) 
or in response to the call for consistent classification of B-cells (Sanz 
et al., 2019). There are a wide variety of areas in humoral immunity 
in melanoma that need further research. These include mechanisms 
controlling B-cell subtype infiltration, better understanding of the 
epitopes and protein targets of the antibody response, the isotype 
and subclass of the Ig produced, the role of B-cell epitope spreading, 
the role of Bregs in melanoma, and whether an immune-suppressive 
TLS occurs after long-term exposure to antigen as hypothesised in 
Figure 1a. Further, studies of B-cells in melanomas have largely fo-
cussed on CM, so there are little data on the role of the humoral sys-
tem in UM, ALM or MM. There are also still fundamental aspects of 
B-cell biology coming to light, which might impact our understand-
ing of the humoral response to melanoma. For example, challenging 
dogma, a subset of B-cells have now been shown to have multiple 
BCR present and a single B-cell can express multiple Ig classes, each 
showing unique VHDJH recombination patterns (Shi et al., 2019). 
As techniques such as scRNA-seq technologies improve, in-depth 
characterisation of B-cell infiltration to melanomas will be revealed. 
Functional information on B-cell subpopulations identified by scR-
NAseq can be inferred by the comparison of transcriptome profiles 
(Stewart et al., 2021). scRNA-seq also allows the sequencing of 
paired heavy and light chains from individual B-cells, which is more 
appropriate since both the heavy and light chain of an antibody con-
tributes to the antigen-binding specificity (Goldstein et al., 2019); 
however, the number of cells that can be sequenced with this ap-
proach is still limited. A study similar to that carried out in non-small-
cell lung cancer (NSCLC) should be performed in melanoma, where 
scRNA-seq was used to identify NSCLC-infiltrating B-cells at high 
resolution (Chen et al., 2020). Additional mechanistic studies follow-
ing scRNA-seq are also required. For example, in NSCLC, Chen et al. 
also revealed novel functions of tumour-infiltrating B-cells, including 
the inhibition of tumour growth in the presence of IgGhi B-cells in 
early stages of disease but the promotion of tumour growth at later 
stages of disease (Chen et al., 2020), which could indicate a switch 
in IgG subtype or IgG function. Further, they revealed a mechanism 
by which pathological antibodies could be transported into tumour 
cells via AP2 complexes and then degrade intracellular targets (Chen 
et al., 2020), suggesting a way that intracellularly targeted antibod-
ies could play a role in tumour biology. This kind of in-depth and 
mechanistic study is currently lacking in melanoma.

Antibodies are now a mainstay cancer treatment, specifically 
targeting tumour (e.g. anti-EGFR and HER2) or immune cells (e.g. 

anti-CTLA4, PD-1 and PD-L1) (Bhandaru & Rotte, 2019). These 
antibodies have been derived by identifying attractive targets and 
working towards antibody specificity. The emerging data from in-
vestigations of B-cells and antibodies in melanoma suggest a future 
direction of research might be to work ‘forwards’ to identify existing 
antibody/antigen targets in patients to identify new personalised 
treatments to enhance these anti-tumour responses. The isotype 
and subclass of identified Ig will be important to take into consid-
eration, and the potential to modulate the Ig subtype away from an 
immune-suppressive one requires more investigation.

After bringing together the existing literature on the humoral 
response, we propose some guidance to further our understand-
ing of the roles of B-cells and antibodies in melanoma. Firstly, the 
single-pan B-cell markers (CD19 or CD20) should not be used when 
examining associations between prognosis or response to treatment 
and the humoral response; it is vital that the function of the B-cell 
response is taken into consideration. Secondly, the field as a whole 
must reach a better consensus of markers to identify B-cell subtypes 
(e.g. such as proposed by (Sanz et al., 2019)) and the associated TLS 
(e.g. as proposed by (Hendry et al., 2017a, 2017b)). There is also the 
exciting potential to identify consistent subtype markers thanks 
to new technologies such as scRNA-seq. Thirdly, more functional 
studies are required, to better understand the intricacies of the anti-
tumour or immunosuppressive humoral responses in melanomas. 
Finally, with a better understanding of the markers required to iden-
tify different functionally relevant aspects of the humoral response, 
we will be able to fully exploit new spatial-omics technologies, which 
will provide vital context within the native spatial context of the tu-
mour (Lewis et al., 2021).

In summary, despite the shortcomings we have outlined here, 
there are clearly important roles for B-cells and antibodies in mel-
anoma, including active and suppressive immune responses that in-
fluence the prognosis and progression of disease and the response 
to treatment with ICB. This is a field ready for significant advances 
in our understanding to be made, and with consistent and careful 
study design, advancements such as those seen in the T-cell field 
will be possible.

ACKNOWLEDG EMENTS
This paper is dedicated to the memory of Dr Sharon Hutchison, a 
greatly missed colleague to the authors of this manuscript and co-
supervisor of first author PhD student Chloe Rodgers. Sharon died 
from a cutaneous melanoma, tragically only 11 months after diagno-
sis, strengthening our resolve to research and understand this ter-
rible disease.

Chloe Rodgers PhD studentship is from the European Social 
Fund; Dr Colette Mustard, Dr Sharon Hutchison and Dr Antonia 
Pritchard are funded by Highland Island Enterprise.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.



314  |    RODGERS et al.

ORCID
Chloe B. Rodgers   https://orcid.org/0000-0002-0046-3406 
Colette J. Mustard   https://orcid.org/0000-0001-5834-2765 
Ryan T. McLean   https://orcid.org/0000-0003-2706-236X 
Sharon Hutchison   https://orcid.org/0000-0002-8932-8349 
Antonia L. Pritchard   https://orcid.org/0000-0001-5336-0454 

R E FE R E N C E S
Aalberse, R. C., van der Gaag, R., & van Leeuwen, J. (1983). Serologic 

aspects of IgG4 antibodies. I. Prolonged immunization results 
in an IgG4-restricted response. The Journal of Immunology, 130, 
722–726.

Amaria, R. N., Reddy, S. M., Tawbi, H. A., Davies, M. A., Ross, M. I., Glitza, 
I. C., Cormier, J. N., Lewis, C., Hwu, W.-J., Hanna, E., Diab, A., Wong, 
M. K., Royal, R., Gross, N., Weber, R., Lai, S. Y., Ehlers, R., Blando, 
J., Milton, D. R., … Wargo, J. A. (2018). Neoadjuvant immune check-
point blockade in high-risk resectable melanoma. Nature Medicine, 
24, 1649–1654.

Ansel, K. M., Ngo, V. N., Hyman, P. L., Luther, S. A., Forster, R., Sedgwick, 
J. D., Browning, J. L., Lipp, M., & Cyster, J. G. (2000). A chemokine-
driven positive feedback loop organizes lymphoid follicles. Nature, 
406, 309–314.

Antohe, M., Nedelcu, R., Nichita, L., Popp, C., Cioplea, M., Brinzea, A., 
Hodorogea, A., Calinescu, A., Balaban, M., Ion, D., Diaconu, C., 
Bleotu, C., Pirici, D., Zurac, S., & Turcu, G. (2019). Tumor infiltrat-
ing lymphocytes: The regulator of melanoma evolution (Review). 
Oncology Letters, 17(5), 4155–4161. https://doi.org/10.3892/
ol.2019.9940

Avram, G., Sánchez-Sendra, B., Martín, J. M., Terrádez, L., Ramos, D., & 
Monteagudo, C. (2013). The density and type of MECA-79-positive 
high endothelial venules correlate with lymphocytic infiltration and 
tumour regression in primary cutaneous melanoma. Histopathology, 
63, 852–861. https://doi.org/10.1111/his.12235

Balatoni, T., Mohos, A., Papp, E., Sebestyen, T., Liszkay, G., Olah, J., 
Varga, A., Lengyel, Z., Emri, G., Gaudi, I., & Ladanyi, A. (2018). 
Tumor-infiltrating immune cells as potential biomarkers predict-
ing response to treatment and survival in patients with metastatic 
melanoma receiving ipilimumab therapy. Cancer Immunology, 
Immunotherapy, 67, 141–151. https://doi.org/10.1007/s0026​
2-017-2072-1

Barnes, T. A., & Amir, E. (2017). HYPE or HOPE: the prognostic value 
of infiltrating immune cells in cancer. British Journal of Cancer, 117, 
451–460.

Berntsson, J., Nodin, B., Eberhard, J., Micke, P., & Jirstrom, K. (2016). 
Prognostic impact of tumour-infiltrating B cells and plasma cells in 
colorectal cancer. International Journal of Cancer, 139, 1129–1139.

Bhandaru, M., & Rotte, A. (2019). Monoclonal antibodies for the treat-
ment of melanoma: Present and future strategies. Methods in 
Molecular Biology, 1904, 83–108.

