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ABSTRACT

Background Intrahepatic cholangiocarcinoma
(iCCA) is a highly aggressive biliary tract cancer
with a poor prognosis and a complex tumour
microenvironment (TME) that remains poorly
understood.

Objective This study aimed to investigate the
phenotypic and molecular characteristics of B
lymphocytes, their interactions with the TME and
their prognostic implications.

Design B-cell compartments in the tumour,
peritumour, and peripheral blood of iCCA patients
were analysed using multimodal single-cell
technologies. The B-cell interactome with the

iCCA TME was explored in silico, and ex vivo
assays assessed the impact of interactions with
cancer-associated fibroblasts (CAFs) and tumour
cells on B-cell biology. B-cell modulation during
chemoimmunotherapy in advanced iCCA was also
evaluated.

Results B cells were enriched in adjacent tumour-
free tissues and formed mature tertiary lymphoid
structures (TLS), correlating with better prognosis.
Conversely, tumour-infiltrating B cells were scarce,
immature and displayed reduced effector function with
increased immunosuppressive features. Coculture with
tumour cells or CAFs impaired B-cell differentiation
and function, including downregulation of BAFFR

in peripheral B cells. IL-6 and TGF-3 emerged as

major drivers of B-cell dysfunction; dual blockade
restored B-cell activation and differentiation. Elevated
frequencies of circulating BAFFR* B cells and
hyperexpanded clonotypes were linked to improved
chemoimmunotherapy response.

Conclusions iCCA is characterised by a profoundly
immunosuppressive TME that impairs B-cell function
through soluble factors and cellular interactions.
Our findings identify B cells as biomarkers and
therapeutic targets, supporting strategies to restore
B-cell function and promote mature TLS to enhance
immunotherapy responsiveness in iCCA.

Rita Balsano,®'? Tiziana Pressiani, "2
6,12

6,11

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Intrahepatic cholangiocarcinoma (iCCA) is a highly
aggressive malignancy with poor prognosis and
limited treatment options.

= A chronically inflamed and immunosuppressive
tumour microenvironment (TME) contributes
to iCCA progression, poor outcomes and
resistance to immunotherapy.

= The role of B lymphocytes in the iCCA
microenvironment remains poorly understood

and has been largely overlooked.

INTRODUCTION

Intrahepatic cholangiocarcinoma (iCCA) is a rare
and aggressive biliary tract cancer with an increasing
global incidence and poor outcomes. Surgery
remains the only potentially curative treatment;
however, the combination of immunotherapy and
chemotherapy has been shown to improve survival,
leading to its approval as the preferred first-line
treatment for advanced iCCA.'?

iCCA develops in a complex and highly desmo-
plastic tumour microenvironment (TME) influ-
enced by cancer-associated fibroblasts (CAFs),
extracellular matrix (ECM) and immune cells,
which support tumour progression.® * Transcrip-
tomic analyses revealed that tumour-infiltrating
lymphocytes (TILs) play a key role in immune
evasion and treatment responses.’” Recent
genomics, molecular and immune characterisations
of the TME have led to the classification of iCCA
into immune-desert, immune-activated, myeloid-
enriched and mesenchymal-like subsets.”

B cells are key players in adaptive immunity,
with their development guided by genetic factors
and environmental signals.'® In the context of
tumours, B cells may promote tumour growth
by supporting regulatory B cells and suppressing
immune responses.'' Conversely, B cells can also
fight tumours by producing specific antibodies
and cytokines that enhance the activity of T cells,

BM) Group

Milardi G, et al. Gut 2025;0:1-13. doi:10.1136/qutjnl-2025-334861

bsg BRITISH SOCIETY OF 1
GASTROENTEROLOGY

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1Xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"1sanb Aqg G20z ‘0T JoqWaAON uo /wod fwag nby/:dy woly papeojumoq 'SZ0z 1Isnbny TE Uo T98EE-G202-IuNB/OSTT 0T Se paysignd 1sii) 1N


http://www.bsg.org.uk/
http://gut.bmj.com/
http://orcid.org/0000-0002-8724-1485
http://orcid.org/0000-0002-0561-7902
https://doi.org/10.1136/gutjnl-2025-334861
https://doi.org/10.1136/gutjnl-2025-334861
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2025-334861&domain=pdf&date_stamp=2025-08-29
http://gut.bmj.com/

Gl cancer

WHAT THIS STUDY ADDS

= High densities of B cells in peritumoural areas and their
organisation into mature tertiary lymphoid structures are
associated with favourable prognosis.

= B cells infiltrating iCCA tumours are predominantly immature
and functionally suppressed.

= Primary tumour cells and cancer-associated fibroblasts drive
B-cell dysfunction by promoting IL-6-dependent and TGF-
Bdependent immunosuppressive pathways.

= BAFFR+ B cells in peripheral blood predict response to
chemoimmunotherapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= This work expands the immunological understanding of iCCA,
highlighting the interplay between immune and stromal
elements of the TME as key regulators of tumour immunity.

= Targeting B-cell-TME interactions, particularly via IL-6 and
TGF-B blockade, may offer novel therapeutic avenues to
restore B-cell function and enhance immunotherapy efficacy.

