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Abstract Background: Immune cell-driven anti-cancer activity is paramount for effective

responses to checkpoint inhibitors (ICB). However, the contribution of the different immune

cell subsets in the circulation and within the tumour is poorly understood.

Materials and methods: To elucidate the role of the different cell subsets in anti-tumour

responses elicited by ICB, we performed single-cell analysis of the transcriptome and surface
cology Group, Cancer Research UK Manchester Institute, The University of Manchester, Alderley Park

cology Group CRUK Manchester Institute

Park SK10 4TG, United Kingdom.

.manchester.ac.uk (S. Valpione), richard.marais@cruk.manchester.ac.uk (R. Marais).

2

ed by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

mailto:sara.valpione@cruk.manchester.ac.uk
mailto:richard.marais@cruk.manchester.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejca.2022.09.022&domain=pdf
https://doi.org/10.1016/j.ejca.2022.09.022
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.sciencedirect.com/science/journal/09598049
www.ejcancer.com
https://doi.org/10.1016/j.ejca.2022.09.022
https://doi.org/10.1016/j.ejca.2022.09.022


S. Valpione et al. / European Journal of Cancer 177 (2022) 164e174 165
proteome of paired pre- and early on-treatment metastatic melanoma tumour biopsies and

matched peripheral blood mononuclear cell samples. We next compared the survival of met-

astatic melanoma patients treated with ICB according to the abundance of pre-treatment

tumour-infiltrating B cell clonotypes.

Results: We identified cell clusters associated with disease control or progression, defined dif-

ferential expression of biological pathways likely involved in the immune awakening against

the tumour and examined how cellecell communication patterns between the tumour cell sub-

sets change during treatment. Furthermore, we discovered that B cells (immunoglobulin

expression and abundance of B cell clonotypes) discriminate the clinical response after ICB

and propose that B cells likely contribute to anti-tumour immunity by antigen presentation

through major histocompatibility complex molecules. Finally, we demonstrated that the abun-

dance of tumour-infiltrating B cell clonotypes at baseline identifies two distinct risk groups, a

finding that we confirmed in an independent cohort.

Conclusions: Our exploratory translational study provides new insights on the mechanistic

role of B cells in anti-melanoma immunity during treatment with ICB. Additionally, we sup-

port pre-treatment B cell tumour infiltration as a promising prognostic biomarker to be

further validated as a tool for clinical risk stratification.

ª 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Immune checkpoint blockade (ICB) has become a new

standard of care in cancer [1], making the identification of

reliable prognostic and predictive biomarkers and mech-

anistic studies of response and refractoriness current

research priorities in oncology. Cellular immunity is
paramount to effective response to ICB [2], but the

stimulatory or suppressive role of different cell subsets in

the circulation and tumour infiltrate is still poorly un-

derstood. We previously demonstrated that pre-treatment

T cell receptor (TCR) clonality of tumour infiltrating T

cells (TIL/Tc) discriminates risk groups and predicts

response and survival in patients with advanced mela-

noma receiving ICB [3]. We also showed that treatment-
induced reduction of T cell clonal relatedness of the clo-

notypes shared between the tumour and periphery pre-

dicts response with ICB. These findings suggest that the

tumour-infiltrating and peripheral immune cell pools are

distinct, although not isolated, compartments and must

be studied to understand ICB effects.