Bindea, G., Mlecnik, B., Tosolini, M., Kirilovsky, A., Waldner, M., Obenauf, 
A. C., Angell, H., Fredriksen, T., Lafontaine, L., Berger, A., Bruneval, 
P., Fridman, W. H., Becker, C., Pages, F., Speicher, M. R., Trajanoski, 
Z., & Galon, J. (2013). Spatiotemporal dynamics of intratumoral im-
mune cells reveal the immune landscape in human cancer. Immunity, 
39, 782–795.

Bolotin, D. A., Poslavsky, S., Davydov, A. N., Frenkel, F. E., Fanchi, L., 
Zolotareva, O. I., Hemmers, S., Putintseva, E. V., Obraztsova, A. S., 
Shugay, M., Ataullakhanov, R. I., Rudensky, A. Y., Schumacher, T. 
N., & Chudakov, D. M. (2017). Antigen receptor repertoire profiling 
from RNA-seq data. Nature Biotechnology, 35, 908–911.

Bosisio, F. M., Wilmott, J. S., Volders, N., Mercier, M., Wouters, J., Stas, 
M., Blokx, W. A., Massi, D., Thompson, J. F., Scolyer, R. A., van 
Baren, N., & van den Oord, J. J. (2016). Plasma cells in primary 

melanoma. Prognostic significance and possible role of IgA. Modern 
Pathology, 29, 347–358.

Bouwhuis, M. G., Suciu, S., Collette, S., Aamdal, S., Kruit, W. H., Bastholt, 
L., Stierner, U., Salès, F., Patel, P., Punt, C. J. A., Hernberg, M., Spatz, 
A., ten Hagen, T. L. M., Hansson, J., & Eggermont, A. M. M. (2009). 
Autoimmune antibodies and recurrence-free interval in melanoma 
patients treated with adjuvant interferon. JNCI: Journal of the 
National Cancer Institute, 101, 869–877.

Bouwhuis, M. G., Suciu, S., Testori, A., Kruit, W. H., Sales, F., Patel, 
P., Punt, C. J., Santinami, M., Spatz, A., ten Hagen, T. L., & 
Eggermont, A. M. (2010). Phase III trial comparing adjuvant 
treatment with pegylated interferon Alfa-2b versus observation: 
prognostic significance of autoantibodies–EORTC 18991. Journal 
of Clinical Oncology, 28, 2460–2466. https://doi.org/10.1200/
JCO.2009.24.6264

Brase, J. C., Walter, R. F. H., Savchenko, A., Gusenleitner, D., Garrett, J., 
Schimming, T., Varaljai, R., Castelletti, D., Kim, J., Dakappagari, N., 
Schultz, K., Robert, C., Long, G. V., Nathan, P. D., Ribas, A., Flaherty, 
K. T., Karaszewska, B., Schachter, J., Sucker, A., … Roesch, A. (2021). 
Role of tumor-infiltrating B cells in clinical outcome of patients with 
melanoma treated with dabrafenib plus trametinib. Clinical Cancer 
Research, 27, 4500–4510.

Cabrita, R., Lauss, M., Sanna, A., Donia, M., Skaarup Larsen, M., Mitra, 
S., Johansson, I., Phung, B., Harbst, K., Vallon-Christersson, J., 
Van Schoiack, A., Lovgren, K., Warren, S., Jirstrom, K., Olsson, H., 
Pietras, K., Ingvar, C., Isaksson, K., Schadendorf, D., … Jonsson, G. 
(2020). Tertiary lymphoid structures improve immunotherapy and 
survival in melanoma. Nature, 577, 561–565.

Cancer Genome Atlas N. (2015). Genomic classification of cutaneous 
melanoma. Cell, 161, 1681–1696.

Carpenter, E. L., Mick, R., Rech, A. J., Beatty, G. L., Colligon, T. A., 
Rosenfeld, M. R., Kaplan, D. E., Chang, K.-M., Domchek, S. M., 
Kanetsky, P. A., Fecher, L. A., Flaherty, K. T., Schuchter, L. M., & 
Vonderheide, R. H. (2009). Collapse of the CD27+ B-cell compart-
ment associated with systemic plasmacytosis in patients with ad-
vanced melanoma and other cancers. Clinical Cancer Research, 15, 
4277–4287.

Castino, G. F., Cortese, N., Capretti, G., Serio, S., di Caro, G., Mineri, 
R., Magrini, E., Grizzi, F., Cappello, P., Novelli, F., Spaggiari, P., 
Roncalli, M., Ridolfi, C., Gavazzi, F., Zerbi, A., Allavena, P., & 
Marchesi, F. (2016). Spatial distribution of B cells predicts prog-
nosis in human pancreatic adenocarcinoma. Oncoimmunology, 5, 
e1085147.

Chapuis, A. G., Roberts, I. M., Thompson, J. A., Margolin, K. A., Bhatia, S., 
Lee, S. M., Sloan, H. L., Lai, I. P., Farrar, E. A., Wagener, F., Shibuya, 
K. C., Cao, J., Wolchok, J. D., Greenberg, P. D., & Yee, C. (2016). 
T-cell therapy using interleukin-21–primed cytotoxic T-cell lym-
phocytes combined with cytotoxic T-cell lymphocyte antigen-4 
blockade results in long-term cell persistence and durable tumor 
regression. Journal of Clinical Oncology, 34, 3787–3795. https://doi.
org/10.1200/JCO.2015.65.5142

Chen, J., Tan, Y., Sun, F., Hou, L., Zhang, C., Ge, T., Yu, H., Wu, C., Zhu, 
Y., Duan, L., Wu, L., Song, N., Zhang, L., Zhang, W., Wang, D., Chen, 
C., Wu, C., Jiang, G., & Zhang, P. (2020). Single-cell transcriptome 
and antigen-immunoglobin analysis reveals the diversity of B cells 
in non-small cell lung cancer. Genome Biology, 21(1), 152. https://
doi.org/10.1186/s1305​9-020-02064​-6

Chen, Y. T., Scanlan, M. J., Sahin, U., Tureci, O., Gure, A. O., Tsang, 
S., Williamson, B., Stockert, E., Pfreundschuh, M., & Old, L. J. 
(1997). A testicular antigen aberrantly expressed in human can-
cers detected by autologous antibody screening. Proceedings of 
the National Academy of Sciences of the United States of America, 
94, 1914–1918.

Cipponi, A., Mercier, M., Seremet, T., Baurain, J. F., Theate, I., van den 
Oord, J., Stas, M., Boon, T., Coulie, P. G., & van Baren, N. (2012). 

https://orcid.org/0000-0002-0046-3406
https://orcid.org/0000-0002-0046-3406
https://orcid.org/0000-0001-5834-2765
https://orcid.org/0000-0001-5834-2765
https://orcid.org/0000-0003-2706-236X
https://orcid.org/0000-0003-2706-236X
https://orcid.org/0000-0002-8932-8349
https://orcid.org/0000-0002-8932-8349
https://orcid.org/0000-0001-5336-0454
https://orcid.org/0000-0001-5336-0454
https://doi.org/10.3892/ol.2019.9940
https://doi.org/10.3892/ol.2019.9940
https://doi.org/10.1111/his.12235
https://doi.org/10.1007/s00262-017-2072-1
https://doi.org/10.1007/s00262-017-2072-1
https://doi.org/10.1200/JCO.2009.24.6264
https://doi.org/10.1200/JCO.2009.24.6264
https://doi.org/10.1200/JCO.2015.65.5142
https://doi.org/10.1200/JCO.2015.65.5142
https://doi.org/10.1186/s13059-020-02064-6
https://doi.org/10.1186/s13059-020-02064-6


    |  315RODGERS et al.

Neogenesis of lymphoid structures and antibody responses occur 
in human melanoma metastases. Cancer Research, 72, 3997–4007.

Corbière, V., Chapiro, J., Stroobant, V., Ma, W., Lurquin, C., Lethé, B., van 
Baren, N., van den Eynde, B. J., Boon, T., & Coulie, P. G. (2011). 
Antigen spreading contributes to MAGE vaccination-induced re-
gression of melanoma metastases. Cancer Research, 71, 1253–1262.

Cornaby, C., Gibbons, L., Mayhew, V., Sloan, C. S., Welling, A., & Poole, B. 
D. (2015). B cell epitope spreading: Mechanisms and contribution 
to autoimmune diseases. Immunology Letters, 163, 56–68.