= B-cell phenotypes, including BAFFR+ subsets, may serve
as prognostic and predictive biomarkers, informing future
stratification strategies and immunotherapeutic approaches
in iCCA.

macrophages and NK cells."*™” Further, tumour-infiltrating B

lymphocytes (TIL-B) are involved in forming and maintaining
tertiary lymphoid structures (TLSs), sites for local immune
responses and antibody maturation."® '**° Finally, TIL-B shows
strong potential as predictive and prognostic markers for treat-
ment with immune checkpoint inhibitors (ICIs).*!

This study aims to dissect the role of B lymphocytes in iCCA
by examining their nature and function. This could reveal new
mechanisms of cancer progression or control and help identify
biomarkers for predicting responses to ICls.

MATERIALS AND METHODS

Study design and sample collection

Patient and public involvement

Patients were not involved in the design of the study, nor in
the recruitment and conduction of the study. All patients had
pathology-confirmed iCCA, without targetable mutations, and
were treatment naive prior to surgical resection. Patients with
viral hepatitis and those with cirrhosis were excluded. Tissue
samples were collected from areas without visible necrosis or
haemorrhage. The 2 um formalin-fixed and paraffin-embedded
tissue sections were stained with H&E and evaluated by a
liver pathologist (laboratory developed tests, LDT). Estimated
features included tumour grade, desmoplasia, resection margins,
steatosis, perineural and lymphovascular invasion, and lymph
node metastasis. Patients with resected iCCA were monitored
every 3 months or until death, with major events recorded.
Patients with advanced iCCA received chemoimmunotherapy
(durvalumab, cisplatin and gemcitabine); tumour assessments
were conducted every 8 weeks starting from baseline.??** Char-
acteristics of the enrolled patients are listed in online supple-
mental table 1.

Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats from iCCA and healthy donors (HDs) via
density-gradient separation and were cryopreserved in fetal
bovine serum (FBS) supplemented with 10% dimethyl sulfoxide

(DMSO) until use. Tissues were collected and stored as previ-
ously described.®

Polychromatic flow cytometry

Single-cell suspensions were first stained with Zombie Aqua
fluorescent dye (BioLegend) to eliminate dead cells. Cell pellets
were incubated with a combination of monoclonal antibodies,
selected based on current knowledge'? * % and listed in online
supplemental table 2. We followed the flow cytometry proce-
dures previously described®® 27 for (1) selection of antigen-
fluorochrome combinations, (2) reagent titration and validation
and (3) limiting spreading error. Stained samples were anal-
ysed using a FACS-Symphony AS cytometer (BD Biosciences).
Compensation was done using BD Compbeads incubated with
single antibodies (BD Biosciences). FlowJo V.10.8.1 was used
for the gating analysis (online supplemental figure 2). Additional
methods are provided in the online supplemental file 2 and
online supplemental tables 3-7.

RESULTS

Prognostic value of B cells and TLSs in iCCA

We initially performed immunohistochemical analysis on tumour
and peritumoural tissues from resected iCCA patients (n=103),
stratifying samples based on CD207 B cell density. A threshold of
309% B cells out of total TILs was used to define ‘high’ and ‘low’ B
cell content. High B cell infiltration in the peritumoural area was
significantly associated with improved disease-free survival (DFS)
(p=0.0245; figure 1A), suggesting a potential protective role of
B cells in this compartment. Conversely, intratumoural B cell
content showed no association with DFS (p=0.6922; figure 1B),
likely reflecting their lower abundance in the tumour core and
the presence of a more immunosuppressive microenvironment,
which may impair B cell function. Single and dual immunohis-
tochemistry (anti-CD3 and anti-CD20) analysis revealed that, in
49.51% of patients, B lymphocytes were organised in cellular
aggregates morphologically like TLSs, which contained mainly
CD3" T cells encircling an inner population of CD20" B cells
(figure 1C). Notably, these structures were identified both in the
peritumoural area and within the tumour tissue (figure 1C). TLS
maturation stages were classified according to the distribution of
CD3™ T cells, in early or immature (iTLSs) and mature (primary
and secondary follicle) (mature TLS, mTLSs).”® 2 While iTLSs
contain dispersed CD3* T cells, mTLSs are characterised by a
tight cell core.®® Based on these criteria, we explored the prog-
nostic value of TLS-related features in iCCA (figure 1D). To
estimate the relative abundance of TLS for each specimen, the
absolute number of iTLS and mTLS was normalised by the total
number of TLS. Similarly to other tumours,’' the presence of
mTLS (=75% of total TLS) showed positive prognostic signifi-
cance (figure 1E, p-values=0.0388).

scRNA-seq reveals tumour-specific differences in gene
expression by B-cell subpopulations

We next took advantage of our previously described transcrip-
tional profile of CD45" cells, isolated from iCCA samples and
adjacent normal tissue,® to define the molecular signature of B
cells within the iCCA TME. After extracting all B cells (using
the expression of marker genes CD79A, MS4A1)** for further
subclustering analysis, four main clusters were reliably identified
(figure 2A,B), annotated as previously reported by Monaco.*
Cluster CO of naive B cells exhibited high expression levels of
genes involved in B cell receptor signalling and trafficking path-
ways (RGS1, CD79B, IGHD, BLNK, IL4R and LY9); cluster
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Figure 1

B cell enrichment in peritumoural areas and presence of mTLS are associated with improved prognosis in iCCA. (A, B) Kaplan-Meier