Here, we investigated the milieu of the circulating and

tumour infiltrating immune cells, their function and
possible mechanisms of therapeutic response and refrac-

toriness. We performed single-cell RNA expression and

protein sequencing (REAP-Seq) of longitudinal tumour

and peripheral blood mononuclear cell (PBMC) samples

taken before and after one cycle of ICB. We identified

distinct CD-14 monocyte clusters associated with treat-

ment response, and we showed that B cells discriminated

patients who responded to treatment from those who did
not. By expanding our analysis to two independent co-

horts of pre-treatment melanoma samples, we showed

that the abundance of B cell clonotypes was prognostic

for overall survival.
2. Materials and methods

Study design and patient cohort: This was a longitudinal

non-interventional biomarker study. The patients received

first line standard of care anti-PD1 based immunotherapy

at the Christie NHS Foundation Trust (NCT04493723,

BioBank ethics application #18/NW/0092; MCRC Bio-
bank Access Committee application 13_RIMA_01). All

patients gave written informed consent to the study and all

clinical investigations were conducted according to the

principles expressed in the Declaration of Helsinki and

good clinical practice guidelines. Patient inclusion criteria

were treatment naı̈ve patients with metastatic or inoper-

able locally advanced melanoma undergoing first-line

therapy with standard of care. Exclusion criteria were
previous malignancy, autoimmune disease, systemic in-

fectious disease at the time of sample collection and

treatment with immunosuppressant drugs.

Sample size calculation for single-cell analyses and

survival analysis: power calculation performed with

SCOPIT (v.1.1.4) [4] estimated a probability >95% to

detect cell populations of interest with as few as 10 cells per

sample; scPower [5] calculated a detection power for dif-
ferential expression of 0.71 in our dataset. Sample size for

survival analysis was not pre-set; all available melanoma

metastasis samples in our BioBank from treatment naı̈ve

patients treated with first line anti-PD1 drugs and not

taking immunosuppressants were analysed (N Z 20,

alphaZ 0.05, betaZ 0.6), and in the validation cohort [6]

(N Z 120, alpha Z 0.05, beta Z 0.8). Investigators were

blinded during experiments and outcome assessment per-
formed after experiments. Response to treatment was

assessed at 12 weeks after the first cycle infusion by

radiographic imaging using RECIST 1.1; disease control

was defined as complete response, partial response, or

http://creativecommons.org/licenses/by/4.0/


S. Valpione et al. / European Journal of Cancer 177 (2022) 164e174166
stable disease. Cells that did not pass the quality checkwith

standard single-cell RNA-Seq mitochondrial and mRNA

feature filtering were excluded; a maximum upper bound-

ary of 18% mitochondrial genes was set based on the

standarddeviationwithin the cohort. Biopsies frompatient

#RM160 were not included because no cells from the

baseline sample passed the quality check and the patient

declined to undergo the W3 biopsy. No outliers were
excluded from the downstream analyses.

Single cell preparation and sequencing: Peripheral

blood was collected in 10 mL EDTA blood tubes on ice

during transport from the hospital to the laboratory

(target transport time <1 h). PBMC were immediately

separated using Sep Mate and Lymphoprep following

manufacturer’s instructions (StemCell Technology, cat

85, 450 and 07801). Melanoma metastases biopsies were
performed according to the hospital good clinical prac-

tice standard operating procedures and immediately

transported (target transport time <1 h) to the labora-

tory in ice cold MACS Tissue Storage Solution (Miltenyi

Biotechnologies, cat 130-100-008) for single cell suspen-

sion preparation using MACS Tumour Dissociation kits

for human samples according to manufacturer’s manual

(Miltenyi Biotechnologies, cat 130-095-929). PBMCs and
the tumour single-cell suspension were processed for

labelling with BioLegend TotalSeq antibodies (Supp.

Table 1) according to manufacturer instructions ‘proto-

col A’ (Chromium 10X 30 kits). Labelled single-cell sus-

pensions were loaded onto Chromium Chip B (10x

Genomics, PN-1000073) and a gel bead emulsion was

generated on the 10x Chromium Controller using the

Chromium Single Cell 3ʹ GEM, Library & Gel Bead Kit
v3 (10x Genomics, PN-1000075) according to the man-

ufacturer’s protocol. Gene expression and TotalSeq-A

ADT libraries were produced according to the Bio-

Legend Totalseq-A protocol and 10x Genomics user

guide. Library quality was checked using the Agilent

Bioanalyzer and quantified by qPCR using a KAPA

Library Quantification Kit for Illumina sequencing

platforms (Roche, cat no. 07960336001). Paired-end
sequencing was performed by clustering the pooled li-

brary on an Illumina NextSeq 500 system in High Output

mode with read lengths of 28 þ 8þ101 cycles.