Crescioli, S., Correa, I., Karagiannis, P., Davies, A. M., Sutton, B. J., Nestle, 
F. O., & Karagiannis, S. N. (2016). IgG4 characteristics and func-
tions in cancer immunity. Current Allergy and Asthma Reports, 16(1), 
7. https://doi.org/10.1007/s1188​2-015-0580-7

Da Gama Duarte, J., Parakh, S., Andrews, M. C., Woods, K., Pasam, A., 
Tutuka, C., Ostrouska, S., Blackburn, J. M., Behren, A., & Cebon, 
J. (2018). Autoantibodies may predict immune-related toxicity: 
Results from a phase I Study of Intralesional Bacillus Calmette-
Guérin followed by Ipilimumab in patients with advanced met-
astatic melanoma. Frontiers in Immunology, 9, 411. https://doi.
org/10.3389/fimmu.2018.00411

Das, R., Bar, N., Ferreira, M., Newman, A. M., Zhang, L., Bailur, J. 
K., Bacchiocchi, A., Kluger, H., Wei, W., Halaban, R., Sznol, M., 
Dhodapkar, M. V., & Dhodapkar, K. M. (2018). Early B cell changes 
predict autoimmunity following combination immune checkpoint 
blockade. Journal of Clinical Investigation, 128, 715–720.

Daveau, M., Pavie-Fischer, J., Rivat, L., Rivat, C., Ropartz, C., Peter, H. H., 
Cesarini, J. P., & Kourilsky, F. M. (1977). IgG4 subclass in malignant 
melanoma. Journal of the National Cancer Institute, 58, 189–192.

de Moel, E. C., Rozeman, E. A., Kapiteijn, E. H., Verdegaal, E. M. E., 
Grummels, A., Bakker, J. A., Huizinga, T. W. J., Haanen, J. B., Toes, 
R. E. M., & van der Woude, D. (2019). Autoantibody develop-
ment under treatment with immune-checkpoint inhibitors. Cancer 
Immunology Research, 7, 6–11.

Defalco, J., Harbell, M., Manning-Bog, A., Baia, G., Scholz, A., Millare, B., 
Sumi, M., Zhang, D., Chu, F., Dowd, C., Zuno-Mitchell, P., Kim, D., 
Leung, Y., Jiang, S., Tang, X., Williamson, K. S., Chen, X., Carroll, S. 
M., Espiritu Santo, G., … Robinson, W. H. (2018). Non-progressing 
cancer patients have persistent B cell responses expressing shared 
antibody paratopes that target public tumor antigens. Clinical 
Immunology, 187, 37–45.

Diem, S., Fassler, M., Bomze, D., Ali, O. H., Berner, F., Niederer, R., 
Hillmann, D., Mangana, J., Levesque, M. P., Dummer, R., Risch, L., 
Recher, M., Risch, M., & Flatz, L. (2019). Immunoglobulin G and sub-
classes as potential biomarkers in metastatic melanoma patients 
starting checkpoint inhibitor treatment. Journal of Immunotherapy, 
42, 89–93.

Diem, S., Kasenda, B., Spain, L., Martin-Liberal, J., Marconcini, R., Gore, 
M., & Larkin, J. (2016). Serum lactate dehydrogenase as an early 
marker for outcome in patients treated with anti-PD-1 therapy in 
metastatic melanoma. British Journal of Cancer, 114, 256–261.

Dieu-Nosjean, M. C., Goc, J., Giraldo, N. A., Sautès-Fridman, C., & 
Fridman, W. H. (2014). Tertiary lymphoid structures in cancer and 
beyond. Trends in Immunology, 35, 571–580.

Disis, M. L., Pupa, S. M., Gralow, J. R., Dittadi, R., Menard, S., & Cheever, 
M. A. (1997). High-titer HER-2/neu protein-specific antibody can 
be detected in patients with early-stage breast cancer. Journal of 
Clinical Oncology, 15, 3363–3367.

Durante, M. A., Rodriguez, D. A., Kurtenbach, S., Kuznetsov, J. N., 
Sanchez, M. I., Decatur, C. L., Snyder, H., Feun, L. G., Livingstone, 
A. S., & Harbour, J. W. (2020). Single-cell analysis reveals new evo-
lutionary complexity in uveal melanoma. Nature Communications, 
11, 496.

El-Haibi, C. P., Singh, R., Sharma, P. K., Singh, S., & Lillard, J. W. Jr. (2011). 
CXCL13 mediates prostate cancer cell proliferation through JNK 
signalling and invasion through ERK activation. Cell Proliferation, 44, 
311–319.

Erdag, G., Schaefer, J. T., Smolkin, M. E., Deacon, D. H., Shea, S. M., Dengel, 
L. T., Patterson, J. W., & Slingluff, C. L. Jr (2012). Immunotype and 
immunohistologic characteristics of tumor-infiltrating immune 
cells are associated with clinical outcome in metastatic melanoma. 
Cancer Research, 72, 1070–1080.

Eton, O., Legha, S. S., Moon, T. E., Buzaid, A. C., Papadopoulos, N. E., 
Plager, C., Burgess, A. M., Bedikian, A. Y., Ring, S., Dong, Q., 
Glassman, A. B., Balch, C. M., & Benjamin, R. S. (1998). Prognostic 
factors for survival of patients treated systemically for dissemi-
nated melanoma. Journal of Clinical Oncology, 16, 1103–1111.

Fassler, M., Diem, S., Mangana, J., Hasan Ali, O., Berner, F., Bomze, D., 
Ring, S., Niederer, R., Del Carmen Gil Cruz, C., Perez Shibayama, C. 
I., Krolik, M., Siano, M., Joerger, M., Recher, M., Risch, L., Gusewell, 
S., Risch, M., Speiser, D. E., Ludewig, B., … Flatz, L. (2019). Antibodies 
as biomarker candidates for response and survival to checkpoint in-
hibitors in melanoma patients. Journal for Immunotherapy of Cancer, 
7, 50.

Figenschau, S. L., Fismen, S., Fenton, K. A., Fenton, C., & Mortensen, E. 
S. (2015). Tertiary lymphoid structures are associated with higher 
tumor grade in primary operable breast cancer patients. BMC 
Cancer, 15, 101.

Fishman, P., Merimski, O., Baharav, E., & Shoenfeld, Y. (1997). 
Autoantibodies to tyrosinase: the bridge between melanoma and 
vitiligo. Cancer, 79, 1461–1464.

Fridman, W. H., Petitprez, F., Meylan, M., Chen, T.-W.-W., Sun, C.-M., 
Roumenina, L. T., & Sautès-Fridman, C. (2020). B cells and can-
cer: To B or not to B? Journal of Experimental Medicine, 218(1), 
e20200851. https://doi.org/10.1084/jem.20200851

Fu, Q., Chen, N., Ge, C., Li, R., Li, Z., Zeng, B., Li, C., Wang, Y., Xue, Y., 
Song, X., Li, H., & Li, G. (2019). Prognostic value of tumor-infiltrating 
lymphocytes in melanoma: A systematic review and meta-analysis. 
OncoImmunology, 8, e1593806. https://doi.org/10.1080/21624​
02X.2019.1593806

Garg, K., Maurer, M., Griss, J., Bruggen, M. C., Wolf, I. H., Wagner, C., 
Willi, N., Mertz, K. D., & Wagner, S. N. (2016). Tumor-associated 
B cells in cutaneous primary melanoma and improved clinical out-
come. Human Pathology, 54, 157–164.

Gentles, A. J., Newman, A. M., Liu, C. L., Bratman, S. V., Feng, W., Kim, D., 
Nair, V. S., Xu, Y., Khuong, A., Hoang, C. D., Diehn, M., West, R. B., 
Plevritis, S. K., & Alizadeh, A. A. (2015). The prognostic landscape 
of genes and infiltrating immune cells across human cancers. Nature 
Medicine, 21, 938–945.

Germain, C., Gnjatic, S., Tamzalit, F., Knockaert, S., Remark, R., Goc, 
J., Lepelley, A., Becht, E., Katsahian, S., Bizouard, G., Validire, P., 
Damotte, D., Alifano, M., Magdeleinat, P., Cremer, I., Teillaud, J. L., 
Fridman, W. H., Sautes-Fridman, C., & Dieu-Nosjean, M. C. (2014). 
Presence of B cells in tertiary lymphoid structures is associated 
with a protective immunity in patients with lung cancer. American 
Journal of Respiratory and Critical Care Medicine, 189, 832–844.

Gilbert, A. E., Karagiannis, P., Dodev, T., Koers, A., Lacy, K., Josephs, D. 
H., Takhar, P., Geh, J. L. C., Healy, C., Harries, M., Acland, K. M., 
Rudman, S. M., Beavil, R. L., Blower, P. J., Beavil, A. J., Gould, H. J., 
Spicer, J., Nestle, F. O., & Karagiannis, S. N. (2011). Monitoring the 
systemic human memory B cell compartment of melanoma patients 
for anti-tumor IgG antibodies. PLoS One, 6, e19330.

