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B cells play essential roles in immunity, mainly through the production of high affinity plasma cells (PCs) and memory B (Bmem)
cells. The affinity maturation and differentiation of B cells rely on the integration of B-cell receptor (BCR) intrinsic and extrinsic
signals provided by antigen binding and the microenvironment, respectively. In recent years, tumor infiltrating B (TIL-B) cells and
PCs (TIL-PCs) have been revealed as important players in antitumor responses in human cancers, but their interplay and dynamics
remain largely unknown. In lymphoid organs, B-cell responses involve both germinal center (GC)-dependent and GC-independent
pathways for Bmem cell and PC production. Affinity maturation of BCR repertoires occurs in GC reactions with specific
spatiotemporal dynamics of signal integration by B cells. In general, the reactivation of high-affinity Bmem cells by antigens triggers
GC-independent production of large numbers of PC without BCR rediversification. Understanding B-cell dynamics in immune
responses requires the integration of multiple tools and readouts such as single-cell phenotyping and RNA-seq, in situ analyses, BCR
repertoire analysis, BCR specificity and affinity assays, and functional tests. Here, we review how those tools have recently been
applied to study TIL-B cells and TIL-PC in different types of solid tumors. We assessed the published evidence for different models of
TIL-B-cell dynamics involving GC-dependent or GC-independent local responses and the resulting production of antigen-specific
PCs. Altogether, we highlight the need for more integrative B-cell immunology studies to rationally investigate TIL-B cells as a
leverage for antitumor therapies.
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INTRODUCTION
Immuno-oncology research aims to deepen the understanding of
the tumor microenvironment (TME) and immune cell interactions
and functions to improve cancer patients’ standard of care.
Tumor-infiltrating T cells have been the major focus of research
and development for immunotherapies. Despite remarkable
results, there is still room for improving the response rates of
patients treated by T-cell targeting treatments. Tumor-infiltrating T
lymphocytes (TIL-T) are not the only immune cells in tumors. B
cells also frequently infiltrate solid tumors, either isolated or
grouped in ectopic lymphoid formations named tertiary lymphoid
structures (TLS). B-cell subsets found in tumors are named tumor-
infiltrating B cells (TIL-B). In the last 5 years, numerous publications
have demonstrated the favorable prognostic impact of TIL-B cells
in several indications and in response to immune checkpoint
inhibitors such as anti-PD(L)1 antibodies.
Despite their positive prognostic impact, the functions, interplay

and dynamics of TIL-B cells in tumors remain unclear. Since B cells
are fundamentally important for protective immune responses,
the physiological mechanisms leading to the production of
plasma cells (PCs), memory B (Bmems) cells and antibodies in
secondary lymphoid organs (SLOs) have been under study for
several decades. In response to activation by antigens, B cells
diversify their BCR repertoires through the mechanism of affinity

maturation, which occurs in germinal centers (GCs) and is a tightly
regulated spatiotemporal process. Upon reinfection or reimmuni-
zation, Bmem cells can quickly differentiate into PCs in GC-
independent reactions without further BCR diversification. Little is
known, however, if these complex and dynamic processes actually
occur within tumors.
Here, we review the essential modern knowledge about B-cell

physiological dynamics in SLOs and the recent comprehension of
TIL-B complex reactivities in tumors elucidated by sophisticated
studies that used human samples and murine models. We
highlight the different state-of-the-art methods that allow
integrative TIL-B characterization in human samples and mouse
models. Based on the current knowledge on B-cell responses in
SLOs and on the recent TIL-B literature, we propose theoretical
models of TIL-B immune responses within tumors and discuss
their cellular mechanisms.
TIL-B abbreviations: For the sake of clarity, tumor infiltrating B

cells are named “TIL-B”. More precisely, among TIL-B cells, tumor-
infiltrating memory B cells, plasma cells, germinal centers, and
naïve B cells are named TIL-Bmem, TIL-PC, TIL-GC, and TIL-Bnaive,
respectively. Tertiary lymphoid structures are named TLSs.
Germinal center structures in TLS-positive tumors are named
GC-TLS. Conventional germinal center structures found in SLOs are
named GC-SLO.
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B-CELL RESPONSES IN SECONDARY LYMPHOID ORGANS
B cells play essential roles in immunity, in most cases through the
production of high-affinity PC and Bmem cells. We and others
have recently reviewed the main mechanisms by which B cells are
activated, proliferate and differentiate upon antigen exposure in
SLOs [1–3]. Here, we summarize the most important concepts
related to the spatiotemporal dynamics of B-cell responses after
infection or immunization that are important for inferring the
types of B-cell responses occurring within solid tumors.
Naïve B cells are formed in the bone marrow, where they

undergo V(D)J recombination of immunoglobulin heavy and light
chain genes to express a functional B-cell receptor (BCR) of the
IgM isotype on their cell surface. Naïve B cells go through a
selection process where their BCR functionality and tolerance
toward self-antigens are tested, demonstrating an effective
additional step of BCR editing. Newly released naïve B cells
develop other peripheral tolerance mechanisms while circulating
in the blood and traveling throughout the body to search for
antigens. The encounter of a naïve B-cell with a cognate antigen is
favored in specialized secondary lymphoid tissues, which are able
to attract lymphocytes and concentrate antigens mainly by using
antigen-presenting cells such as follicular dendritic cells (FDCs).
Naïve B cells are attracted to follicles through their receptor
CXCR5, which binds to the CXCL13 chemokine produced by FDCs.
Naïve B cells may encounter their cognate antigen at the surface
of an FDC. Upon BCR engagement with an antigen, activated B
cells migrate to the T-B border of a B-cell follicle to interact and
present antigens in the form of peptide-major histocompatibility
complex II (pMHC-II) to recruit cognate T follicular helper
(TFH) cells.
The activation of antigen-specific B cells through BCR signaling

and the recruitment of cognate T-cell help may lead to three
distinct fates (Fig. 1A): further activation and differentiation into
germinal center (GC) B cells, differentiation into short-lived
antibody-producing extrafollicular plasmablasts, or a return to
quiescence and differentiation into GC-independent Bmem cells.
Activated B cells proliferate extensively before differentiating;
thus, a single naïve B-cell may give rise to cells that are subjected
to these three distinct fates [4]. Class switch recombination (CSR)
occurs in activated B cells prior to engagement in GC fate
determination [5] but may also occasionally precede differentia-
tion into extrafollicular plasmablasts or GC-independent Bmem
cells. Thus, in primary immune responses, B cells expressing IgG or
IgA isotypes are usually, but not exclusively, derived from naïve B
cells that have been subjected to the GC differentiation process.
Unlike CSR, the process of somatic hypermutation (SHM) of BCR-
coding genes occurs exclusively in GC B cells during the affinity
maturation process. Thus, GC-dependent PC and Bmem cells
express mutated BCR genes, while GC-independent plasmablasts
and Bmem cells express unmutated (germline) BCR genes.
GCs are microanatomical structures where antigen-specific B