Generating count matrices from fastQ. Transcriptomic

count matrices were generated from fastQ files through

the 10x genomics cellranger pipeline [7] using the count

method. If the same 10x libraries was used in multiple

sequencing runs they were combined with cellranger’s
count method through specifying the location of each

separate run as input. For cases where different 10x li-

braries were requested to be combined; cellranger’s

“‘aggr” function was used. Cellranger version 3.1.0 was

used and data searched against human transcriptome as a

reference (refdata-cellranger-GRCh38e3.0.0).

Generating ADT count matrices from fastQ ADT

count matrices were generated through processing of
ADT-derived fastQ files with Cite-Seq-Count (v.1.4.2)
software [8,9]. This software required read structure details

(locations of UMI and barcodes within reads), a tag list

containing sequences corresponding to unique antibodies

(ADTs; Supp. Table 1) and estimated cell numbers and

cellular barcodes (determined through cellranger-count

processing of the scRNA counterpart). FastQ files for in-

dividual samples were concatenated across lanes respec-

tively and used as input along with the above requirements
to generate ADT-derived counts corresponding to scRNA

data and therefore enable integration of RNA and protein

for downstream analysis [7,8].

RNA-Seq Bulk RNA-Seq data were processed as

described elsewhere [3]. BCR sequences were recon-

structed from bulk RNA-Seq using ImRep as described

elsewhere [3]. Single cell analyses were performed on

sequential peripheral blood and tumour biopsy samples as
per BioLegend and Chromium 10X standard operating

procedures for 3’ CITE-Seq with TotalSeq-A antibodies.

Statistics and bioinformatics: Statistics analyses and

graphics generation were performed with GraphPad Prism

version 9 (GraphPad Software, La JollaCaliforniaUSA),R

Studio Workbench (v. 1.4.1717e3, The R Foundation for

Statistical Computing, Vienna, Austria) andR packages for

R v.4.1 (tidyverse, rms, survminer, Seurat v.4, Harmonize,

EnhancedVolcano, enrichR, viridis, cowplot and de-

pendencies) andCellPhoneDBpythonpackage [10].DEwas

performed with MAST, and p-values adjusted with Bon-

ferroni correction. GO biological pathway visualisation for

Supp. Fig. 3 and 4 was performed using g:Profiler [11,12].
3. Results

3.1. Patient samples

We performed REAP-Seq on 58,426 good quality single
cells obtained from pre-treatment (T0) and paired on-

treatment (week 3/W3, after the first cycle of treatment)

matched PBMC and tumour biopsy samples from 5

treatment-naı̈ve metastatic melanoma patients (patient

characteristics and response to treatment are reported in

Supp. Table 2). After exclusion of poor-quality cells, the

data was processed with SCTransform [13] and corrected

for batch effects with Harmony [14] (Supp. Fig. 1A-D).
3.2. Identification of PBMC signatures associated with

ICB responses

First, we analysed the PBMC data. UMAPs (uniform

manifold approximation projection) revealed two distinct

PBMC clusters (clusters 1 and 2) that were present at T0

but not W3 (Fig. 1A). Notably, cluster 1 was present only

in patients who developed progressive disease (PD),
whereas cluster 2waspresent only inpatientswhoachieved

disease control (DC) (Fig. 1B). Using an annotated refer-

ence dataset of 211,000 cells [15] (Supp. Fig. 1E) we iden-

tified the cells in both clusters 1 and 2 as subsets of CD14þ



Fig. 1. Identification of PBMC signatures associated with ICB responses (AeC) UMAPs of single cell RNA-Seq of 48,684 PBMCs

coloured according to timepoint (A), W12 response (B), and cell cluster identity (C; predictcellidentity.l2). Cluster 1 and cluster 2 are

highlighted in (A), (B) and (C) by the orange square and pink circle respectively. Cell identities in (C) are indicated by the colour coded

legend (D) Violin plot showing HLA (A,B,C) surface protein expression levels in DC-associated, PD-associated and other CD14

monocytes (E) Dot plot showing average expression (colour scale Z expression intensity) of surface protein or mRNA (LAG3, CD40 and