DFS curves comparing iCCA patients (n=39) stratified by high (=30%) vs low (<30%) density of CD20* B lymphocytes in peritumoural (A) and
intratumoural (B) regions, as assessed by IHC. (C) Representative FFPE tissue sections showing CD3* T cells and CD20" B cells organised into

TLS located either within or outside the tumour area. TLS were classified based on cellular composition and spatial organisation. (D) IHC images
highlighting TLS maturation stages, from iTLS lacking clear compartmentalisation, to mTLS with distinct B and T cell zones. CD3" T cells surround
CD20" B cell clusters, reflecting follicle-like architecture. (E) Kaplan-Meier DFS analysis of a larger iCCA cohort (n=103), comparing patients with
absent or iTLS to those with mTLS, defined by the presence of primary or secondary follicle-like structures. DFS, disease-free survival; FFPE, formalin-
fixed paraffin-embedded; iCCA, intrahepatic cholangiocarcinoma; IHC, immunohistochemistry; iTLS, immature TLS; mTLS, mature TLS; TLS, tertiary

lymphoid structures.

C1 of switched memory/exhausted B cells highly expressed
the activation-related genes (S100A10, PLP2, IGHM, CD44,
IGHA1, PKM, LDHB, ANXA2 and LGALS1); cluster C2 of non-
switched memory B cells displayed high expression levels of
many proteins associated to stress responses (HSPA6, HSPE],
HSPB1, HSPA1A and UBC) and CD69; cluster C3 was charac-
terised by prominent expression of markers normally associated
with T cells (IL7R, NKG7, CD2, CD3e, ANXA1, KLRB1, CD7
and IL-32) (figure 2B). Gene set enrichment analysis (GSEA) on
bona fide B cell clusters further confirmed that CO was charac-
terised by gene set and transcription factors associated with the

resting and metabolically quiescent naive state; C1 was charac-
terised by transcripts associated with fatty acid metabolism and
oxidative phosphorylation; whereas C2 was characterised by
transcripts associated with stress response under hypoxia and
inflammation (figure 2, online supplemental figure 1A, online
supplemental file 3). Cluster analysis of scRNA-seq data revealed
that the tumour area was poorly enriched with B cells and each B
cell cluster was less abundant within the tumour compared with
non-tumoural tissues (figure 2D), in agreement with the poorly
immunogenic nature of iCCA.
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Figure 2 Transcriptome of infiltrating B lymphocytes in iCCA tumours and adjacent tissue reveals heterogeneity of B cells in iCCA. (A) UMAP

plot from scRNA-seq of paired tumour and adjacent non-tumour liver tissues from six treatment-naive iCCA patients, showing four distinct B cell
clusters: CO (naive B cells), C1 (switched memory/exhausted B cells), C2 (non-switched memory B cells) and C3 (CD3*CD20" double-positive cells).
(B) Heatmap displaying expression of top marker genes for each B cell cluster. Columns represent single cells, and rows correspond to cluster-
defining genes. (C) GSEA comparing hallmark gene sets across B cell clusters (adjusted p<0.05). Enrichment is shown as NES. (D) Relative frequency
distribution of each B cell cluster in tumour versus adjacent non-tumour tissue. Each point represents an individual sample; lines indicate median
values. (E) GSEA pseudo-bulk analysis highlighting hallmark pathways differentially expressed in tumour versus non-tumour samples within clusters
C0, C1 and C2. NES indicates direction and strength of enrichment. (F) GSEA pseudo-bulk analysis of Gene Ontology Biological Processes (GO-BP)
for differentially expressed genes in tumour versus non-tumour samples, stratified by B cell cluster. (G) Volcano plot of differentially expressed genes
between tumour and adjacent non-tumourous tissue across all B cells. Genes with adjusted p<0.05 are shown. GO-BP, Gene Ontology Biological
Process; GSEA, Gene Set Enrichment Analysis; iCCA, intrahepatic cholangiocarcinoma; NES, normalised enrichment score; UMAP, Uniform Manifold
Approximation and Projection.
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We then used GSEA to screen out valuable hallmark gene sets
for tumourous compared with peritumoural tissues. We found
that G2M checkpoint, DNA repair, MYC targets, glycolysis and
xenobiotic metabolism were abnormal hallmark gene sets in
tumour tissue versus adjacent normal tissue, whereas inflamma-
tory pathways were strongly downregulated (figure 2E). Remark-
ably, in-depth GSEA analysis of biological process and pathways
further unveiled that BCR signalling, B cell differentiation and
humoral responses were markedly suppressed in the tumour
(figure 2F, online supplemental figure 1B,C, online supple-
mental file 3). In agreement, several B cell activation/differenti-
ation genes (MS4A1, CD72, MYC, CD69, TCL1A, eg,R1, FOS,
CD79B, JUN, RGS2, CD52) and those involved in inflamma-
tion (INF-y, CCL4, CCL3) were downregulated in iCCA tumour
compared with adjacent non-tumour tissue (figure 2G). On the
contrary, intratumoural B cells showed an upregulation of genes
involved in cellular stress response (DNAJB6, HSPH1, TAGLN2,
HSPD1) and GPCR binding (CCR7, SRGN, TYMP) (figure 2G).
Opverall, these data highlight not only the poor B cell infiltration
of iCCA but also the functional impairment of intratumoural B
cells.