Gobert, M., Treilleux, I., Bendriss-Vermare, N., Bachelot, T., Goddard-
Leon, S., Arfi, V., Biota, C., Doffin, A. C., Durand, I., Olive, D., Perez, 
S., Pasqual, N., Faure, C., Ray-Coquard, I., Puisieux, A., Caux, C., 
Blay, J. Y., & Ménétrier-Caux, C. (2009). Regulatory T cells recruited 
through CCL22/CCR4 are selectively activated in lymphoid infil-
trates surrounding primary breast tumors and lead to an adverse 
clinical outcome. Cancer Research, 69, 2000–2009. https://doi.
org/10.1158/0008-5472.CAN-08-2360

Gogas, H., Ioannovich, J., Dafni, U., Stavropoulou-Giokas, C., Frangia, 
K., Tsoutsos, D., Panagiotou, P., Polyzos, A., Papadopoulos, O., 
Stratigos, A., Markopoulos, C., Bafaloukos, D., Pectasides, D., 

https://doi.org/10.1007/s11882-015-0580-7
https://doi.org/10.3389/fimmu.2018.00411
https://doi.org/10.3389/fimmu.2018.00411
https://doi.org/10.1084/jem.20200851
https://doi.org/10.1080/2162402X.2019.1593806
https://doi.org/10.1080/2162402X.2019.1593806
https://doi.org/10.1158/0008-5472.CAN-08-2360
https://doi.org/10.1158/0008-5472.CAN-08-2360


316  |    RODGERS et al.

Fountzilas, G., & Kirkwood, J. M. (2006). Prognostic significance of 
autoimmunity during treatment of melanoma with interferon. New 
England Journal of Medicine, 354, 709–718.

Goldstein, L. D., Chen, Y.-J.-J., Wu, J., Chaudhuri, S., Hsiao, Y.-C., 
Schneider, K., Hoi, K. H., Lin, Z., Guerrero, S., Jaiswal, B. S., Stinson, 
J., Antony, A., Pahuja, K. B., Seshasayee, D., Modrusan, Z., Hötzel, I., 
& Seshagiri, S. (2019). Massively parallel single-cell B-cell receptor 
sequencing enables rapid discovery of diverse antigen-reactive an-
tibodies. Communications Biology, 2, 304. https://doi.org/10.1038/
s4200​3-019-0551-y

Gowen, M. F., Giles, K. M., Simpson, D., Tchack, J., Zhou, H., Moran, 
U., Dawood, Z., Pavlick, A. C., Hu, S., Wilson, M. A., Zhong, H., 
Krogsgaard, M., Kirchhoff, T., & Osman, I. (2018). Baseline antibody 
profiles predict toxicity in melanoma patients treated with immune 
checkpoint inhibitors. Journal of Translational Medicine, 16, 82.

Griss, J., Bauer, W., Wagner, C., Simon, M., Chen, M., Grabmeier-
Pfistershammer, K., Maurer-Granofszky, M., Roka, F., Penz, T., 
Bock, C., Zhang, G., Herlyn, M., Glatz, K., Laubli, H., Mertz, K. D., 
Petzelbauer, P., Wiesner, T., Hartl, M., Pickl, W. F., … Wagner, S. N. 
(2019). B cells sustain inflammation and predict response to immune 
checkpoint blockade in human melanoma. Nature Communications, 
10, 4186.

Gu-Trantien, C., Loi, S., Garaud, S., Equeter, C., Libin, M., de Wind, A., 
Ravoet, M., le Buanec, H., Sibille, C., Manfouo-Foutsop, G., Veys, 
I., Haibe-Kains, B., Singhal, S. K., Michiels, S., Rothe, F., Salgado, R., 
Duvillier, H., Ignatiadis, M., Desmedt, C., … Willard-Gallo, K. (2013). 
CD4(+) follicular helper T cell infiltration predicts breast cancer 
survival. Journal of Clinical Investigation, 123, 2873–2892.

Haag, G. M., Zoernig, I., Hassel, J. C., Halama, N., Dick, J., Lang, N., 
Podola, L., Funk, J., Ziegelmeier, C., Juenger, S., Bucur, M., Umansky, 
L., Falk, C. S., Freitag, A., Karapanagiotou-Schenkel, I., Beckhove, P., 
Enk, A., & Jaeger, D. (2018). Phase II trial of ipilimumab in melanoma 
patients with preexisting humoural immune response to NY-ESO-1. 
European Journal of Cancer, 90, 122–129.

Halse, H., Colebatch, A. J., Petrone, P., Henderson, M. A., Mills, J. K., 
Snow, H., Westwood, J. A., Sandhu, S., Raleigh, J. M., Behren, A., 
Cebon, J., Darcy, P. K., Kershaw, M. H., McArthur, G. A., Gyorki, 
D. E., & Neeson, P. J. (2018). Multiplex immunohistochemistry 
accurately defines the immune context of metastatic melanoma. 
Scientific Reports, 8, 11158.

Harlin, H., Meng, Y., Peterson, A. C., Zha, Y., Tretiakova, M., Slingluff, C., 
McKee, M., & Gajewski, T. F. (2009). Chemokine expression in mela-
noma metastases associated with CD8+ T-cell recruitment. Cancer 
Research, 69(7), 3077–3085. https://doi.org/10.1158/0008-5472.
CAN-08-2281

Hayward, N. K., Wilmott, J. S., Waddell, N., Johansson, P. A., Field, M. A., 
Nones, K., Patch, A. M., Kakavand, H., Alexandrov, L. B., Burke, H., 
Jakrot, V., Kazakoff, S., Holmes, O., Leonard, C., Sabarinathan, R., 
Mularoni, L., Wood, S., Xu, Q., Waddell, N., … Mann, G. J. (2017). 
Whole-genome landscapes of major melanoma subtypes. Nature, 
545, 175–180.

Helmink, B. A., Reddy, S. M., Gao, J., Zhang, S., Basar, R., Thakur, R., 
Yizhak, K., Sade-Feldman, M., Blando, J., Han, G., Gopalakrishnan, 
V., Xi, Y., Zhao, H., Amaria, R. N., Tawbi, H. A., Cogdill, A. P., Liu, W., 
Lebleu, V. S., Kugeratski, F. G., … Wargo, J. A. (2020). B cells and 
tertiary lymphoid structures promote immunotherapy response. 
Nature, 577, 549–555.

Hendry, S., Salgado, R., Gevaert, T., Russell, P. A., John, T., Thapa, B., 
Christie, M., van de Vijver, K., Estrada, M. V., Gonzalez-Ericsson, 
P. I., Sanders, M., Solomon, B., Solinas, C., van den Eynden, G. G., 
Allory, Y., Preusser, M., Hainfellner, J., Pruneri, G., Vingiani, A., … 
Loi, S. et al (2017a). Assessing tumor infiltrating lymphocytes in 
solid tumors: a practical review for pathologists and proposal for 
a standardized method from the International Immuno-Oncology 
Biomarkers Working Group: Part 2: TILs in melanoma, gastro-
intestinal tract carcinomas, non-small cell lung carcinoma and 

mesothelioma, endometrial and ovarian carcinomas, squamous cell 
carcinoma of the head and neck, genitourinary carcinomas, and pri-
mary brain tumors. Advances in Anatomic Pathology, 24, 311–335. 
https://doi.org/10.1097/PAP.00000​00000​000161

Hendry, S., Salgado, R., Gevaert, T., Russell, P. A., John, T., Thapa, B., 
Christie, M., van de Vijver, K., Estrada, M. V., Gonzalez-Ericsson, P. 
I., Sanders, M., Solomon, B., Solinas, C., van den Eynden, G. G. G. 
M., Allory, Y., Preusser, M., Hainfellner, J., Pruneri, G., Vingiani, A., … 
Fox, S. B. (2017b). Assessing tumor-infiltrating lymphocytes in solid 
tumors: A practical review for pathologists and proposal for a stan-
dardized method from the international immunooncology biomark-
ers working group: Part 1: assessing the host immune response, 
TILs in invasive breast carcinoma and ductal carcinoma in situ, 
metastatic tumor deposits and areas for further research. Advances 
in Anatomic Pathology, 24, 235–251. https://doi.org/10.1097/
PAP.00000​00000​000162

Hillen, F., Baeten, C. I., van de Winkel, A., Creytens, D., van der Schaft, D. 
W., Winnepenninckx, V., & Griffioen, A. W. (2008). Leukocyte infil-
tration and tumor cell plasticity are parameters of aggressiveness in 
primary cutaneous melanoma. Cancer Immunology, Immunotherapy, 
57, 97–106.

Hu, X., Zhang, J., Wang, J., Fu, J., Li, T., Zheng, X., Wang, B., Gu, S., Jiang, 
P., Fan, J., Ying, X., Zhang, J., Carroll, M. C., Wucherpfennig, K. W., 
Hacohen, N., Zhang, F., Zhang, P., Liu, J. S., Li, B., & Liu, X. S. (2019). 
Landscape of B cell immunity and related immune evasion in human 
cancers. Nature Genetics, 51, 560–567.

Hutchison, S., & Pritchard, A. L. (2018). Identifying neoantigens for use in 
immunotherapy. Mammalian Genome, 29, 714–730.