TIGIT ) and percentage of positive cells (dimension scale Z proportion of positive cells) for selected surface checkpoint inhibitor and

stimulatory molecules (F) Volcano plot showing differentially expressed genes in DC-associated versus other CD14 monocytes at T0. (G)

Volcano plot showing differentially expressed genes in PD-associated versus other CD14 monocytes at T0 (H) Scatter plot showing GO

combined score and Log10 adjusted p-value for the top 15 biological processes upregulated in DC-associated versus PD-associated CD14-

monocytes (dot size Z Odds Ratio, OR) (I) Volcano plot showing differential expression in PBMCs at W3 in patients who achieved DC

versus PD. T0 Z pre-treatment; W3 Z week 3; PD Z progressive disease; DC Z disease control; HLA Z human leucocyte antigen;

GO Z gene ontology. (F), (G), (I): orange dots Z genes with adjusted p-value < 0.05 but fold change Log2<1, green dots Z genes with

adjusted p-value < 0.05 and fold change Log2<1).
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monocytes (CD14-monocytes) (Fig. 1C). Note that

compared to other circulating CD14emonocytes, the PD

and DC-associated CD14-monocyte populations both

expressed higher levels of human leukocyte antigen (HLA)

class I and II on their surface, althoughHLA class I and II

expression was higher on DC-associated than PD-

associated CD14-monocytes (Fig. 1D). Moreover,

expression levels and the positive cell proportion for the
surface regulatory checkpoint molecules PD-L1, ICOSL,

LF3 and CD154 (CD40-L) were higher in PD-associated

than DC-associated CD14-monocytes (Fig. 1E).

Compared to bulk CD14-monocytes, the DC-

associated CD14-monocytes displayed significant upre-

gulation of genes involved in acute phase inflammatory

cytokine production (IL8, IL1B), chemotaxis (CCL3L1,

CCL4, CCL3) and NF-kB regulation (NF-kBIA, NF-

kBIZ, IER3) (Fig. 1F), whereas the PD-associated CD14-

monocytes showed upregulation of differentiation stage

markers (JUNB, FOS, EGR1) and the inflammation in-

hibitor ZFP36 (tristetraprolin [16]), but downregulation

of the adhesion factor CD52 (CAMPATH) (Fig. 1G).

These observations were consistent with pathway anal-

ysis showing that, compared to PD-associated CD14-

monocytes, DC-associated CD14-monocytes upregu-
lated biological processes involved in the effector in-

flammatory acute phase (Fig. 1H). Note that single-cell

sequencing at W3 did not reveal changes in monocytic

gene expression in DC versus PD patients, although,

curiously, in the DC patients, there was reduced expres-

sion of genes involved in acute cytotoxicity (CCL5,

NGK7, GZMH ) and upregulation of the inflammatory

gene SL100A9 and the B cell gene IGLC2 (Fig. 1I).