High-dimensional flow cytometry defines the B-cell
composition of human iCCA
We next developed a polychromatic flow cytometry panel and
characterised single B cell suspensions from resected tumour,
paired adjacent cancer-free tissue (peritumour), distal tumour-
free tissue, intrahepatic blood (perfusate) and peripheral
blood (PB) of 19 treatment-naive surgically resected patients
(figure 3A). The panel was designed to examine markers of B cell
differentiation, maturation and activation (online supplemental
table 2), results were analysed using PhenoGraph.** ** Specifi-
cally, we identified 15 putative B cell subpopulations (figure 3B),
whose profile of antigen expression is shown in figure 3A. Data
analysis revealed a substantial difference of CD19™ B cell clus-
tering profile between the two main districts (blood vs tissue)
(figure 3C, online supplemental figure 3B,C, online supple-
mental file 3). Specifically, clusters of memory B cells were
particularly present in the PB and perfusate, including activated,
CD27 1gD*IgM* unswitched (NSM), CD27"IgD~ switched
(SM) and IgA* memory B cells (figure 3, online supplemental
figure 3C,D, online supplemental file 3). On the other hand,
tissue samples were predominantly enriched in the subsets of
CD27 1gD" naive as well as atypical and double negative B
cells, identified as CD27 IgD™ (DN1,2,3), expressing low levels
of activation markers. Within the tumour, clusters of CD24~C-
D217°CD27 IgD™ double negative 2 B cells (characterised by
high expression of activation markers HLA-DR, PD1) (C9),
CD38*CD24*CD10* immature (C13), CD27 IgD"IgM"*
marginal zone naive B cells (C12) and CD38"CD20~ plasmab-
lasts (C11) (figure 3D, online supplemental figure 3D, online
supplemental file 3) were shown to be reduced, confirming that
the tumour is largely devoid of TIL-B populations promoting
antitumour immunity. In contrast, no significant differences
were observed for memory and mature naive B cell subsets. This
finding suggests a selective depletion or dysfunction of antigen-
responsive B cell populations in the tumour milieu, potentially
reflecting their higher sensitivity to immunosuppressive cues.>®
Finally, tissue samples were overall characterised by lower
frequencies of B cells expressing key markers associated with
B-cell differentiation and maturation, including BAFF-receptor
(BAFFR), CD21 and CD44; whereas they displayed higher liver
markers associated with tissue-residency, such as CD69 and

CD70 (figure 3E, online supplemental figure 3E, online supple-
mental file 3).

Ex vivo functionality of B cells revealed impaired
immunoglobulin isotype production and a regulatory
phenotype within the tumour tissue

To investigate the functional consequences of the observed B
cell phenotype, we quantified the Ig isotypes in the plasma of
patients with iCCA (n=26). Patients displayed remarkably lower
IgM, 1gG2, IgG4, IgA and IgE concentrations compared with
HD (figure 4A). Interestingly, levels of IgG1 and IgG3, which
have a high capacity to trigger antibody-dependent cellular
cytotoxicity and activate the complement cascade,’” maintained
normal levels (figure 4A). As IgG1 and IgG3 are products of
early class-switch recombination (CSR), their selective preserva-
tion, alongside the loss of later isotypes, suggests a block in CSR
progression. This is consistent with the downregulation of key
differentiation markers observed in tumour-associated B cells,
pointing to impaired B cell maturation and a defective humoral
immune response in iCCA.

We next performed a comparative analysis of B cells sorted
from tumour and tumour-free adjacent tissues and showed that
TIL-B express higher levels of immunosuppressive cytokines
(IL-10 and TGFB) (figure 4B) and lower levels of proinflamma-
tory cytokines (IL-6 and IL-12), typical of effector B cell popu-
lations, compared with the tumour-free tissue (figure 4B). TIL-B
also upregulated TNF-0, a critical tumour promoter able to
enhance the immunosuppressive capacity of Tregs.*® These data
suggest that TIL-B may develop into a regulatory phenotype and
could thereby sustain the immunosuppression when present in
the iCCA microenvironment.

Molecular characterisation of B cell interactome in iCCA
microenvironment

We next analysed TIL-B interactions with the surrounding
microenvironment by using CellPhoneDB (online supple-
mental methods) and taking advantage of a public scRNA-seq
dataset of iCCA (HRA000863).>’ We found that B cells establish
connections with both CAFs and tumour cells (online supple-
mental figure 4A, online supplemental file 3), engaging path-
ways linked to inflammation, negative regulation of immune
cell activation, proliferation, development and effector func-
tion, cytokine signalling and lymphoid structure formation
(online supplemental figure 4B,C, online supplemental file 3).
The interactions with CAFs involve a variety of ligand-receptor
pairs (online supplemental figure 4D,E, online supplemental
file 3), including interactions with a specific subset of antigen-
presenting CAFs expressing high levels of HLA-related genes*’
(online supplemental figure 4D, online supplemental file 3).
Importantly, enhanced predicted interaction between CXCL12,
CCL4, LTBR expressed by CAFs and CXCR4, CNR2, LTB,
respectively, on B cells suggests a role in B cell homing/retention
and lymphoid structure formation.** Additionally, B cells engage
with CAFs through CD74-MIF/APP/COPA, which regulates
survival and proliferation and is highly expressed during tumour
progression*’; and CD40/BAFF receptor (TNFRSF13C)-BAFF
(TNFSF13B) involved in TGFB production and liver fibrosis.*
Finally, CD55+B cells, associated with immune-suppressive
features, interact with ADGRES on CAFs. Importantly, CD55
was identified as a differentially expressed gene in TIL-B
(figure 2G) linked to immune-suppressive functions and tumour
immune evasion.** We also observed that CD44-FGFR2 and
TGFBI1 interactions mediate communication between B cells and
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Figure 3  High-dimensional flow cytometry reveals B cell heterogeneity, distribution and activation states in iCCA. (A) Schematic representation