Iglesia, M. D., Parker, J. S., Hoadley, K. A., Serody, J. S., Perou, C. M., & 
Vincent, B. G. (2016). Genomic analysis of immune cell infiltrates 
across 11 tumor types. Journal of the National Cancer Institute, 
108(11), djw144. https://doi.org/10.1093/jnci/djw144

Ishizaka, A., Sakiyama, Y., Nakanishi, M., Tomizawa, K., Oshika, E., Kojima, 
K., Taguchi, Y., Kandil, E., & Matsumoto, S. (1990). The inductive 
effect of interleukin-4 on IgG4 and IgE synthesis in human periph-
eral blood lymphocytes. Clinical and Experimental Immunology, 79, 
392–396.

Jackson, K. J., Wang, Y., & Collins, A. M. (2014). Human immunoglobulin 
classes and subclasses show variability in VDJ gene mutation levels. 
Immunology and Cell Biology, 92, 729–733.

Jager, E., Chen, Y. T., Drijfhout, J. W., Karbach, J., Ringhoffer, M., Jager, 
D., Arand, M., Wada, H., Noguchi, Y., Stockert, E., Old, L. J., & Knuth, 
A. (1998). Simultaneous humoral and cellular immune response 
against cancer-testis antigen NY-ESO-1: definition of human his-
tocompatibility leukocyte antigen (HLA)-A2-binding peptide epi-
topes. Journal of Experimental Medicine, 187, 265–270. https://doi.
org/10.1084/jem.187.2.265

Jones, P. C., Sze, L. L., Liu, P. Y., Morton, D. L., & Irie, R. F. (1981). Prolonged 
survival for melanoma patients with elevated IgM antibody to on-
cofetal antigen. Journal of the National Cancer Institute, 66, 249–254.

Joshi, N. S., Akama-Garren, E. H., Lu, Y., Lee, D. Y., Chang, G. P., Li, A., 
Dupage, M., Tammela, T., Kerper, N. R., Farago, A. F., Robbins, R., 
Crowley, D. M., Bronson, R. T., & Jacks, T. (2015). Regulatory T cells 
in tumor-associated tertiary lymphoid structures suppress anti-
tumor T cell responses. Immunity, 43, 579–590.

Karagiannis, P., Gilbert, A. E., Josephs, D. H., Ali, N., Dodev, T., Saul, L., 
Correa, I., Roberts, L., Beddowes, E., Koers, A., Hobbs, C., Ferreira, 
S., Geh, J. L., Healy, C., Harries, M., Acland, K. M., Blower, P. J., 
Mitchell, T., Fear, D. J., … Karagiannis, S. N. (2013). IgG4 subclass 
antibodies impair antitumor immunity in melanoma. Journal of 
Clinical Investigation, 123, 1457–1474.

Karagiannis, P., Villanova, F., Josephs, D. H., Correa, I., van Hemelrijck, 
M., Hobbs, C., Saul, L., Egbuniwe, I. U., Tosi, I., Ilieva, K. M., Kent, 
E., Calonje, E., Harries, M., Fentiman, I., Taylor-Papadimitriou, J., 
Burchell, J., Spicer, J. F., Lacy, K. E., Nestle, F. O., & Karagiannis, S. 
N. (2015). Elevated IgG4 in patient circulation is associated with 

https://doi.org/10.1038/s42003-019-0551-y
https://doi.org/10.1038/s42003-019-0551-y
https://doi.org/10.1158/0008-5472.CAN-08-2281
https://doi.org/10.1158/0008-5472.CAN-08-2281
https://doi.org/10.1097/PAP.0000000000000161
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1093/jnci/djw144
https://doi.org/10.1084/jem.187.2.265
https://doi.org/10.1084/jem.187.2.265


    |  317RODGERS et al.

the risk of disease progression in melanoma. Oncoimmunology, 4, 
e1032492.

Keung, E. Z., & Gershenwald, J. E. (2018). The eighth edition American 
Joint Committee on Cancer (AJCC) melanoma staging system: 
implications for melanoma treatment and care. Expert Review of 
Anticancer Therapy, 18, 775-784.

Kijanka, G., Hector, S., Kay, E. W., Murray, F., Cummins, R., Murphy, D., 
Maccraith, B. D., Prehn, J. H., & Kenny, D. (2010). Human IgG anti-
body profiles differentiate between symptomatic patients with and 
without colorectal cancer. Gut, 59, 69–78.

Kijanka, G., & Murphy, D. (2009). Protein arrays as tools for serum au-
toantibody marker discovery in cancer. Journal of Proteomics, 72, 
936–944.

King, C. L., & Nutman, T. B. (1993). IgE and IgG subclass regulation by 
IL-4 and IFN-gamma in human helminth infections. Assessment 
by B cell precursor frequencies. The Journal of Immunology, 151, 
458–465.

Kotlan, B., Horvath, S., Eles, K., Plotar, V. K., Naszados, G., Czirbesz, K., 
Blank, M., Farkas, E., Toth, L., Tovari, J., Szekacs, A., Shoenfeld, 
Y., Godeny, M., Kasler, M., & Liszkay, G. (2019). Tumor-associated 
Disialylated Glycosphingolipid antigen-revealing antibodies found 
in melanoma patients’ immunoglobulin repertoire suggest a two-
direction regulation mechanism between immune B cells and the 
tumor. Frontiers in Immunology, 10, 650. https://doi.org/10.3389/
fimmu.2019.00650

Ladányi, A., Kiss, J., Mohos, A., Somlai, B., Liszkay, G., Gilde, K., Fejös, 
Z., Gaudi, I., Dobos, J., & Tímár, J. (2011). Prognostic impact 
of B-cell density in cutaneous melanoma. Cancer Immunology, 
Immunotherapy, 60, 1729–1738.

Ladányi, A., Kiss, J., Somlai, B., Gilde, K., Fejos, Z., Mohos, A., Gaudi, I., 
& Tímár, J. (2007). Density of DC-LAMP(+) mature dendritic cells 
in combination with activated T lymphocytes infiltrating primary 
cutaneous melanoma is a strong independent prognostic factor. 
Cancer Immunology, Immunotherapy, 56, 1459–1469. https://doi.
org/10.1007/s0026​2-007-0286-3

Laidler, P., Lityńska, A., Hoja-Łukowicz, D., Łabędz, M., Przybyło, M., 
Ciołczyk-Wierzbicka, D., Pocheć, E., Trębacz, E., & Kremser, E. 
(2005). Characterization of glycosylation and adherent properties 
of melanoma cell lines. Cancer Immunology, Immunotherapy, 55, 
112–118.

Largeot, A., Pagano, G., Gonder, S., Moussay, E., & Paggetti, J. (2019). 
The B-side of cancer immunity: the underrated tune. Cells, 8, 449.

Lauss, M., Donia, M., Svane, I. M., & Jonsson, G. (2021). B cells and ter-
tiary lymphoid structures: friends or foes in cancer immunother-
apy? Clinical Cancer Research. https://doi.org/10.1158/1078-0432.
CCR-21-1130

Legler, D. F., Loetscher, M., Roos, R. S., Clark-Lewis, I., Baggiolini, M., 
& Moser, B. (1998). B cell-attracting chemokine 1, a human CXC 
chemokine expressed in lymphoid tissues, selectively attracts B 
lymphocytes via BLR1/CXCR5. Journal of Experimental Medicine, 
187, 655–660. https://doi.org/10.1084/jem.187.4.655

Lewis, S. M., Asselin-Labat, M. L., Nguyen, Q., Berthelet, J., Tan, X., 
Wimmer, V. C., Merino, D., Rogers, K. L., & Naik, S. H. (2021). Spatial 
omics and multiplexed imaging to explore cancer biology. Nature 
Methods, 18, 997–1012.

Li, Y., Li, C. Q., Guo, S. J., Guo, W., Jiang, H. W., Li, H. C., & Tao, S. C. 
(2020). Longitudinal serum autoantibody repertoire profiling 
identifies surgery-associated biomarkers in lung adenocarcinoma. 
EBioMedicine, 53, 102674.

Lighaam, L. C., Unger, P.-P.-A., Vredevoogd, D. W., Verhoeven, D., 
Vermeulen, E., Turksma, A. W., ten Brinke, A., Rispens, T., & van 
Ham, S. M. (2018). In vitro-induced human IL-10+ B cells Do not 
show a subset-defining marker signature and plastically co-express 
IL-10 with pro-inflammatory cytokines. Frontiers in Immunology, 9, 
1913. https://doi.org/10.3389/fimmu.2018.01913

Lin, L., Hu, X., Zhang, H., & Hu, H. (2019). Tertiary lymphoid organs in 
cancer immunology: Mechanisms and the new strategy for immu-
notherapy. Frontiers in Immunology, 10, 1398.