3.3. Tumour and immune-microenvironment signatures

associated with ICB responses

Next, we analysed the tumour biopsy data.We used RNA
and surface protein expression of lymphocytes (CD3,

CD8a, CD4, NKG2D, NKG7, MS4A1, CD20, CD19,

FCGR3A) and monocyte/macrophage (CD14, GNLY,

MS4A7, FCER1A, LYZ, CD11b, CD16) markers to

separate the tumour infiltrating immunemononuclear cells

(TIMC) from the other tumour cells (melanoma and other

stroma cells). Note that subsequent transcriptome analysis

of the melanoma and stroma cells at W3 revealed that the
DC tumours were characterised by, amongst other genes,

downregulationof apolipoproteins,melanocyte andserpin

genes, and upregulation of insulin growth factor binding

protein 2, retinoic acid pathway (RBP1, CRABP2), pro-

inflammatory genes (IL32, CCL5) and cytoskeleton

contractility genes (Suppl. Fig. 2A and B).

More pertinent, to study the determinants of effective

immune-awakening in the immune-infiltrate we focussed
on the TIMC. Unlike the PBMC UMAPs, the TIMC

UMAPs at T0 versus W3 (Fig. 2A) in patients who devel-

opedPDversusDC(Fig. 2B) didnot identify any response-

associated clusters.However, transcriptomeanalysis atW3
revealed significant differences between PD- and DC-

patient TIMCs. Specifically, the latter had down-

regulation of, among others, genes that drive early T cell

stimulation (e.g. JUN, FOS, CD69), chemotaxis (e.g.

CCL4) and monocyte/macrophage inflammation (DUSP1

and DUSP2) together with upregulation of complement

C1QA, and the B cell genesMZB1 (which enables efficient

antibody secretion) and Ig genes, with both IgM and post-
isotype switch IgA and IgG heavy chains (Fig. 2C).

3.4. B cell signatures associated with ICB-induced

responses

Intrigued by this finding, we investigated the role of B cells

in ICB-induced immune-responses. First, we assigned an

identity to each TIMC using the annotated reference and

then compared them for expression of a panel of surface

proteins involved in co-stimulatory and checkpoint inhib-

itor activity. Ingeneral, compared to theotherTIMC, theB

cell compartmenthad lower levelsof surface co-stimulatory

andcheckpoint inhibitor regulatorymolecules (Fig. 2D). In
particular, the B cells had the lowest surface expression of

PD-1 and PD-L2 and the second lowest surface expression

of PD-L1, making it unlikely that they are direct targets of

anti-PD-1 drugs or that they mediate T cell suppression

driven by the PD-L1/PD-L2 interaction with PD-1 in the

tumour microenvironment.

In addition toproducing Ig, B cells present antigens toT

lymphocytes [17], so we investigated if different tumour
infiltrating B cells expressed human leukocyte antigen

(HLA) molecules. Intriguingly, compared to all other

TIMCs, the memory B cells had the highest surface

expression of both class I (A, B, C and b2microglobulin)

and class II (DR) HLA (Fig. 2E), making these cells po-

tential candidates for effective neoantigen cross-

presentation. The importance of antigen presentation by

this population was supported by GO pathway analysis
which revealed that ‘antigen processing”’and ‘expression of

peptide antigens on class I HLA’ (both TAP1 dependent

and independent) were the most differentially activated

biological processes in DC-associated compared to PD-

associated memory B cells (Fig. 2F).

To dissect the role of B cells in ICB-induced anti-cancer

responses,we investigated the interactionnetworksbetween

B cells, other TIMC, melanoma and stroma cells in the bi-
opsies. For this,weusedmarker genes to identifymelanoma

cells (MITFþ, TYRþ), endothelium (CD31þ), activated fi-

broblasts (FAPþ) and other tumour stroma cells (negative

forMITF,TYR,CD31, orFAP, lymphocyteandmonocyte/

macrophage markers) and then used CellPhoneDB to esti-

mate ligand/receptor communications between all biopsy

cells. At T0, the most connected cells were the

FAP þ fibroblasts and CD31þ cells, which had predicted
ligand/receptor interactions with most other cell clusters