of the experimental workflow. B cells were isolated from tumour (T), peritumoural (PT), tumour-free liver (NT), PB and IHB of iCCA patients and
analysed by high-parameter flow cytometry. (B) UMAP of PhenoGraph clustering, identifying 15 B cell populations from pooled samples (n=19
patients), based on expression of surface markers. (C) UMAP coloured by tissue origin, showing the distribution of B cell subsets across NT, PT,

T, PB and IHB compartments. (D) Quantification of B cell subset frequencies—including naive (CD19*CD27-IgD*), activated, unswitched memory
(CD19*CD27*1gD*), switched memory (CD19*CD27*IgD") and double-negative (CD19*CD27-1gD") B cells—across different anatomical sites. (E)
Percentages of total B cells expressing key activation, differentiation and maturation markers (eg, BAFFR, CD44, CD38, PD1, CD71) in the same tissue
compartments. Data are derived from >10 independent experiments (iCCA n=19). Each dot represents one patient sample; bars indicate SD. Statistical
comparisons were made using the Mann-Whitney or ANOVA tests. *p<0.05; **p<0.005; ***p<0.001; ****p<0.0001. ANOVA, analysis of variance;
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Quantification of circulating immunoglobulin isotypes (IgG, IgA, IgM, IgE) in plasma from patients with intrahepatic cholangiocarcinoma (iCCA,
n=26) and (HD, n=10), measured by multiplex bead-based immunoassay. Values are reported in mg/dL. (B) Quantitative RT-PCR analysis of
immunoregulatory cytokine transcripts (eg, IL-10, IL-6, TGF-B1) in intratumoural versus tumour-free CD19*CD20™" B cells, FACS-purified from iCCA
tissue samples (n=7 patients). Expression levels are shown as fold change relative to matched non-malignant tissue. Bars indicate SD; each dot
represents one individual patient. Statistical analysis performed using Mann-Whitney U test. *p<0.05; **p<0.005; ***p<0.001. FACS, fluorescence-
activated cell sorting; HD, healthy donor; iCCA, intrahepatic cholangiocarcinoma.

tumour cells, with CD44 being upregulated in all TIL-B subsets
(figure 2G). The LGALS9 ligand-receptor pair was enriched
in interactions between B cells and tumour cells, indicating a
potential role for tumour cells in inhibiting B-cell activation.*
Further analysis of B cell subpopulations in public scRNA-seq
(HRA000863)*° revealed four main clusters, confirming our
previous analysis (figure SA-C, online supplemental figure 4F,
online supplemental file 3). All B cell subpopulations interacted
with CAFs and tumour cells, with non-switched memory B cells
(C2) exhibiting the highest number of predicted cellular inter-
actions (n=58 with CAFs; n=56iCCA cells). Overall, these
findings imply that TIL-B in iCCA engage in cell-cell commu-
nication with TME receptor-ligand pairs, potentially influencing
their activation and promoting immune-regulatory functions.

We further used high-dimensional tissue mass cytometry
to analyse the spatial distribution of B cells in tumour tissue.
The selected antibodies to identify different cell types included
tumour epithelial cells (E-cadherin+), stromal cells (a-SMA™),
B cells (CD457CD207), T cells (CD45°CD3") and endothelial
cells (CD317) (figure SD, online supplemental figure 5, online
supplemental file 3). The analysis revealed that B cells, whether
organised in TLS or not, were mainly located at the invasive
front of the tumour, close to tumour nests and in stromal areas
(figure 5D, online supplemental figure 5, online supplemental
file 3), suggesting that CAFs and the ECM may act as a barrier to
leucocyte migration.

ICCA cells and CAFs affect B cell polarisation and activation
state

To validate the interactions between TIL-B, tumour cells and
CAFs, we conducted ex vivo coculture experiments. Human
primary iCCA cells and CAFs isolated from resected tumour
specimens (online supplemental figure 6A,B, online supple-
mental table 6) were cocultured with CD197CD27 IgD™ naive B