Litvak, D. A., Gupta, R. K., Yee, R., Wanek, L. A., Ye, W., & Morton, D. L. 
(2004). Endogenous immune response to early- and intermediate-
stage melanoma is correlated with outcomes and is independent of 
locoregional relapse and standard prognostic factors. Journal of the 
American College of Surgeons, 198, 27–35. https://doi.org/10.1016/j.
jamco​llsurg.2003.08.012

Louis, C. U., Straathof, K., Bollard, C. M., Ennamuri, S., Gerken, C., Lopez, 
T. T., Huls, M. H., Sheehan, A., Wu, M. F., Liu, H., Gee, A., Brenner, 
M. K., Rooney, C. M., Heslop, H. E., & Gottschalk, S. (2010). 
Adoptive transfer of EBV-specific T cells results in sustained clinical 
responses in patients with locoregional nasopharyngeal carcinoma. 
Journal of Immunotherapy, 33, 983–990.

Martinet, L., Garrido, I., Filleron, T., le Guellec, S., Bellard, E., Fournie, J. 
J., Rochaix, P., & Girard, J. P. (2011). Human solid tumors contain 
high endothelial venules: association with T- and B-lymphocyte 
infiltration and favorable prognosis in breast cancer. Cancer 
Research, 71, 5678–5687. https://doi.org/10.1158/0008-5472.
CAN-11-0431

Martinet, L., le Guellec, S., Filleron, T., Lamant, L., Meyer, N., Rochaix, 
P., Garrido, I., & Girard, J. P. (2012). High endothelial venules 
(HEVs) in human melanoma lesions: Major gateways for tumor-
infiltrating lymphocytes. Oncoimmunology, 1, 829–839. https://doi.
org/10.4161/onci.20492

Martinez-Rodriguez, M., Thompson, A. K., & Monteagudo, C. (2014). A 
significant percentage of CD20-positive TILs correlates with poor 
prognosis in patients with primary cutaneous malignant melanoma. 
Histopathology, 65, 726–728.

Mascaro, J. M., Molgo, M., Castel, T., & Castro, J. (1987). Plasma cells 
within the infiltrate of primary cutaneous malignant melanoma 
of the skin. A confirmation of its histoprognostic value. American 
Journal of Dermatopathology, 9, 497–499.

Meng, Q., Valentini, D., Rao, M., Dodoo, E., & Maeurer, M. (2018). CMV 
and EBV targets recognized by tumor-infiltrating B lymphocytes in 
pancreatic cancer and brain tumors. Scientific Reports, 8, 17079.

Messina, J. L., Fenstermacher, D. A., Eschrich, S., Qu, X., Berglund, A. 
E., Lloyd, M. C., Schell, M. J., Sondak, V. K., Weber, J. S., & Mulé, 
J. J. (2012). 12-Chemokine gene signature identifies lymph node-
like structures in melanoma: potential for patient selection for im-
munotherapy? Scientific Reports, 2, 765. https://doi.org/10.1038/
srep0​0765

Meyer, S., Fuchs, T. J., Bosserhoff, A. K., Hofstädter, F., Pauer, A., Roth, V., 
Buhmann, J. M., Moll, I., Anagnostou, N., Brandner, J. M., Ikenberg, 
K., Moch, H., Landthaler, M., Vogt, T., & Wild, P. J. (2012a). A seven-
marker signature and clinical outcome in malignant melanoma: A 
large-scale tissue-microarray study with two independent pa-
tient cohorts. PLoS One, 7, e38222. https://doi.org/10.1371/journ​
al.pone.0038222

Meyer, S., Fuchs, T. J., Bosserhoff, A. K., Hofstädter, F., Pauer, A., Roth, V., 
Buhmann, J. M., Moll, I., Anagnostou, N., Brandner, J. M., Ikenberg, 
K., Moch, H., Landthaler, M., Vogt, T., & Wild, P. J. (2012b). A seven-
marker signature and clinical outcome in malignant melanoma: a 
large-scale tissue-microarray study with two independent patient 
cohorts. PLoS One, 7(6), e38222. https://doi.org/10.1371/journ​
al.pone.0038222

Michaud, D., Steward, C. R., Mirlekar, B., & Pylayeva-Gupta, Y. (2020). 
Regulatory B cells in cancer. Immunological Reviews, 299(1), 74–92. 
https://doi.org/10.1111/imr.12939

Mihm, M. C., & Mulé, J. J. (2015). Reflections on the histopathology of 
tumor-infiltrating lymphocytes in melanoma and the host immune 
response. Cancer Immunology Research, 3, 827–835.

Mukherji, B. (2013). Immunology of melanoma. Clinics in Dermatology, 31, 
156–165.

https://doi.org/10.3389/fimmu.2019.00650
https://doi.org/10.3389/fimmu.2019.00650
https://doi.org/10.1007/s00262-007-0286-3
https://doi.org/10.1007/s00262-007-0286-3
https://doi.org/10.1158/1078-0432.CCR-21-1130
https://doi.org/10.1158/1078-0432.CCR-21-1130
https://doi.org/10.1084/jem.187.4.655
https://doi.org/10.3389/fimmu.2018.01913
https://doi.org/10.1016/j.jamcollsurg.2003.08.012
https://doi.org/10.1016/j.jamcollsurg.2003.08.012
https://doi.org/10.1158/0008-5472.CAN-11-0431
https://doi.org/10.1158/0008-5472.CAN-11-0431
https://doi.org/10.4161/onci.20492
https://doi.org/10.4161/onci.20492
https://doi.org/10.1038/srep00765
https://doi.org/10.1038/srep00765
https://doi.org/10.1371/journal.pone.0038222
https://doi.org/10.1371/journal.pone.0038222
https://doi.org/10.1371/journal.pone.0038222
https://doi.org/10.1371/journal.pone.0038222
https://doi.org/10.1111/imr.12939


318  |    RODGERS et al.

Neiman, M., Hellström, C., Just, D., Mattsson, C., Fagerberg, L., Schuppe-
Koistinen, I., Gummesson, A., Bergström, G., Kallioniemi, O., Achour, 
A., Sallinen, R., Uhlén, M., & Nilsson, P. (2019). Individual and stable 
autoantibody repertoires in healthy individuals. Autoimmunity, 52, 
1–11.

Olkhanud, P. B., Damdinsuren, B., Bodogai, M., Gress, R. E., Sen, R., 
Wejksza, K., Malchinkhuu, E., Wersto, R. P., & Biragyn, A. (2011). 
Tumor-evoked regulatory B cells promote breast cancer metasta-
sis by converting resting CD4⁺ T cells to T-regulatory cells. Cancer 
Research, 71, 3505–3515.

Panse, J., Friedrichs, K., Marx, A., Hildebrandt, Y., Luetkens, T., Barrels, K., 
Horn, C., Stahl, T., Cao, Y., Milde-Langosch, K., Niendorf, A., Kroger, 
N., Wenzel, S., Leuwer, R., Bokemeyer, C., Hegewisch-Becker, S., 
& Atanackovic, D. (2008). Chemokine CXCL13 is overexpressed in 
the tumour tissue and in the peripheral blood of breast cancer pa-
tients. British Journal of Cancer, 99, 930–938.

Pape, K. A., & Jenkins, M. K. (2018). Do memory B cells form second-
ary germinal centers? It depends. Cold Spring Harbor perspectives 
in Biology, 10(1), a029116. https://doi.org/10.1101/cshpe​rspect.
a029116

Peled, M., Onn, A., & Herbst, R. S. (2019). Tumor-infiltrating 
lymphocytes-location for prognostic evaluation. Clinical Cancer 
Research, 25(5), 1449–1451. https://doi.org/10.1158/1078-0432.
CCR-18-3803

Petitprez, F., de Reyniès, A., Keung, E. Z., Chen, T. W., Sun, C. M., 
Calderaro, J., Jeng, Y. M., Hsiao, L. P., Lacroix, L., Bougoüin, A., 
Moreira, M., Lacroix, G., Natario, I., Adam, J., Lucchesi, C., Laizet, 
Y. H., Toulmonde, M., Burgess, M. A., Bolejack, V., … Fridman, W. 
H. (2020). B cells are associated with survival and immunotherapy 
response in sarcoma. Nature, 577, 556–560.

Razis, E., Kalogeras, K. T., Kotoula, V., Eleftheraki, A. G., Nikitas, N., 
Kronenwett, R., Timotheadou, E., Christodoulou, C., Pectasides, D., 
Gogas, H., Wirtz, R. M., Makatsoris, T., Bafaloukos, D., Aravantinos, 
G., Televantou, D., Pavlidis, N., & Fountzilas, G. (2012). Improved 
outcome of high-risk early HER2 positive breast cancer with high 
CXCL13-CXCR5 messenger RNA expression. Clinical Breast Cancer, 
12, 183–193.