cells undergo affinity maturation (Fig. 1B). This dynamic process
involves iterative cycles of cell division and SHM, followed by BCR
affinity-based clonal selection of B cells. GC-dependent PC and
Bmem cells may be exported after one or several cycles of affinity
maturation, yielding long-lived high-affinity memory cells
enabling basal protection through antibody secretion (by PC)
and protection against re-exposure (by Bmem cells). Histologically,
GCs are structured into a dark zone (DZ) and a light zone (LZ),
which are high and low cell density regions, respectively. The LZ is
populated by TFH cells and FDCs producing CXCL13, while the DZ
contains a network of stromal cells that produce CXCL12. Across
those regions, chemokine-driven attraction and crosstalk allow B
cells to migrate bidirectionally from the DZ to the LZ and pass
several checkpoints before their final GC export as differentiated
effector cells. In the DZ, B cells undergo several rounds of
proliferation and somatic hypermutation (SHM). Thus, DZ GC B
cells express high levels of the proliferation marker Ki67 and of the

AID enzyme, a cytidine deaminase responsible for SHM. The SHM
process diversifies the BCR repertoire by generating mutations in
variable regions of both heavy and light chain genes. Affinity for
the antigen may thereby be modified. A post-SHM checkpoint
determines whether a DZ B-cell’s BCR is functional before entering
the LZ or dying otherwise by apoptosis. In the LZ, B cells bind and
uptake antigens from LZ FDCs through their BCR and then present
antigens to cognate LZ TFH cells in the form of pMHC-II
complexes. High affinity BCR translates into higher cell surface
densities of pMHC-II that trigger more recruitment of TFH cells
that have surface CD40L expression and secrete IL21 and IL4
cytokines. LZ B cells lacking positive selection signals endure
“death by neglect”. Positively selected LZ B cells may differentiate
into PC or Bmem cells or return to the DZ for a new cycle of
affinity maturation. In our current understanding, the fate of
selected LZ B cells is partly driven by BCR affinity for antigens, with
higher affinity cells favoring the PC fate and lower affinity cells
favoring the Bmem fate. The BCR isotype is also a strong
determinant of postselection LZ B-cell fate, with IgG+ and IgM+

favoring the PC and Bmem fates, respectively [6]. Due to those
cyclic dynamics, the long-lived progeny of a GC B-cell undergoing
affinity maturation express mutated variants of the original
founder clone’s BCR variable genes and are thus part of the same
clonotype.
Plasmablasts and PCs exit SLOs through the lymphatics and are

transiently found in blood but establish long-term residency in
specific regions, mostly in the bone marrow, where they are
retained through the CXCR4-CXCL12 signaling axis. After being
exported from GC reactions, Bmem circulate through the blood
and migrate to other SLOs, where they will be ready to detect
antigens upon secondary exposure in the future. Upon reactiva-
tion, high-affinity isotype-switched Bmem cells may undergo the
same three fates as naïve B cells (Fig. 1C). However, their fate
mainly results in rapid proliferation and differentiation into GC-
independent extrafollicular plasmablasts that produce large
amounts of isotype-switched high-affinity antibodies with strong
protective effects. Some reactivated Bmem cells re-enter or reform
secondary GCs, where they compete with de novo activated naïve
B cells for further affinity maturation and differentiation [7]. The
GC-independent differentiation of Bmem generates large num-
bers of clonally related plasmablasts expressing BCR sequences
with the same pattern of somatic mutations as their Bmem
ancestor (Fig. 1D). Notably, Bmem cell reactivation not only takes
place in SLOs but may also occur directly at the site of infection in
peripheral tissues (e.g., in pulmonary viral infections), resulting in
local clusters of tissue-resident antigen-specific Bmem cells and
PCs [8, 9].
Altogether, B-cell responses in SLOs involve GC-dependent and

GC-independent pathways yielding short-lived and long-lived
Bmem and PC progeny. Expression of a somatically mutated BCR
implies affinity maturation through a GC reaction at some stage
during the clonal history of the Bmem cell or PC. The pattern of
intraclonal BCR variable sequence diversity discriminates recent
GC-dependent versus GC-independent activation and
differentiation.

TIL-B prognostic and predictive value
In recent years, TIL-B cells have been revealed as important players
in antitumor responses in human cancers. Several reviews have
extensively described their positive prognostic value in several
conditions [10–15].
A recent clinical trial studying the impact of pembrolizumab

(anti-PD1) combined with low-dose cyclophosphamide in patients
with advanced soft tissue sarcoma (STS) demonstrated the clinical
value of assessing TIL-B infiltration for patient prognosis [16]. The
30 patients who had been enrolled based on the detection of TLS
in their tumors showed a significant survival improvement
(6-month non-progressive rate (NPR) of 40%) compared to other

E. Playoust et al.

1041

Cellular & Molecular Immunology (2023) 20:1040 – 1050



patients in the clinical trial (6-month NPR of 4.9%). This clinical trial
followed the publication of Petitprez et al. [17] showing an
immune cell gene expression-based classification of STS, a highly
heterogeneous group of cancers. The immune cell group within
the tumors was enriched in TIL-B cells, T cells, and follicular
dendritic cells and contained TLS. TIL-B infiltration was the
strongest prognostic factor independent of the presence of
CD8+ T cells, suggesting that TIL-B cells could play a role in the
response to immune checkpoint inhibitor therapies. A recent
large-scale retrospective analysis of three independent cohorts

also revealed that the presence of TLS containing germinal centers
(GC-TLSs), named mature TLS in this study, was predictive of
checkpoint inhibitor efficacy independently of PD-L1 expression
or CD8+ T-cell densities [18].
Beyond the prognostic importance of GC-TLS, a transcriptional

analysis in large cohorts of lung cancer patients revealed that the
dominant signature associated with improved overall survival
upon anti-PD-L1 treatment was a TIL-PC signature. In this study,
the presence of TIL-PCs was also associated with the presence of
lymphoid aggregates and TLS [19].