cells FACS-sorted from the PB of HDs (figure SE). FACS analysis
after 6 days of coculture showed a low frequency of switched and
unswitched memory B cells, mature naive B cells and plasmab-
lasts. This was accompanied by an increase in double-negative
and atypical B cell subsets, resembling the B cell phenotypes
found in ex vivo analyses of iCCA TIL-B (online supplemental
figure SF-7A, online supplemental file 3). This effect was more
pronounced when B cells were co-cultured with tumour cells
(online supplemental figure SF-7A, online supplemental file 3).
Additionally, the percentage of naive B cells expressing activation
and maturation markers (ie, BAFFR, PD1, CD21, CD40, CD70,
CD69, ICOSL and CD44) was significantly reduced compared
with the control if cultured with CAFs or tumour cells (online
supplemental figure SA-7B, online supplemental file 3).
Further, FACS analysis revealed that B cells cocultured on
a transwell system with iCCA cells exhibited impaired differ-
entiation capabilities (online supplemental figure 8A, online
supplemental file 3). While naive B cells still showed some
ability to differentiate into an unswitched memory phenotype,
their transition to switched memory B cells was notably dimin-
ished (online supplemental figure 8B, online supplemental file
3). We also observed a significant increase in atypical B cells
and a decrease in activated B cells and plasmablasts compared
with controls (online supplemental figure 8B, online supple-
mental file 3). The frequency of B cells expressing activation
markers (including BAFFR, PD1, CD44, CD70 and CDé69)
decreased when cocultured with tumour cells, suggesting that
CAFs have a lesser role in influencing the effector phenotype of
B cells through crosstalk (online supplemental figure 8C, online
supplemental file 3). Real-time PCR confirmed the upregulation
of both immunoregulatory (IL-10 and TGF) and proinflam-
matory factors (IL-12, IL-6 and TNFa) in naive B cells cocul-
tured with tumour cells, highlighting their role in modulating
B cell immune responses, while minor differences were noted
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Figure 5 Molecular and functional characterisation of B cell interactions with tumour cells and CAFs in iCCA. (A) CellPhoneDB-based analysis of
ligand—receptor interactions between B cell subsets and either CAFs (cluster 28) or tumour epithelial cells (cluster 8), using a public single-cell RNA-
sequencing (scRNA-seq) dataset from iCCA patients. (B, C) Circos plots showing predicted ligand—receptor (L:R) interactions between CAFs (B) or
tumour cells (C) and B cell subsets. Bubble plots indicate mean expression of each L:R pair (colour scale) and interaction significance (bubble size
based on p value). (D) Imaging mass cytometry of a representative iCCA sample showing a TLS with co-localised immune and stromal markers. (E)
Schematic of the experimental setup for co-cultures of naive B cells with primary iCCA tumour cells or CAFs, using both direct and transwell systems.
(F) Flow cytometry analysis of B cell subset distribution following 6 days of direct co-culture with iCCA cells or CAFs (n=5 independent patients).
Subsets include naive, memory and double-negative B cells. (G) Frequency of B cells expressing key markers of differentiation (eg, CD27), activation
(eg, BAFFR), and exhaustion (eg, PD-1, CD70) after co-culture. (H, I) Quantitative RT-PCR analysis of cytokine transcripts (eg, IL-10, IL-6, TGF-B1) in

B cells after 6 days of co-culture in transwell systems between healthy donor naive B cells and CAFs (H) or primary iCCA cells (I), with or without
treatment with anti-IL-6 (tocilizumab), anti-TGF-f, or their combination; expressed as fold change vs control naive B cells. Bars indicate SD. Statistical
significance assessed using Mann-Whitney U and one-way ANOVA tests. *p<0.05; **p<0.005. ANOVA, analysis of variance; CAFs, cancer-associated
fibroblasts; iCCA, intrahepatic cholangiocarcinoma; TLS, tertiary lymphoid structure.
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when B cells were cocultured with CAFs (online supplemental
figure 8D, online supplemental file 3). Cytokine concentration
in the basolateral supernatant after 6days of coculture showed
a significant increase in IL-10 and pro-inflammatory cytokines
(IL-6 and IL-12p70) in cultures with either iCCA cells or CAFs.
Conversely, when naive B cells were cultured with tumour cells,
the production of other inflammatory factors (eg, IL-13, TNF-a,
TNF-B, INF-y, IL-17A) decreased, while the addition of CAFs
did not significantly affect the levels of these cytokines (online
supplemental figure 9, online supplemental file 3).

To investigate the mechanisms underlying B cell dysfunction in
iCCA, we leveraged our previously performed interactome anal-
ysis between B cells and components of the TME, which iden-
tified TGF-B and IL-6 as prominent immunosuppressive signals
potentially mediating B cell-tumour crosstalk. Consistently,
ELISA confirmed that both iCCA cells and CAFs secrete high
levels of these cytokines (online supplemental figure 10A, online
supplemental file 3). Based on these observations, we inhibited
TGF-BR1/2 (LY2109761) and IL-6R (tocilizumab) in transwell
cocultures with naive B cells. Cytokine blockade, particularly the
dual inhibition, restored B cell activation and differentiation, as
shown by increased expression of BAFFR, CD40, CD44, CD69
and PD1, and expansion of memory B cells and plasmablasts
(online supplemental figure 10B,C, online supplemental file 3).
Quantitative RT-PCR analysis revealed that combined blockade
significantly reduced expression of both immunoregulatory (IL-
10, TGF-B) and pro-inflammatory (IL-6, TNF-a) cytokines in
B cells, with the strongest effect observed in cocultures with
tumour cells (figure SH,I). These findings indicate that TGF-8
and IL-6 synergistically shape a dysfunctional B cell phenotype
and that targeting these pathways may restore B cell effector
functions within the iCCA microenvironment.