(Fig. 3A). Amongst the B cells, the memory B cells had the

mostabundantand intensepredicted interactionswithother

cells, particularly the FAPþ fibroblasts, CD31þ cells, CD8



Fig. 2. Identification of tumour immune-infiltrate signatures associated with ICB responses (A, B) UMAPs of single cell RNA-Seq of 9910 TIMC

coloured according to timepoint (A) or patient response at week 12 (B) (C) Volcano plot showing differential expression of TIMCs in patients who

achievedDCversus PD (orange dotsZ geneswith adjusted p-value< 0.05 but fold change Log2<1, green dotsZ genes with adjusted p-value< 0.05

and fold change Log2<1) (D)Violin plots showing surface protein expression levels ormRNA (LAG3,CD40,TIGIT ) for selected surface checkpoint

inhibitorand stimulatorymolecules inTIMCcell clusters (predictcellidentity.l1) (E)Violinplots showing the expression level ofHLAsurfaceproteins in

theTIMCcell clusters (predictcellidentity.l2) at both timepoints. (F) Scatter plot showingGOcombined score andLog10 adjusted p-value for the top15

biological processes upregulated in memory B cells in TIMC of patients who achieved DC versus PD; dot size represents OR.TIMC Z tumour

infiltratingmononuclear cells;T0Zpre-treatment;W3Zweek3;PDZprogressivedisease;DCZdisease control;HLAZhuman leucocyteantigen;

GOZ gene ontology.
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Fig. 3. Cell communication network in the tumour biopsies estimated by CellPhoneDB (A, B) Heatmap of predicted communication

networks between tumour biopsy cell clusters at T0 (A) and W3 (B). Colour scale indicates the number of predicted interactions (C, D)

List of interacting molecules for communications of B cell clusters at T0 (C) and W3 (D); dimension scale is inversely proportional to

Log10 p-values and colour scale indicates the means of the average expression level of interacting molecule 1 in ‘cell 1’ and interacting

molecule 2 in ‘cell 2’ on the X-axis.

S. Valpione et al. / European Journal of Cancer 177 (2022) 164e174170



Fig. 4. Prognostic value of tumour infiltrating B cell clonotype abundance (A) Heatmap showing correlation between LDH, TCR and

BCR metrics (sequences reconstructed from bulk RNA-Seq) in our 20 pre-ICB melanoma biopsy cohort (colour scale Z Spearman r

square, also reported in the heatmap) (B) Similarity matrix for BCR sequences of samples from (A) (colour scale Z Bhattacharya

index) (C) Heatmap showing the correlation between LDH, BCR metrics (sequences reconstructed from bulk RNA-Seq) and mutations in

the validation cohort of 120 pre-ICB melanoma samples (colour scale Z Spearman r square, also reported in the heatmap for correlations

with p-value < 0.05) (D, E) Graphs showing the number of BCR total sequences (D) (ManneWhitney test P Z 0.279; median Z 234 and

36) and number of BRC unique sequences (E) (clonotypes; ManneWhitney test P Z 0.151; median Z 40 and 7) from the series shown in

(A) according to the biopsy site (blue Z nodal, pink Z extra-nodal) (F, G) Graphs showing number of BCR total sequences (F)

(ManneWhitney test P Z 0.032; median Z 189 and 42) and the number of BRC unique sequences (G) (clonotypes) from the series

analysed in (A, lilac) and (C, maroon) (ManneWhitney test P Z 0.008; median Z 33 and 6) (H, I) Survival curves of patients treated with

ICB drugs with high (green) or low (orange) pre-treatment TIL/Bc clonotype abundance in our training cohort (A) (H; log-rank

P Z 0.017, median survival not reached versus 4.8 months) and the external validation cohort (C) (I; log-rank P Z 0.025, median

survivalZ 1139 versus 600 months). D, E, F, G: center line, median; box limits, upper and lower quartiles; whiskers, range. LDHZ lactic

dehydrogenase; TCR Z T cell receptor; BCRZB cell receptor; ns Z not significant.
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naı̈ve T cells, Tregs, CD14þ and CD16þ monocytes/mac-

rophages, other less mature B cell subsets, and the HSPC

and ASDC niche (Fig. 3A). At W3, the memory B cells no

longer interacted with FAPþ fibroblasts or CD31þ cells but

had predicted ligand/receptor interactions with most other

cell subsets, with the notable exception of other B cells, and

NK and central memory CD8þ T cells (Fig. 3B). At T0,

interactions were predominantly driven by cell adhesion,
homing molecules and extracellular matrix/epithelial-to-

mesenchymal transition regulation (Fig. 3C and Supp.