Fig. 1 B-cell responses in secondary lymphoid organs. A Upon primary antigen exposure, naïve B cells may rapidly differentiate into short-
lived plasmablasts producing unmutated IgM antibodies or into GC-independent Bmem cells. Naïve B cells differentiating into GC B cells will
in turn generate Bmem cells and PC expressing mutated IgG or IgA. B Schematic representation of the GC reaction underlying the cyclic
dynamics of affinity maturation. In the DZ, B cells undergo cell division and SHM. In the LZ, B cells undergo affinity-based selection through
interactions with FDCs and TFH cells. After clonal selection, GC B cells can differentiate into Bmem cells or PCs or re-enter the DZ. GC-
dependent clonal expansion and BCR diversification induce sequential mutations of BCR sequences and intraclonal heterogeneity. C Upon
antigen re-exposure, Bmem cells rapidly differentiate into high-affinity plasmablasts producing mutated antibodies or into Bmem cells
replenishing the Bmem pool. Bmem cells may also form secondary GCs and undergo SHM to generate a new round of long-lived PC and
Bmem cells. D In the case of GC-independent Bmem cell reactivation, clonal expansion without further BCR diversification generates large
clonotypes with no intraclonal BCR diversity. Created with BioRender.com
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TLS and TIL-Bs are now in the spotlight of immuno-oncology as
potential key actors for patient survival and response to ICIs.
Nonetheless, their interplay and dynamics within tumors remain
largely unknown compared to our deep understanding of B-cell
dynamics in SLOs in the context of infectious diseases or vaccination.

Methods for studying B-cell responses in tumors
The same methods that are used for studying B-cell responses in
SLOs are used for studying B-cell responses in tumors (Fig. 2A).

Although some mouse models of tumor development may
recapitulate the B-cell infiltration levels that are observed in human
tumors [20], most of the published knowledge on TIL-B-cell diversity
comes from analyzing human samples. Blood is the most accessible
sample type in human patients but offers only a limited time period
to observe circulating B-cell subsets and antibodies. Tumor samples
may be collected after resection surgery or biopsy. Resection
specimens are larger and may be used fresh for analysis by flow
cytometry, single-cell RNA-seq, B-cell cloning or functional assays. In

Fig. 2 Integrative methods for studying B-cell responses in tumors. A Depending on the material that is available, different immunology,
genomics, and imaging methods may be used to study B-cell responses in cancer patients and their tumors. Blood samples may be used to
study antibodies in the serum, B-cell subsets and BCR repertoire among peripheral blood mononuclear cells (PBMCs). Tumor samples may be
used fresh for studying the immune cell composition by flow cytometry and single-cell RNA-seq and as a source of live B cells and PCs for
single-cell cloning of BCR and production as recombinant monoclonal antibodies. Frozen or formalin-fixed paraffin-embedded (FFPE) tissues
may be used for histology, imaging, spatial transcriptomics and BCR sequencing. B A deeper understanding of TIL-B responses and their
importance will come from integrating several B-cell-focused analyses on tumor and blood samples from well-annotated clinical sample
cohorts. Created with BioRender.com
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flow cytometry staining, naïve B cells (CD19+CD20+IgD+CD27−

CD38−), Bmem (CD19+CD20+IgD−CD27+CD38−), GC (CD19+

CD20+IgD−CD10+CD38+), plasmablasts (CD19+CD20−IgD−

CD27+CD38hi) and PC (CD19loCD20-IgD−CD27+CD38hiCD138+)
may be discriminated based on their expression of specific surface
markers [21, 22]. Among GC B cells, LZ and DZ cells can be further
discriminated based on their expression of CXCR4 (DZ) and CD83
(LZ) [22, 23].
In single-cell RNA-seq, non-PC B-lineage cells are identified by

the expression of several B-cell-specific transcripts (e.g., MS4A1,
CD19, CD79A, CD79B), and PC lineage cells are identified by the
high expression of IGH, IGK and IGL transcripts (e.g., IGHM, IGHG1,
IGHA1, IGKC) and other genes related to antibody production (e.g.,
XBP1, DERL3) [24–26]. PCs express two orders of magnitude more
IG transcripts than non-PCs and are clustered based on heavy
chain and light chain isotypes when IG genes are retained in the
highly variable genes computed before dimensionality reduction
and clustering; this process leads to different clusters of PC that
share the vast majority of their marker genes but differ based on
their isotype [25, 27]. Collapsing all IGH and all IGK or IGL
transcripts into unique pseudogenes enables us to focus the
analysis on gene expression differences that are independent to
the BCR isotype class [24]. Among antibody-producing cells,
plasmablasts (PBs) express cell cycle-related transcripts (e.g., MKI67
and STMN1). Among non-PC cells, the expression of characteristic
marker genes discriminates naïve B cells (IGHD, FCER2, TCL1A,
IL4R), Bmem cells (BANK1, BACH2, SELL, CD27), and occasionally GC
B cells (BCL6, RGS13, AICDA). Finer subsets and activated states
represented by minor populations of cells can be discriminated
when large numbers of cells are analyzed [28, 29]. Single-cell RNA-
seq may be coupled with single-cell BCR sequencing when the
full-length cDNA or the 5′-end of cDNA is used as a target for cell
barcoding and sequencing, thereby connecting the BCR sequence
to the transcriptome and enabling tracking of isotype diversity,
somatic hypermutation patterns and clonal lineages of B cells in
SLOs or tumors [27, 29].
Fresh resection specimens may also be divided into different

samples for archiving as fresh-frozen and FFPE blocks. Biopsy
specimens are much smaller and usually only conserved as FFPE
blocks. Recent imaging and genomics techniques enable the
collection of large amounts of descriptive data on small amounts
of tissue materials. Compared with single-marker immunohisto-
chemistry (IHC), multiplex immunofluorescence (IF) assays allow
the analysis of several markers on a single tissue slide, thereby
saving tissue material and enabling the characterization of
complex cellular phenotypes in situ. Multiplex IF has already been
widely used for the characterization and quantification of TLS in
large cohorts of patients [17, 18, 30, 31]. TLS are usually identified
by CD20 staining, and the maturation state of TLS is inferred from
the presence of CD23+ FDCs and/or Ki67+ proliferating B cells
[32]. Bulk RNA sequencing of archived tissue, when combined
with reference-based deconvolution of cellular phenotypes by
bioinformatic algorithms, also enables the semiquantitative
analysis of immune infiltrates [33, 34]. If the RNA quality is high,
such datasets may also be used for adaptive immune receptor
repertoire (BCR and TCR) analysis [35, 36]. Spatial transcriptomics
methods enable the mapping of gene expression for hundreds to
thousands of genes directly in tissue slides [37]. The most spatially
resolved approaches yield subcellular resolution but can currently
only detect up to 1000 preselected genes through probe
hybridization. The less resolved spot-based approaches capture
the full transcriptome from small areas of tissue (55-µm diameter
spots for the popular Visium slides), requiring reference-based
bioinformatic deconvolution to quantify the composition in cell
types and states of the tissue above each spot [38] but yielding
spatially barcoded full-length cDNA that can be used for spatial
analysis of BCR and TCR sequences [39, 40]. In the near future, a
deeper understanding of TIL-B responses and their importance

may be generated by integrating several B-cell-focused analyses
on tumor and blood samples from well-annotated clinical sample
cohorts (Fig. 2B).