Single-cell phenotypic profiling of circulating B cells in
patients treated with ICls
Finally, we profiled B cells from PBMC collected from 21
patients with advanced iCCA treated with first-line durvalumab-
gemcitabine-cisplatin.*’ Eligible patients were classified into
responders (n=10, 47.61%) or not-responders (NR, n=11,
52.389%), based on their disease status after 6months** %%,
responders included complete response (CR), partial response
(PR) and stable disease (SD) (CR: n=1, 4.76%, PR: n=4,
19.05%; SD: n=35, 23.80%), while NR had disease progres-
sion.?! 22

Unsupervised  clustering of circulating CD3 CD19*
cells confirmed the presence of nine B cell subpopulations
(figure 6A,B). Although B cell subsets had a similar distribution in
both groups, responders exhibited a higher percentage of B cells
expressing key B-cell activation and differentiation markers, that
is, BAFFR, CD40, HLA-DR and CD21,* compared with NR
(figure 6B, online supplemental figure 10A-C, online supple-
mental file 3). On the other hand, NR showed increased frequen-
cies of CD70+B cells (figure 6B, online supplemental figure 10C,
online supplemental file 3), linked to cell exhaustion.” Differ-
ences in BAFFR and CD70 expression at baseline suggested that
these markers could be predictive of therapy outcome. Indeed,
Kaplan-Meier analysis revealed that higher BAFFR expres-
sion on circulating B cells was associated with better survival
(figure 6E, OS: p=0.0016and progression-free survival (PFS):
p=0.0025). Given BAFF’s role in the proliferation and matura-
tion of B cells,’® we quantified BAFF protein levels in the plasma
of patients showing higher concentrations in responders both at
baseline and at the end of treatment (figure 6F).

To explore B cell clonal dynamics, we performed bulk BCR
sequencing at baseline and at cycle 2day 1 (C2D1) in a subset
of eight patients (five responders, three NR). Given that B cells
involved in antigen recognition are expected to undergo clonal
expansion, we focused on hyperexpanded clonotypes. To mini-
mise confounding effects from pre-existing clonal expansions,
our analysis was restricted to hyperexpanded clonotypes iden-
tified at C2D1 that were shared by at least two patients. Longi-
tudinal tracking revealed that these treatment-emergent, shared
hyperexpanded clonotypes were significantly more abundant
in responders compared with NR (online supplemental figure
6G-11D, online supplemental file 3). This suggests that B cell
clonal expansion is driven by treatment exposure, occurs early
during therapy and is associated with clinical response.

DISCUSSION

In this study, we provide, for the first time, a detailed char-
acterisation of the B cell landscape and function in iCCA and
their interactions within the TME; we further show a potential
predictive role of B cells in patient response to chemoimmuno-
therapy in advanced iCCA.

Particularly, our data demonstrate that the iCCA TME is char-
acterised by an immunosuppressive B cell phenotype, highlighted
by the downregulation of transcripts related to B cell effector
functions and inflammation.’” Consistently, single-cell immune
phenotyping identifies 15 different B cell subsets with a predom-
inance of immature B cells within the tumour compartment
and few memory B cells and plasmablasts, indicating a limited
capacity to potentially contribute to the antitumour response.
The differential distribution of B cell subsets between tumour
and peritumoural regions may reflect distinct sensitivities to the
TME. Immature and DN2 B cells, which are typically enriched
during active immune responses, appear to be preferentially
depleted in the tumour, likely due to their dependence on anti-
genic stimulation and susceptibility to suppression. In contrast,
the persistence of memory and mature naive B cells may reflect a
more quiescent or clonally restricted population, possibly main-
tained by local stromal niches, as described in other tumours.’*
However, the mere presence of these subsets does not equate to
function, as they may lack proper activation signals. Circulating
B cells mirrored this dysfunction, with impaired immunoglob-
ulin production and receptor signalling.”* ** Notably, increased
frequencies of double-suggest premature exhaustion, as reported
in other cancers.?! *® These cells, typically rare in healthy individ-
uals, might be key in disease progression.” TIL-B also displayed
reduced expression of BAFFR, CD44 and PD1, consistent with
a suppressed state influenced by the TME.*®%” While phenotypic
differences between tumour and peritumoural B cells appeared
limited by flow cytometry, single-cell transcriptomics revealed
functional divergences, suggesting that qualitative changes,
beyond mere cell abundance, may critically shape B cell activity
within the iCCA microenvironment.