Fig. 3), whereas at W3, the interaction network still con-

tained adhesion and homing molecules, but also TNF

family signalling, HLA class II (HLA-DPB1) and co-

stimulus/suppressive regulation (Fig. 3D and Supp. Fig. 4).

3.5. Prognostic value of B cell clonotype abundance

Finally, to investigate if tumour infiltrating B cells (TIL/

Bc) were prognostic for response to ICB, we applied the

approachwepreviouslyused toanalyse tumour infiltrating

T cell (TIL/Tc) subclones to the B cell compartment [3,18].
We used ImRep [19] to analyse bulk RNA-Seq data

and reconstructed the complementarity determining re-

gion 3 of B cell receptor (BCR) and T cell receptor (TCR)

sequences in a series of 20 pre-treatment micro-dissected

melanoma metastasis samples from Manchester, Padova

and Meldola. We compared the TIL/Bc and TIL/Tc

repertoires and observed an overall concordance between

the BCR and TCR metrics (r Z 0.57 for total number of
clonotypes, 0.31 for clonality, 0.18 for % representation

of the top productive sequence, 0.43 for total number of

genomes, 0.57 for clonal relatedness, Fig. 4A, black

highlights). The Bhattacharya similarity score of the

BCR sequences was negligible for all pairwise compari-

sons (Fig. 4B), suggesting that the TIL/Bc infiltrates were

predominantly private.

To study correlations between BCR repertoire metrics
and mutational landscape, we used ImRep to reconstruct

BCR sequences from bulk RNA-Seq in pre-treatment bi-

opsies fromapublished cohort of 120metastaticmelanoma

patients treated with ICB and for which DNA sequencing

data was available [6]. We observed an intuitive inverse

correlation between tumour purity and BCR abundance

(rZ�0.39 for total clonotypes,�0.40 for total sequences)

and a direct correlation between tumour purity and top
BCR clone prevalence (rZ 0.25), suggesting high conver-

gence when few clones were present (Fig. 4C). There was

alsoan inverse correlationbetweenBCRclonalityandcopy

number alteration (rZ�29), but no significant correlation

between BCR repertoire metrics and the number of total,

non-synonymous, clonal or subclonalmutations,mutation

heterogeneity and neoantigen number (Fig. 4C). To

exclude possible confounding factors from tissues physio-
logically rich in lymphocytes, we compared the total

number of BCR sequences (Fig. 4D) and clonotypes

(Fig. 4E) in the nodal and extra-nodal metastases in our

cohort and foundno significant differences, suggesting that
tumour infiltrationbyTIL/Bcwasnot influencedby lymph-

node microenvironments. Finally, we tested if the abun-

dance of distinct BCR clonotypes, possibly recognising

different neoantigens, correlated with survival and found

that, despite differences in the number of BCR clonotypes

(numberof unique sequences) (Fig. 4F) and total sequences

(Fig. 4G), the abundance of BCR clonotypes was a

favourable prognostic factor in both our 20-patient
training cohort (Fig. 4H) and the published 120-patient

validation cohort (Fig. 4I).
4. Discussion

ICB has revolutionised melanoma care over the last

decade. It is approved in advanced disease, for adjuvant

care in stage III and is currently being trialled in the stage II

adjuvant setting (NCT03553836 [20], NCT04309409).