TIL-B subsets in human solid tumors
Single-cell RNA-seq or flow cytometry studies of fresh tumor
samples have detailed TIL-B subset proportions and frequencies in
several scenarios.
Germain et al. [21] have identified abundant TIL-Bmem levels

(70%), intermediate levels of TIL-PC (15%) and low TIL-Bnaive (less
than 10%) and TIL-GC levels (less than 5%) among CD19+ cells in
fresh tumor samples from NSCLC patients by flow cytometry.
Single-cell studies performed by Lambrechts et al. [25] comparing
nontumoral to tumoral lung samples revealed a strong enrich-
ment of TIL-B cells inside tumors. Clustering TIL-B cells revealed
the presence of follicular B cells expressing high levels of MS4A1,
CXCR4, and HLA-DR, alongside IgG+ and IgA+ TIL-PCs, the latter
being named MALT-B cells by the authors. Laughney et al. [41]
also reported an enrichment of TIL-B cells in primary lung
adenocarcinoma (LUAD) samples compared to metastatic (adre-
nal, bone or brain metastasis) or nontumoral samples. Kim et al.
[42] studied several tissues, including normal lung, tumoral lung,
normal lymph node, and metastatic lymph node, from early to
advanced LUAD patients. They identified several TIL-B clusters that
were preferentially enriched in specific tissues. TIL-GC transcripts
were very scarce in tumoral samples (less than 1%) but were
increased in metastatic LN compared to normal lung tissues. MALT
B cells (20%) and TIL-PCs (5%) were mostly represented in tumor
samples and metastatic brain samples. Metastatic LNs had less TIL-
PC than normal LNs. Qian et al. [26] profiled single cells of tumors
from 36 patients with lung, colorectal, ovary or breast cancer.
Among 15,247 TIL-B cells, they identified eight main clusters
divided into follicular B cells and TIL-PCs. Among follicular B cells,
they identified abundant TIL-Bmems but rare TIL-Bnaive and IgM+

TIL-Bmems. IgG+ and IgA+ TIL-PCs were equally represented in
lung and ovarian tumors (nearly 50% of all TIL-B) and more
abundant in CRC samples (more than 50%) because of a higher
proportion of IgA+ TIL-PCs. In a head and neck cancer sample,
Wieland et al. [43] identified 79% of activated B cells, 16% of TIL-
PCs, and 4% of TIL-GCs by scRNA-seq. Similarly, Ruffin et al. [44]
identified by high-dimensional flow cytometry 20% of TIL-Bnaive,
40% of TIL-Bmem, and 10% of TIL-PC among the CD19+ B cells in
a head and neck cancer sample. Interestingly, the frequency of
mature TLS containing TIL-GC cells is higher in human papilloma-
virus (HPV)-positive head and neck tumors [44], and TIL-PCs
infiltrating HPV-positive head and neck tumors are frequently
reactive to HPV antigens [43], suggesting that tumors developing
at barrier tissues in contact with foreign antigens may be most
likely to develop TIL-GC structures.
In inflammatory conditions, subsets of immunoregulatory B cells,

mostly characterized by their capacity to produce IL-10 and/or IL-35
and collectively named Breg cells, have been described as critical
negative regulators of immune responses [45, 46]. Breg cells in
cancer have been studied in various mouse models and human
samples (as reviewed here [47]); Breg cells have notably been
associated with the progression and immune escape of pancreatic
cancer [48, 49]. In single-cell RNA-seq studies of human TIL-B cells,
rare B-lineage cells expressing the IL10 transcript to detectable levels
were not enriched in a particular cluster (subset) in unsupervised
analyses [27, 50], which is in line with the diverse phenotypes of IL-
10-producing B cells in ex vivo activation studies [51].
In summary, flow cytometry and scRNA-seq analyses have

revealed that TIL-B subsets are enriched in human solid tumors
compared to their nontumoral tissue counterparts, with the most
abundant subsets being TIL-PCs and TIL-Bmems cells. TIL-GC was
detected in most studies but was often the rarest TIL-B subset. Breg
cells may play important regulatory functions but do not correspond
to a phenotypically distinguishable subset of TIL-B cells.

E. Playoust et al.

1044

Cellular & Molecular Immunology (2023) 20:1040 – 1050



TIL-B spatial organization: TLS and GC-TLS structures
TIL-B subsets are frequently organized using TLS. TLS organization
and the mechanisms driving their formation in tumors have been
extensively reviewed elsewhere [15, 52]. TLS display various
organization and maturation degrees that have been well
described by Silina et al. [32] using imaging analyses of lung
tumor samples. They defined early TLS (E-TLS), formed by a
mixture of T (CD3+) and B (CD20+) cell aggregates, primary-
follicle-like TLS (PFL-TLS) containing FDC (CD21+) networks to
support TLS organization, and secondary-follicle-like TLS (SFL-TLS)
containing GC-like structures (GC-TLSs) with CD23+ TIL-GCs. GC-
TLS are also identified by the expression of BCL6 [53], a master
transcriptional regulator of TFH and GC B cells, and the
proliferation marker Ki67 [21]. From a structural perspective, GC-
TLS are formed by the aggregation of TIL-GC cells into imperfect
circular clusters.
Using multiplex IF imaging (Fig. 3), we compared a healthy

human reactive LN with a human NSCLC sample to assess the
similarities between GC-TLS and conventional GC-SLO. We
identified the presence of Bnaive cells (DAPI+ CD20+ CD27-),
Bmem cells (DAPI+ CD20+ CD27+) and IgA+ or IgG+ PC (DAPI+

CD20- IgA+ or IgG+) in both samples. In rare GC-TLS, we identified
germinal center B cells (DAPI+ CD20+ BCL6+), but GC-TLS sizes
were much smaller than those of GC-SLOs. Additionally, BCL6+ cell
density was lower in GC-TLS. Ruffin et al. [44] studied GC-TLS of
HPV-positive head and neck tumor samples in comparison with
conventional GC-SLO from tonsils. They observed strong Sema4a
expression in both GC structures and documented higher Sema4a

expression in LZ B cells by flow cytometry. DZ-LZ organization was
not obvious in GC-TLS stained for Sema4a by IHC. In primary and
metastatic melanoma samples, Werner et al. [53] identified mature
TLS containing GC but failed to identify DZ-LZ polarization of GC
based on Ki67 (DZ marker) and CD21 (LZ FDC marker).
Thus, tumor TLS have different degrees of maturity, the most

mature TLS presenting GC-like structures and TLS-GC cells with
true phenotypic and transcriptional GC markers. However, GC-TLS
structures are usually small and seem to lack the DZ-LZ
polarization that is characteristic of GC-SLO and required for the
cyclic process of affinity maturation.