Building on previous work,” we show that both primary
tumour cells and CAFs profoundly impair B cell maturation,
promoting the expansion of dysfunctional subsets, such as
double-negative and atypical B cells, and induce immunosup-
pressive cytokines, that is, IL-10, TGF-B and IL-6.%% %" Transcrip-
tomic analyses revealed ligand-receptor interactions between B
cells and tumour/CAF compartments, pointing to both contact-
dependent and soluble factor-mediated mechanisms.’® Among
the top-ranked immunosuppressive signals, TGF-f and IL-6
emerged as key mediators of B cell dysfunction within the
iCCA TME. Functional coculture experiments confirmed that
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Figure 6 Circulating B cell phenotypes and clonal dynamics associate with clinical response to chemoimmunotherapy in iCCA. (A) UMAP
representation of PhenoGraph clustering of peripheral CD19* B cells from iCCA patients (n=21), based on multiparametric flow cytometry. (B)
Heatmap showing z-score normalised expression of selected activation and differentiation markers across identified B cell clusters. (C) Frequencies of
circulating B cell subsets in responder versus non-responder (NR) patients at 10 time points during treatment. (D) Percentage of total CD19" B cells
expressing key surface markers associated with activation (eg, BAFFR), maturation (eg, CD27) and exhaustion (eg, CD70). Error bars represent SD.
Statistical analysis was performed using ANOVA. *p<0.05; ****p<0.0001. (E) Kaplan-Meier survival curves showing overall survival (0S), (E) and
progression-free survival (PFS), (F) in patients with high versus low BAFFR expression on circulating B cells at baseline (n=21). (F) Quantification of
soluble BAFF levels in plasma from responder and NR patients at baseline (cycle 1, day 1-C1D1) and at the end of treatment (C9D1), measured by
ELISA. (G) Relationship between treatment-emergent shared hyperexpanded B cell clonotypes (defined by CDR3 amino acid sequence overlap) and
clinical response to chemo-immunotherapy, assessed via x2 test (p<0.05). ANOVA, analysis of variance; iCCA, intrahepatic cholangiocarcinoma.
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blocking TGF-f and IL-6R signalling restores B cell activation
and differentiation. Notably, IL-6R inhibition disrupted inflam-
matory signals driving regulatory phenotypes, while combined
inhibition promoted a more mature and pro-inflammatory B cell
profile, with therapeutic implications.®

We also explored TLS formation, typically associated with
antitumour immunity.’® ® In iCCA, TLSs were generally scarce
and, when present within tumours, were functionally ineffec-
tive and associated with poor outcomes,’® likely due to immune
exhaustion and the presence of suppressive subsets such as
Tregs and exhausted B cells.®’ ®* Conversely, peritumoural TLS
correlated with higher B cell frequencies and were associated
with late recurrence. These findings suggest that the absence
of mTLS with functional germinal centres may hinder affinity
maturation and memory B cell development, limiting antitu-
mour efficacy. Promoting intratumoural mTLS may thus help
overcome iCCA’s immunosuppressive TME and contribute to
improved patient outcomes. Induction of mTLS has been shown
in other tumour types to support local antigen presentation, B
cell maturation and the generation of tumour-specific immune
responses, thereby enhancing sensitivity to ICls. This scenario is
reminiscent of observations in early-stage hepatocellular carci-
noma.** A recent study by Ding et al*® also reported a positive
prognostic impact of intratumoural TLS in iCCA. However, their
analysis included total TLS structures encompassing multiple
immune cell types, without discriminating B cell phenotype or
functionality. In contrast, our study specifically focuses on B cell
composition and activation state within TLS and reveals that
intratumoural TLS lacking mature, functional B cells may fail
to support effective immune responses. Therefore, our findings
complement and refine those of Ding et al,”’ suggesting that not
only the presence but also the spatial distribution and immune
quality of TLS, particularly the phenotypic and functional char-
acteristics of B cells, may critically influence their clinical rele-
vance in iCCA.

There is evidence that B cells and TLS in the TME are linked
to ICI treatment response.”’ However, reliable predictive
biomarkers for ICI efficacy in iCCA remain elusive. In this study,
we prospectively assessed peripheral B-cell subsets in patients
undergoing ICI-based therapy, evaluating both their predictive
potential and dynamic changes over time. Responders showed a
higher frequency of BAFFR* B cells, an activation marker associ-
ated with improved PFS and overall survival, and the emergence
of hyperexpanded clonotypes, suggestive of therapy-induced
clonal selection. In contrast, NR exhibited reduced activation,
alongside increased CD70 expression, a marker of immune
exhaustion and tumour progression, potentially contributing to
therapeutic resistance.*” These findings indicate that chemoim-
munotherapy actively reshapes the B-cell repertoire and supports
a dual role for B cells as both biomarkers and functional media-
tors of antitumour immunity.

Beyond underscoring the immunosuppressive nature of
tumour-infiltrating B cells in iCCA, our results suggest that their
phenotypic and functional profiles may influence, and poten-
tially predict, clinical responses to immunotherapy. BAFFR* B
cells, TLS maturity and IL-6R or TGF-B pathway inhibition may
represent rational targets for patient stratification and thera-
peutic intervention. While our study offers novel insights into B
cell dysregulation in iCCA, limitations should be acknowledged.
While the low frequency of intratumoural B cells limited certain
spatial and subset-specific analyses, and some assays relied on
peripheral B cells from HDs, the consistency across phenotypic,
transcriptomic and functional datasets reinforces the validity of
our conclusions.

From a translational perspective, B cells emerge as both
promising biomarkers and therapeutic targets in iCCA. Strate-
gies aimed at restoring B-cell function, via cytokine blockade,
enhancement of antigen presentation or induction of mTLS,
could help reprogram the TME and improve immunothera-
peutic efficacy. Notably, a recent study showed that VEGF inhi-
bition promotes BAFF expression and TLS formation, further
supporting the therapeutic relevance of targeting the BAFF axis
to boost B cell-driven antitumour immunity.** Future clinical
trials should evaluate combination approaches integrating B cell-
modulating agents with ICIs to convert iCCA into a more immu-
nologically responsive malignancy.
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