However, in both the advanced and adjuvant setting

there is an urgent need for predictive and prognostic

stratification tools to refine patient care, particularly in
intermediate-risk patients for whom the odds of toxicity

could outweigh the benefit of treatment. We previously

defined T cell and TCR repertoire evolution under ICB as

prognostic and predictive in this disease, and here we

extend those studies to reveal that CD-14 monocyte sub-

sets andB cell signatures are also prognostic formelanoma

patients.

First, we identify two clusters of peripheral CD14-
monocytes inmelanomapatients at baseline. Cluster 1 was

present only in patients who then experienced disease

progression, whereas cluster 2 was only in patients who

responded. Note that both clusters were absent at W3 of

treatment, suggesting that both reacted to ICB.Moreover,

cluster 2 displayed evidence of upregulated effector in-

flammatory acute phase genes and hyper-activated IL1

signalling, an observation that is consistent with acute
inflammation pre-existing in the patients whowould go on

to respond. This hypothesis-generating observation im-

plicates cluster 2 CD-14-monocyte as contributing to

positive responses to ICB in melanoma patients.

Although exploratory, our data suggests that TIL/Bc

contribute to ICBresponses inmelanomapatients.First,we

identify a B cell signature (HLA with immunoglobulin

expression) that characterises the immune-responsive tu-
mours. Second, we show that amongst all TIMC, the

memory B cells express the highest levels of class I and II

HLA. Third, class I HLA antigen processing and presen-

tation are the top differentially expressed pathways in the

memoryB cells of immune-responsive tumours.Fourth, the

abundance of B cell clonotypes in pre-treatment biopsies,

and thereby the potential of the B cell pool to recognise and

present many different epitopes, is prognostic for survival
after ICB.Our data are consistent with the observation that

B cells are significantly enriched in tumours of responders

versus non-responders to ICB. Note that while previous

works focused largely on the presence and features of
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tertiary lymphoid structures, we extend those studies by

proposing amechanistic role for B cells in neoantigen cross-

presentation [21e24]. Additionally, we note previous find-

ings that B cell clonotype abundance is prognostic in the

melanoma TCGA, a cohort that was recorded before ICB

approval [22,25,26], suggesting a therapy-agnostic role for

B cells in anti-cancer immunity. Moreover, our data shows

that in response to ICB,memoryB cells become some of the
most connected cells in the tumour, interacting with most

other tumour cells. Taken together, these observations

show that B cells are prognostic rather than predictive for

patient response. We propose that this is because B cells do

not have ICB-specific roles, but rather they contribute to a

general tumour immune-permissive state by enhancing

cancer neoantigen recognition by cytotoxic cells through

antigen cross-presentation to cytotoxic T cells. In support
of this, we show an increase in these biological functions in

memory B cells in patients who will go on to respond to

ICB.

Althoughwe did not have adequate samples to achieve

statistical power to infer prognostic value to the CD14-

monocyte subsets and B cell signature we identified, we

provide evidence in two independent cohorts that B cell

clonotype abundance in pre-treatment biopsies is prog-
nostic for ICB response. The association of ICB-induced

responses with pre-treatment intra-tumour T cell clonal

expansion [3], circulating CD14-monocytes with elevated

IL1 signalling and tumour infiltration by many different

B cell clonotypes suggests that these drugs require a level

of pre-treatment immune activation to exert their effect.

Thus, strategies tomaximise patient outcomesmight need

to harness immune activation at different stages,
including the pre-checkpoint blockade step, and our data

identifies CD-14 monocytes and B cells as additional

useful biomarkers for patient selection. Moreover,

although our findings require prospective validation in

larger cohorts, we proposemechanistic hypotheses for the

role of B cells in the anti-cancer immune response acti-

vated by ICB and our results could lead to new immu-

notherapy approaches to enhance patient outcomes and
contribute to the development of personalised therapeu-

tic strategies through the identification of patients who

could better benefit from these treatments.
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