TIL-B interactions in response to ICI treatments
Tumor infiltration with B cells is associated with a favorable
response to immune checkpoint inhibitor (ICI) anti-PD(L)1 treat-
ment that is designed to reinvigorate exhausted T cells (mostly
CD8+ cytotoxic T cells) in tumor microenvironments. B cells
themselves may express PD-1 in certain activation or inflammatory
conditions [54–56], and PD-1hi B cells have been described as
playing an immunoregulatory role in hepatomas [57]. However,
most studies reported thus far suggest that the favorable
prognostic role of B cells in response to ICI treatment may be
due to indirect mechanisms through B-T-cell collaboration (see
below).
Cabrita et al. [30] showed in melanoma that the co-occurrence

of CD20+ TIL-B and CD8+ T cells was associated with improved
patient survival. They found an increase in TCF7+ naïve or memory
T cells in TIL-B rich tumors. In contrast, T cells in tumors deprived
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Fig. 3 GC-TLS displays structural differences from conventional GC-SLO. Multiplex IF staining of a TIL-B infiltrated non-small cell lung cancer
(NSCLC) tumor sample compared with a reactional lymph node to assess the presence of B-cell subsets and GC organization. Staining was
performed with the Leica Bond Rx. Our multiplex panel was designed for TIL-B identification: mouse anti-CD20 (clone L26, DAKO), rabbit anti-
BCL6 (EPR11410-43, Abcam), rabbit anti-IgA (EPR5367-76, Abcam), rabbit anti-CD27 (EPR8569, Abcam), rabbit anti-IgG (EPR4421, Abcam), and
anti-pancytokeratin (AE1/AE3/PCK26, Roche). We used the Akoya Bioscience Opal 6-Plex Detection Kit using TSA opal fluorophores (Opal 480,
Opal 520, Opal 570, Opal 620 and Opal 690). Slides were counterstained with spectral DAPI (Akoya Bioscience), cover-slipped, and scanned
using the PerkinElmer Vectra Polaris System. A–C Representative images of GC-SLO. D–I Representative images of GC-TLS. Low magnification
(scale bar= 100 µm) images with all markers are shown in (A, D, G). White squares indicate areas selected for higher magnification views. High
magnification (scale bar = 20 µm) images with only the indicated markers are shown in (B, E, H, C, F, I)
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of TLS displayed a dysfunctional phenotype. Patil et al. [19]
revealed that TIL-PC infiltrate was positively correlated with the
presence of T cells organized in TLS or lymphoid aggregates in
NSCLC tumors treated with anti-PD-L1. Vanhersecke et al. [18]
suggested a role for CD8+ T cells and TIL-B collaboration in
response to anti-PD-1 treatment, even if the main prognostic
impact was conferred by mature TLS (GC-TLS) in their study.
Indeed, patients with poor CD8+ T-cell infiltration in their tumors
had poorer outcomes regardless of TLS status, suggesting that
CD8+ T-cell presence was necessary but not sufficient to generate
a robust antitumor response. In NSCLC, Thommen et al. [58]
highlighted the ability of exhausted PD-1hi CD8+ T cells to recruit
B cells via CXCL13 secretion upon anti-PD-1 treatment. The
presence of those PD-1hiCD8+ T cells was predictive of patient
response to anti-PD-1 immunotherapy.
These descriptive studies in human tumor samples shed light

on potential B-T-cell collaboration in antitumor responses upon ICI
treatment. Studies in murine models have explored the possible
mechanisms that may be involved. Rodriguez et al. [59] used a
murine melanoma model in which ICI treatment induced larger
and more organized TLS. CD8+ T cells were involved in the initial
aggregation and reticular network formation of cancer-associated
fibroblasts (CAFs), while B cells recruited via CXCL13 drove CAF
proliferation and the expansion of TLS through lymphotoxin beta/
lymphotoxin beta receptor (LTBR) crosstalk. In a murine breast
cancer model with high mutational burden, Hollern et al. [60]
showed that B-TFH cell interactions were required to mediate ICI
treatment response, which in turn involved PC secretion of
antibodies. Depletion of T regulatory (TREG) cells also improved
antitumor responses in this model.
Therefore, functional collaborations between TIL-B and CD8+

T cells are likely involved in the response to ICI treatment.

Antigen-restricted B-TFH interactions
Regardless of ICI treatments, several studies based on murine
models have shed light on potential T-B cell interactions providing
antitumor responses using systemic T-B-cell depletion and
adoptive transfer manipulation. Cui et al. [61] studied B-TFH cell
interactions in a murine model of lung adenocarcinoma (LUAD) in
which tumor cells express neo-antigens recognized by B and
T cells or T cells only. They showed that tumor antigen recognition
by B and T cells was necessary for naïve T-cell differentiation into
TFH cells producing IL-21. In turn, IL-21 potentiated CD8+ T-cell
cytotoxicity via granzyme B upregulation, enhancing antitumor
responses. In a mouse model of breast cancer treated by
chemotherapy, B-cell-specific deletion revealed that ICOSL expres-
sion in B cells is important for B-T-cell interactions in TLS [62].
ICOSL expression in B cells was dependent on the complement
receptor CR2 and antigen recognition via BCR, triggered by
immunogenic cell death. The presence of ICOSL+ B cells led to a
higher Teffector/TREG ratio and improved antitumor immunity.
These studies highlight B-TFH interactions that are beneficial to

the antitumor immune response. It is still unclear whether
beneficial B-TFH interactions occur primarily within tumor TLS or
in tumor-draining SLOs.