Riaz, N., Havel, J. J., Makarov, V., Desrichard, A., Urba, W. J., Sims, J. S., 
Hodi, F. S., Martín-Algarra, S., Mandal, R., Sharfman, W. H., Bhatia, 
S., Hwu, W. J., Gajewski, T. F., Slingluff, C. L., Chowell, D., Kendall, S. 
M., Chang, H., Shah, R., Kuo, F., … Chan, T. A. (2017). Tumor and mi-
croenvironment evolution during immunotherapy with nivolumab. 
Cell, 171, 934–949.e16.

Robert, C. (2020). A decade of immune-checkpoint inhibitors in can-
cer therapy. Nature Communications, 11(1), 3801. https://doi.
org/10.1038/s4146​7-020-17670​-y

Rubinstein, N. D., Mayrose, I., Halperin, D., Yekutieli, D., Gershoni, J. M., 
& Pupko, T. (2008). Computational characterization of B-cell epi-
topes. Molecular Immunology, 45, 3477–3489.

Sahin, U., Tureci, O., Schmitt, H., Cochlovius, B., Johannes, T., Schmits, R., 
Stenner, F., Luo, G., Schobert, I., & Pfreundschuh, M. (1995). Human 
neoplasms elicit multiple specific immune responses in the autol-
ogous host. Proceedings of the National Academy of Sciences of the 
United States of America, 92, 11810–11813.

Sanz, I., Wei, C., Jenks, S. A., Cashman, K. S., Tipton, C., Woodruff, M. C., 
Hom, J., & Lee, F. E. (2019). Challenges and opportunities for con-
sistent classification of human B cell and plasma cell populations. 
Frontiers in Immunology, 10, 2458.

Sarvaria, A., Madrigal, J. A., & Saudemont, A. (2017). B cell regulation in 
cancer and anti-tumor immunity. Cellular & Molecular Immunology, 
14, 662–674.

Satoguina, J. S., Weyand, E., Larbi, J., & Hoerauf, A. (2005). T regulatory-1 
cells induce IgG4 production by B cells: role of IL-10. The Journal of 
Immunology, 174, 4718–4726.

Saul, L., Ilieva, K. M., Bax, H. J., Karagiannis, P., Correa, I., Rodriguez-
Hernandez, I., Josephs, D. H., Tosi, I., Egbuniwe, I. U., Lombardi, S., 

Crescioli, S., Hobbs, C., Villanova, F., Cheung, A., Geh, J. L., Healy, 
C., Harries, M., Sanz-Moreno, V., Fear, D. J., … Karagiannis, S. N. 
(2016). IgG subclass switching and clonal expansion in cutaneous 
melanoma and normal skin. Scientific Reports, 6, 29736.

Scanlan, M. J., Chen, Y. T., Williamson, B., Gure, A. O., Stockert, E., 
Gordan, J. D., Tureci, O., Sahin, U., Pfreundschuh, M., & Old, L. J. 
(1998). Characterization of human colon cancer antigens recog-
nized by autologous antibodies. International Journal of Cancer, 76, 
652–658.

Selitsky, S. R., Mose, L. E., Smith, C. C., Chai, S., Hoadley, K. A., Dittmer, 
D. P., Moschos, S. J., Parker, J. S., & Vincent, B. G. (2019). Prognostic 
value of B cells in cutaneous melanoma. Genome Medicine, 11, 36.

Shi, Z., Zhang, Q., Yan, H., Yang, Y., Wang, P., Zhang, Y., Deng, Z., Yu, 
M., Zhou, W., Wang, Q., Yang, X., Mo, X., Zhang, C., Huang, J., Dai, 
H., Sun, B., Zhao, Y., Zhang, L., Yang, Y.-G., & Qiu, X. (2019). More 
than one antibody of individual B cells revealed by single-cell im-
mune profiling. Cell Discovery, 5, 64. https://doi.org/10.1038/s4142​
1-019-0137-3

Singh, S., Singh, R., Sharma, P. K., Singh, U. P., Rai, S. N., Chung, L. W., 
Cooper, C. R., Novakovic, K. R., Grizzle, W. E., & Lillard, J. W. 
(2009). Serum CXCL13 positively correlates with prostatic disease, 
prostate-specific antigen and mediates prostate cancer cell inva-
sion, integrin clustering and cell adhesion. Cancer Letters, 283, 29–
35. https://doi.org/10.1016/j.canlet.2009.03.022

Singh, S., Singh, R., Singh, U. P., Rai, S. N., Novakovic, K. R., Chung, L. W., 
Didier, P. J., Grizzle, W. E., & Lillard, J. W. Jr (2009). Clinical and bi-
ological significance of CXCR5 expressed by prostate cancer speci-
mens and cell lines. International Journal of Cancer, 125, 2288–2295.

Sivalingam, G. N., & Shepherd, A. J. (2012). An analysis of B-cell epitope 
discontinuity. Molecular Immunology, 51, 304–309.

Skipper, J. C., Hendrickson, R. C., Gulden, P. H., Brichard, V., Van Pel, A., 
Chen, Y., Shabanowitz, J., Wolfel, T., Slingluff, C. L., Boon, T., Hunt, 
D. F., & Engelhard, V. H. (1996). An HLA-A2-restricted tyrosinase 
antigen on melanoma cells results from posttranslational modifi-
cation and suggests a novel pathway for processing of membrane 
proteins. Journal of Experimental Medicine, 183, 527–534. https://
doi.org/10.1084/jem.183.2.527

Smith, C., Lineburg, K. E., Martins, J. P., Ambalathingal, G. R., Neller, M. 
A., Morrison, B., Matthews, K. K., Rehan, S., Crooks, P., Panikkar, 
A., Beagley, L., le Texier, L., Srihari, S., Walker, D., & Khanna, R. 
(2020). Autologous CMV-specific T cells are a safe adjuvant immu-
notherapy for primary glioblastoma multiforme. Journal of Clinical 
Investigation, 130, 6041–6053.

Somasundaram, R., Zhang, G., Fukunaga-Kalabis, M., Perego, M., Krepler, 
C., Xu, X., Wagner, C., Hristova, D., Zhang, J., Tian, T., Wei, Z., Liu, 
Q., Garg, K., Griss, J., Hards, R., Maurer, M., Hafner, C., Mayerhofer, 
M., Karanikas, G., … Wagner, S. N. (2017). Tumor-associated B-
cells induce tumor heterogeneity and therapy resistance. Nature 
Communications, 8, 607.

Stewart, A., Ng, J. C., Wallis, G., Tsioligka, V., Fraternali, F., & Dunn-
Walters, D. K. (2021). Single-cell transcriptomic analyses define dis-
tinct peripheral B cell subsets and discrete development pathways. 
Frontiers in Immunology, 12, 602539.

Tirosh, I., Izar, B., Prakadan, S. M., Wadsworth, M. H.. 2nd, Treacy, D., 
Trombetta, J. J., Rotem, A., Rodman, C., Lian, C., Murphy, G., Fallahi-
Sichani, M., Dutton-Regester, K., Lin, J. R., Cohen, O., Shah, P., Lu, 
D., Genshaft, A. S., Hughes, T. K., Ziegler, C. G., … Garraway, L. A. 
(2016). Dissecting the multicellular ecosystem of metastatic mela-
noma by single-cell RNA-seq. Science, 352, 189–196.

Trivers, G. E., Cawley, H. L., Debenedetti, V. M., Hollstein, M., Marion, 
M. J., Bennett, W. P., Hoover, M. L., Prives, C. C., Tamburro, C. C., 
& Harris, C. C. (1995). Anti-p53 antibodies in sera of workers occu-
pationally exposed to vinyl chloride. Journal of the National Cancer 
Institute, 87, 1400–1407.

Trivers, G. E., de Benedetti, V. M., Cawley, H. L., Caron, G., Harrington, A. 
M., Bennett, W. P., Jett, J. R., Colby, T. V., Tazelaar, H., Pairolero, P., 

https://doi.org/10.1101/cshperspect.a029116
https://doi.org/10.1101/cshperspect.a029116
https://doi.org/10.1158/1078-0432.CCR-18-3803
https://doi.org/10.1158/1078-0432.CCR-18-3803
https://doi.org/10.1038/s41467-020-17670-y
https://doi.org/10.1038/s41467-020-17670-y
https://doi.org/10.1038/s41421-019-0137-3
https://doi.org/10.1038/s41421-019-0137-3
https://doi.org/10.1016/j.canlet.2009.03.022
https://doi.org/10.1084/jem.183.2.527
https://doi.org/10.1084/jem.183.2.527


    |  319RODGERS et al.

Miller, R. D., & Harris, C. C. (1996). Anti-p53 antibodies in sera from 
patients with chronic obstructive pulmonary disease can predate a 
diagnosis of cancer. Clinical Cancer Research, 2, 1767–1775.

van de Veen, W., Globinska, A., Jansen, K., Straumann, A., Kubo, T., 
Verschoor, D., Wirz, O. F., Castro-Giner, F., Tan, G., Rückert, B., 
Ochsner, U., Herrmann, M., Stanić, B., van Splunter, M., Huntjens, 
D., Wallimann, A., Fonseca Guevara, R. J., Spits, H., Ignatova, D., … 
Akdis, M. (2020). A novel proangiogenic B cell subset is increased 
in cancer and chronic inflammation. Science Advances, 6, eaaz3559.