Potential GC-independent antigen-specific TIL-B responses
There is currently little evidence from studies on human tumors
that GC-TLS reactions are productive. The frequent high density of
TIL-PCs contrasts with the rare occurrence of low numbers of small
GC-TLSs and questions the ability of GC-TLSs to generate such a
high number of TIL-PCs. Could the majority of TIL-PCs be
generated in GC-independent responses? Or could they be
recruited from SLOs in permissive tumor microenvironments?
In a spatial transcriptomic analysis of human renal cell

carcinoma (RCC) samples, Meylan et al. [63] showed that TIL-PCs
were clustered along CXCL12+ fibroblast reticular tracks. The
CXCR4-CXCL12 axis is well known for regulating long-lived PCs in

the bone marrow. CXCL12+ stromal cells in the medullary area of
SLOs are also known to provide signals such as BAFF or APRIL to
promote B-cell survival [1–3]. Thus, it is likely that CXCL12+

stromal cells in tumors function as a niche to host TIL-PCs that are
either generated locally or recruited from the periphery. Meylan
et al. [63] favor the former hypothesis because they observed that
those CXCL12+ tracks extend from TLS areas within the tumor.
They also associated the presence of TLS and TIL-PCs with IgG
deposits on tumor cells, suggesting that TIL-PCs secrete tumor
antigen-specific antibodies. In ovarian cancer, Biswas et al. [64]
showed that secreted IgA bound the polymeric immunoglobulin
receptor (pIgR) on ovarian tumor cells, leading to IgA transcytosis
across them. Transcytosis induced transcriptional changes within
tumor cells and sensitized them to T-cell killing. In that study,
in situ IgA production also led to tumor cell death after activation
of antibody-dependent cell phagocytosis by myeloid cells.

Inferring TIL-B origin from the BCR repertoire
As shown in Fig. 1, the patterns of BCR sequence mutations within
clonally related B cells are informative on the type of B-cell
responses they have undergone. Can we use BCR-seq analyses of
TIL-B cells to assess the relative contributions of GC-dependent
and GC-independent responses?
In conventional GC-SLO reactions generated by primary

immunization, the SHM load in Bmem and GC B cells rarely
exceeds ten nucleotide mutations in the heavy and light chain
variable genes [65]. Higher numbers of somatic mutations in BCR
repertoires reflect a longer history of affinity maturation, either in
chronically activated GC, through several rounds of GC re-entry, or
through GC-independent activation of highly mutated Bmem
cells. In human ovarian carcinoma tumors, Mazor et al. [66] studied
the clonal diversification of TIL-PCs through single-cell BCR-seq.
Nearly 50% of TIL-PC clonotypes were expanded. The average
SHM load in IGHV genes was approximately 20, and lineage tree
reconstructions revealed that most large clonotypes had diversi-
fied extensively from their unmutated common ancestor. Some
clonal trees exhibited progressive SHM accumulation and
clonotype diversification, suggesting that some TIL-PCs were
regularly exported from ongoing memory GC reactions. Other
clonal trees showed large clonal expansions without diversifica-
tion, suggesting GC-independent Bmem reactivation and differ-
entiation. Wieland et al. [43] analyzed TIL-PC clonal expansions in
HPV-positive head and neck carcinoma samples. HPV antigen-
specific TIL-PCs had high levels of SHM (on average 28 mutations
in IGHV sequence). Meylan et al. [63] also measured average IGHV
SHM loads between 15 and 18 in TIL-PC sequences of renal cell
carcinoma samples.
In all cases, the SHM levels reported are consistent with most

TIL-PCs being derived from Bmem cell reactivation and differ-
entiation into PCs and seem to imply a long history of affinity
maturation rather than recent output from a primary GC. Bmem
cells are able to re-enter ongoing GC under certain conditions [67]
but more frequently directly differentiate into plasmablasts upon
antigen activation [7]. In healthy humans, at steady state,
circulating plasmablasts may be derived from the same Bmem
cells over several years [68], suggesting that GC-independent
Bmem reactivation is frequent even in the absence of acute
antigenic stimuli. Such Bmem reactivation likely occurs in SLOs but
may also take place within tumor TLSs. Lung-resident Bmem cells
have been shown to be a potent source of local antigen-specific
antibody-producing PC in airway viral infections [8, 9], which
suggests that similar mechanisms may be occurring with tumor-
resident Bmem cells.

TIL-B antigen specificity
What antigens are recognized by TIL-B cells? Many tumor-specific
antigens were historically identified by screening serum anti-
bodies against tumor cell-derived cDNA expression libraries with
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the serological identification of antigens by the recombinant
expression cloning (SEREX) method [69]. Serum reactivities against
known tumor antigens such as P53, MAGEA4, SOX2 and NY-ESO
have been extensively studied in patient sera and may also be
used as biomarkers of cancer [70].
Recent reports in mice and human tumor samples

[60, 63, 64, 66, 71] have demonstrated the existence of immunoglo-
bulin deposits on tumor cells in situ. In Biswas et al. [64], OVCAR3
ovarian carcinoma cells were coated with tumor-derived IgA. This
binding was abrogated when IgA was replaced with IgG or when
pIgR was deleted from OVCAR3 cells. Additionally, in ovarian
carcinoma, Mazor et al. [66] detected IgG-coated tumor cells in a
significant fraction of samples (61%) compared to healthy epithe-
lium of the fallopian tube or the ovary. They also reported the
presence of numerous IgG+ TIL-PCs in the tumor samples. This
finding is consistent with the observations from Meylan et al. [63]
investigating renal cell carcinoma, where tumor cells are frequently
coated by IgG, especially in samples with dense TIL-B and TIL-PC
infiltrates. In a high mutation burden mouse breast cancer model,
Hollern et al. [60] also identified IgG binding of tumor cells upon anti-
PD-1 and anti-CTLA-4 antibody treatment. In another mouse breast
cancer model studying the impact of IgG production on metastatic
spreading of tumor cells, Gu et al. [71] reported pathologic IgG
binding to the membrane of 4T1 tumor cells, a mechanism not
observed in healthy mice upon 4T1 cell treatment with IgG.
Thus, TIL-PC-derived antibodies may target antigens expressed

by tumor cells. However, it is unclear what proportion of TIL-B and
TIL-PC express tumor-specific antibodies and what antigens are
targeted.
Wieland et al. [43] identified high frequencies of HPV protein-

specific TIL-PC in HPV-positive head and neck carcinoma samples.
Those TIL-PCs targeted the E6 and E7 oncogenes and the
regulatory protein E2. On average, 1–2% of IgG+ TIL-PCs targeted
one of those HPV antigens in tumors and metastatic lymph nodes,
with frequencies reaching 10% in some tumors. TIL-PC viral
antigen specificity was correlated with serum titers against viral
antigens in HPV-positive patients. Overacre-Delgoffe et al. [72]
studied the introduction of Helicobacter hepaticus (Hhep), an
immunogenic intestinal bacterium, in a mouse model of colorectal
cancer. Hhep colonization favored the antitumor immune
response by inducing Hhep-specific TFH cells and mature TLS,
demonstrating that TLS-GC-dependent B-cell responses targeting
nontumor foreign antigens could also benefit the antitumor
immune response.
HSPA4 protein was identified by Gu et al. [71] as a tumor