Van der Neut Kolfschoten, M., Schuurman, J., Losen, M., Bleeker, W. K., 
Martínez-Martínez, P., Vermeulen, E., Den Bleker, T. H., Wiegman, 
L., Vink, T., Aarden, L. A., De Baets, M. H., Van De Winkel, J. G., 
Aalberse, R. C., & Parren, P. W. (2007). Anti-inflammatory activity 
of human IgG4 antibodies by dynamic Fab arm exchange. Science, 
317, 1554–1557.

Vita, R., Mahajan, S., Overton, J. A., Dhanda, S. K., Martini, S., Cantrell, 
J. R., Wheeler, D. K., Sette, A., & Peters, B. (2019). The immune 
epitope database (IEDB): 2018 update. Nucleic Acids Research, 47, 
D339–D343.

Weissmann, A., Roses, D. F., Harris, M. N., & Dubin, N. (1984). Prediction 
of lymph node metastases from the histologic features of pri-
mary cutaneous malignant melanomas. American Journal of 
Dermatopathology, 6(Suppl), 35–41.

Wennhold, K., Thelen, M., Lehmann, J., Schran, S., Preugszat, E., Garcia-
Marquez, M., Lechner, A., Shimabukuro-Vornhagen, A., Ercanoglu, 
M. S., Klein, F., Thangarajah, F., Eidt, S., Loser, H., Bruns, C., Quaas, 
A., Von Bergwelt-Baildon, M., & Schlosser, H. A. (2021). CD86(+) 
antigen-presenting B cells are increased in cancer, localize in ter-
tiary lymphoid structures, and induce specific T-cell responses. 
Cancer Immunology Research, 9, 1098–1108.

Workel, H. H., Lubbers, J. M., Arnold, R., Prins, T. M., van der Vlies, P., de 
Lange, K., Bosse, T., van Gool, I. C., Eggink, F. A., Wouters, M. C. A., 
Komdeur, F. L., van der Slikke, E. C., Creutzberg, C. L., Kol, A., Plat, 
A., Glaire, M., Church, D. N., Nijman, H. W., & de Bruyn, M. (2019). A 
transcriptionally distinct CXCL13+CD103+CD8+ T-cell population 
is associated with B-cell recruitment and neoantigen load in human 
cancer. Cancer Immunology Research, 7, 784–796.

Wotherspoon, A. C., Doglioni, C., Diss, T. C., Pan, L., Moschini, A., de 
Boni, M., & Isaacson, P. G. (1993). Regression of primary low-grade 
B-cell gastric lymphoma of mucosa-associated lymphoid tissue 
type after eradication of Helicobacter pylori. Lancet, 342, 575–577. 
https://doi.org/10.1016/0140-6736(93)91409​-F

Yamaguchi, K., Ito, M., Ohmura, H., Hanamura, F., Nakano, M., 
Tsuchihashi, K., Nagai, S., Ariyama, H., Kusaba, H., Yamamoto, 
H., Oda, Y., Nakamura, M., Akashi, K., & Baba, E. (2020). Helper 
T cell-dominant tertiary lymphoid structures are associated with 
disease relapse of advanced colorectal cancer. Oncoimmunology, 9, 
1724763.

Yan, M., Hu, J., Ping, Y., Xu, L., Liao, G., Jiang, Z., Pang, B., Sun, S., Zhang, 
Y., Xiao, Y., & Li, X. (2021). Single-cell transcriptomic analysis reveals 
a tumor-reactive T cell signature associated with clinical outcome 
and immunotherapy response in melanoma. Frontiers in Immunology, 
12, 758288. https://doi.org/10.3389/fimmu.2021.758288

Yao, Y., Fan, Y., Wu, J., Wan, H., Wang, J., Lam, S., Lam, W. L., Girard, L., 
Gazdar, A. F., Wu, Z., & Zhou, Q. (2012). Potential application of 
non-small cell lung cancer-associated autoantibodies to early can-
cer diagnosis. Biochemical and Biophysical Research Communications, 
423, 613–619.

Yasuda, M., Takenoyama, M., Obata, Y., Sugaya, M., So, T., Hanagiri, T., 
Sugio, K., & Yasumoto, K. (2002). Tumor-infiltrating B lymphocytes 
as a potential source of identifying tumor antigen in human lung 
cancer. Cancer Research, 62, 1751–1756.

Yuan, J., Adamow, M., Ginsberg, B. A., Rasalan, T. S., Ritter, E., Gallardo, 
H. F., Xu, Y., Pogoriler, E., Terzulli, S. L., Kuk, D., Panageas, K. S., 
Ritter, G., Sznol, M., Halaban, R., Jungbluth, A. A., Allison, J. P., Old, 
L. J., Wolchok, J. D., & Gnjatic, S. (2011). Integrated NY-ESO-1 an-
tibody and CD8+ T-cell responses correlate with clinical benefit in 
advanced melanoma patients treated with ipilimumab. Proceedings 
of the National Academy of Sciences, 108, 16723–16728.

Zaenker, P., Lo, J., Pearce, R., Cantwell, P., Cowell, L., Lee, M., Quirk, 
C., Law, H., Gray, E., & Ziman, M. (2018). A diagnostic autoanti-
body signature for primary cutaneous melanoma. Oncotarget, 9, 
30539–30551.

Zhang, X. (2013). Regulatory functions of innate-like B cells. Cellular & 
Molecular Immunology, 10, 113–121.

Zhong, L., Coe, S. P., Stromberg, A. J., Khattar, N. H., Jett, J. R., & 
Hirschowitz, E. A. (2006). Profiling tumor-associated antibodies 
for early detection of non-small cell lung cancer. Journal of Thoracic 
Oncology, 1, 513–519.

Zhu, Z., Zhang, X., Guo, H., Fu, L., Pan, G., & Sun, Y. (2015). CXCL13-
CXCR5 axis promotes the growth and invasion of colon cancer cells 
via PI3K/AKT pathway. Molecular and Cellular Biochemistry, 400, 
287–295.

Zornig, I., Halama, N., Lorenzo Bermejo, J., Ziegelmeier, C., Dickes, E., 
Migdoll, A., Kaiser, I., Waterboer, T., Pawlita, M., Grabe, N., Ugurel, 
S., Schadendorf, D., Falk, C., Eichmuller, S. B., & Jager, D. (2015). 
Prognostic significance of spontaneous antibody responses 
against tumor-associated antigens in malignant melanoma patients. 
International Journal of Cancer, 136, 138–151.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Rodgers, C. B., Mustard, C. J., 
McLean, R. T., Hutchison, S., & Pritchard, A. L. (2022). A 
B-cell or a key player? The different roles of B-cells and 
antibodies in melanoma. Pigment Cell & Melanoma Research, 
35, 303–319. https://doi.org/10.1111/pcmr.13031

https://doi.org/10.1016/0140-6736(93)91409-F
https://doi.org/10.3389/fimmu.2021.758288
https://doi.org/10.1111/pcmr.13031

	A B-­cell or a key player? The different roles of B-­cells and antibodies in melanoma
	Abstract
	1|INTRODUCTION
	2|B-­CELL SUBTYPE IDENTIFICATION
	3|B-­CELLS AND CANCER
	4|B-­CELLS INFILTRATING THE MELANOMAS
	4.1|Location and organisation of TILS

	5|PHENOTYPE OF B-­CELLS INFILTRATING MELANOMA
	6|MICROENVIRONMENT FACTORS INFLUENCING B-­CELL INFILTRATION AND PHENOTYPES
	7|PROGNOSTIC ROLE OF B-­CELLS INFILTRATING MELANOMA
	8|CHARACTERISTICS OF THE BCR OF TUMOUR-­INFILTRATING B-­CELLS
	9|TERTIARY LYMPHOID STRUCTURES
	10|PRESENCE OF TLS IN MELANOMA
	11|COMPOSITION OF TLS IN MELANOMA
	12|PROGNOSTIC VALUE OF TLS IN MELANOMA
	13|ANTIBODIES AS BIOMARKERS
	14|ANTIBODIES AS BIOMARKERS FOR THE PRESENCE OF MELANOMA
	15|ANTIBODIES AS PREDICTORS OF DISEASE OUTCOME
	16|ANTIBODIES AS MARKERS OF RESPONSE TO THERAPY
	17|ANTIBODIES AS MARKERS OF IMMUNE-­RELATED ADVERSE EVENTS
	18|ANTIGEN AND EPITOPES RECOGNISED BY ANTIBODIES IN MELANOMA PATIENTS
	19|B-­CELL RESPONSES ENCOURAGING TUMOUR IMMUNE EVASION
	20|FUTURE RESEARCH DIRECTIONS AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