glycosylated antigen implicated in lymph node metastases in a
mouse model of breast cancer. Tumor-bearing mice had higher
serum IgG levels, which could bind glycosylated HSPA4 proteins.
HSPA4 binding triggered the CXCR4-CXCL12 axis to promote
lymph node infiltration, a prerequisite for tumor metastasis
development in lymph nodes. Here, autoreactive HSPA4-specific
TIL-B seemed to be implicated in the establishment of a
premetastatic niche. Patient sera also showed reactivity against
HSPA4, which was correlated with poor prognosis and was also
correlated with HSPA4 expression in tumors. In malignant
mesothelioma, the mesothelin protein (MSLN) is highly expressed.
Liu et al. [73] reported a strong antitumor response following
treatment with LMB-100, a recombinant immunotoxin composed
of an MSLN-targeting Fab linked to a toxin, in an immunocompe-
tent mesothelioma mouse model. LMB-100 triggered antitumor
immunity depending on B and T cells that were not restricted to
the MSLN antigen, suggesting that an immune response
generated toward one antigen could lead to durable antitumor
responses against other tumor cell antigens.
In ovarian cancer, Biswas et al. [64] used human proteome

arrays to test the specificity of IgA antibodies cloned from TIL-PCs.
They identified two extracellular antigens, BDNF and TSPAN7, a
secreted molecule associated with poor prognosis in ovarian

carcinoma and a tetraspanin overexpressed in ovarian carcinoma,
respectively. Importantly, anti-BDNF or anti-TSPAN7 IgA treatment
slowed tumor growth in vivo through mechanisms involving
antibody-dependent cell cytotoxicity and phagocytosis. Mazor
et al. [66] produced monoclonal antibodies cloned from ovarian
cancer TIL-PCs. They discovered that a majority of antibodies were
reactive against primary tumors and tumor ascite-derived cell
cultures. They tested the reactivity of antibodies against matrix
metalloproteinase (MMP) antigens because ovarian cancers are
known to be involved in tissue remodeling and express high levels
of those enzymes. For a majority of antibodies, they found strong
reactivity against MMP14, with some reactivity against other
MMPs. The high abundance of MMPs in the tumor microenviron-
ment may be sufficient to cause a break in tolerance and promote
the generation of autoreactive antibodies recognizing both tumor
cells and healthy tissues. By reverting the anti-MMP14 recombi-
nant antibodies to their unmutated common ancestor (germline)
sequences, they identified two classes of antitumor antigen
antibodies; class I antibodies lost their binding capacities toward
MMP14 once reverted to their germline sequence, while class II
antibodies bound equally well as germline. This suggests that
tumor- and self-reactivity of TIL-PCs may be acquired through
affinity maturation in GC (class I) or may be preexisting (class II).
Despite interesting recent findings, a substantial amount of

research is still needed to understand the antigen specificities of
TIL-B subsets. To date, there is no way to computationally infer the
epitope structure or sequence from the BCR sequence, although
that challenge may be solvable by new technologies [74]. Pairing
broad antigen-specificity assays with single-cell BCR sequencing
[75] on a massive scale will be important to generate sufficient
data for training artificial intelligence models that can be designed
to resolve that issue.

CONCLUSIONS AND PERSPECTIVES
Recent evidence has put TIL-B in the spotlight of cancer
immunotherapy research. Their organization in mature TLS or
the high density of TIL-PCs within tumors are indicators of good
prognosis for patient survival and response to ICI treatment.
Building on the well-studied B-cell dynamics in SLOs in response
to infection or vaccination, the remaining gaps in our current
understanding of TIL-B responses are being filled.
TIL-B organization as TLS in tumors is heterogeneous. Different

degrees of TLS organization are found in tumors, with frequent
immature TLS and rare GC-TLS. TIL-B dynamics and clonal
diversification in tumors rely either on rare intratumoral GC-
dependent reactions and more frequently on GC-independent TIL-
Bmem reactivation and differentiation. In both cases, the resulting
TIL-B activation relies on the assistance of T cells, and the
differentiated TIL-PCs are supported by a supportive stroma,
providing a survival niche for local antibody production (Fig. 4A).
In tumors, several studies have reported the ability of TIL-B cells to
target different types of antigens: foreign antigens, self-antigens,
or tumor-specific antigens. The antigen specificity of TIL-PC-
derived antibodies may be acquired through affinity maturation in
a GC-dependent process or may preexist in germline precursors.
Self-reactive TIL-PC-derived antibodies likely develop because of
the overexpression of certain self-antigens in the TME. TIL-PC-
derived antibodies may coat tumor cells, targeting those cells for
antibody-dependent cell cytotoxicity or phagocytosis upon
recruitment of NK cells or phagocytes, respectively (Fig. 4B).
Despite recent progress in our understanding of TIL-B

responses, there are still many pending questions regarding the
orchestration of B-cell responses within tumors.

Perfect GC-TLS?
Since in most cases GC-TLS lack key GC-SLO features such as a DZ-
LZ organization, we postulate that even in the rare occasions
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when GC-TLS are found in tumors, they do not effectively facilitate
the differentiation of numerous high-affinity antigen-specific TIL-
Bmem and TIL-PC. We propose that some circumstances induce
the formation of “perfect” GC-TLS that adopt the spatial
organization of GC-SLO to sustain affinity maturation and
generation of long-lived TIL-Bmems and high-affinity TIL-PCs from
de novo activated Bnaive cells (low levels of SHM) and reactivated
Bmem cells (high levels of SHM).
How can perfect GC-TLS be generated? Denton et al. [76]

studied ectopic GC formation in lung tissue in a murine model of
respiratory viral infection. They revealed major differences in
ectopic TLS formation compared to conventional GC-SLO, which
may be of interest to understand what is missing for perfect GC-
TLS formation in tumors. They demonstrated that upon influenza
virus infection, type I IFN production induced lung fibroblasts to
produce CXCL13, allowing the CXCR5-dependent recruitment of B
cells, which in turn formed TLS and ectopic GCs in situ. In the
absence of viral infection, the CXCR5-CXCL13 signaling axis was
not sufficient to generate B-cell trafficking and GC formation. The
same mechanism may occur in the TME, where CXCL13
production recruits TIL-B cells but may not be sufficient to
generate strong and long-lasting GC-TLS reactions. Denton et al.
revealed that only the combination of IFNβ and cGAMP was able
to induce pulmonary GC formation. Those signals, and others that
need to be elucidated, may be missing upon GC-TLS development
in tumors.

Are ICIs generating perfect GC-TLS?
ICI treatment most likely induces direct and indirect activation of
TIL-B, but the precise mechanism and impact on TIL-B and TLS are
still unclear. Are ICIs triggering the development of perfect GC-
TLS?
ICI treatment induces lymphocyte recruitment into tumors in a

murine melanoma model, as reported by Asrir et al. [77].
Lymphocyte accumulation might allow the development of more

consistent and organized TLS. ICI treatment also triggers TIL-B
clonal expansions. Helmink et al. [31] revealed that Bmem cells
were the most enriched B-cell subset in responder patient samples
(51%), followed by PC (16.3%), compared to nonresponder
patients (23.7% and 1.7%, respectively). The proportion of clonally
expanded B cells was higher for responder patients, while
nonresponder patients had mostly clonotypes of small size. A
high density of Bmem cells may be the consequence of GC-TLS
activation and export of effector TIL-B subsets or more likely the
consequence of reactivated TIL-Bmem clonal expansion and GC-
independent differentiation into TIL-PCs.
Perfect GC-TLS require the presence of functional TFH cells for

affinity-based selection of TIL-GC B cells. TFH cells express high
levels of PD-1 [78] and are therefore targeted by anti-PD-1 ICI
treatment. Could TFH activation by anti-PD-1 blocking antibodies
transform GC-TLS into perfect GC-TLS? In a recent study, Herati
et al. [79] studied B and T-cell responses to seasonal influenza
vaccines in anti-PD-1-treated cancer patients. Anti-PD-1-treated
patients displayed more circulating TFH (cTFH) cell responses than
untreated patients. Additionally, patients who had experienced
immune-related adverse events (irAEs) following anti-PD-1 treat-
ment had more robust vaccine-induced cTFH responses than
patients without irAEs. Thus, anti-PD-1 treatment may boost TFH
cell activity in TLS. PD-1 expression by TFH cells has been shown
to promote the confinement of TFH cells within the GC territory
and strengthen the stringency of GC affinity selection [78].
Therefore, unleashing PD-1 with ICIs might increase TFH cell
recruitment to GCs, increase TCR ligand sensitivity and diminish
the stringency of B-cell affinity maturation. Are post-ICI GC-TLS
functional but with a drastic decrease of selection stringency?

What is the stability of TIL-B responses over time?
The systemic repercussions of TIL-B responses can be tracked by
studying the antigen reactivity of serum antibodies in cancer
patients. How stable are those systemic antibody responses? Lee

Fig. 4 Current knowledge on TIL-B responses in tumors. A Different degrees of TLS maturation and organization: simple immature TLSs are
composed of TIL-B and T-cell aggregates (1); GC-TLSs contain TIL-GC structures (2); reactivation of TIL-Bmem in GC-independent (3) and, to a
lesser extent, GC-dependent responses (4) differentiates TIL-PCs that migrate to specific stromal areas in tumors (5). B TIL-B may target
different types of antigens: foreign antigens present within the tumor may lead to local TIL-PC differentiation (1); self-antigens may be
recognized by TIL-PC-derived antibodies (class I or class II) (2); TIL-PC-derived antibodies may recognize tumor-specific antigens or
neoantigens released upon cell death (3); and some of the resulting antibodies may coat tumor cells and sensitize them to killing by NK cells
or phagocytes (4). Created with BioRender.com
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et al. [80] studied serum antibody responses against influenza
virus antigens across multiple years of exposure and repeated
vaccinations. They reported persistent antibody lineages that
accounted for 70% of the serum response over 5 years and that
cross-neutralized a divergent H5N1 strain, thereby revealing
that Bmem clones expressing cross-reactive BCR are recalled
regularly to provide immune protection. In cancer patients, serum
reactivity analysis was mostly performed at a single time point,
upon cancer diagnosis. Studying the stability of cancer-specific
serum reactivity across time may demonstrate the establishment
of robust, long-lasting antitumor B-cell responses and may help us
understand how to reinvigorate antitumor responses.
In the future, next-generation integrative B-cell immunology

methods will yield a precise understanding of TIL-B organization
as GC-TLS, antigen-specific clonal expansions and differentiation
into TIL-PCs before and after treatment with ICIs. Such knowledge
will be a remarkable asset to design innovative immunotherapy
strategies specifically targeting TIL-B cells, with the potential to
durably eliminate cancer.

REFERENCES
1. Attaf N, Baaklini S, Binet L & Milpied P. Heterogeneity of germinal center B cells:

New insights from single-cell studies. Eur J Immunol. 2021. https://doi.org/
10.1002/eji.202149235.

2. Cyster JG, Allen CDCB. Cell responses: cell interaction dynamics and decisions.
Cell. 2019;177:524–40.

3. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol. 2022;40:413–42.
4. Apoptosis and antigen affinity limit effector cell differentiation of a single naïve B

cell. Science. 2015. https://www.science.org/doi/10.1126/science.aaa1342.
5. Roco JA, Mesin L, Binder SC, Nefzger C, Gonzalez-Figueroa P, Canete PF, et al.

Class switch recombination occurs infrequently in germinal centers. Immunity.
2019;51:337–.e7.

6. Sundling C, Lau A, Bourne K, Young C, Laurianto C, Hermes JR, et al. Positive
selection of IgG+ over IgM+ B cells in the germinal center reaction. Immunity.
2021;54:988–1001.e5.

7. Mesin L, Schiepers A, Ersching J, Barbulescu A, Cavazzoni CB, Angelini A, et al.
Restricted clonality and limited germinal center reentry characterize memory B
cell reactivation by boosting. Cell. 2020;180:92–106.e11.

8. Gregoire C, Spinelli L, Villazala-Merino S, Gil L, Holgado MP, Moussa M, et al. Viral
infection engenders bona fide and bystander subsets of lung-resident memory B
cells through a permissive mechanism. Immunity. 2022;55:1216–.e9.

9. MacLean AJ, Richmond N, Koneva L, Attar M, Medina C, Thornton EE, et al.
Secondary influenza challenge triggers resident memory B cell migration and
rapid relocation to boost antibody secretion at infected sites. Immunity.
2022;55:718–.e8.

10. Fridman WH, Petitprez F, Meylan M, Chen TW, Sun CM, Roumenina LT, et al. B
cells and cancer: to B or not to B? J Exp Med. 2021;218:e20200851.

11. Domblides C, Rochefort J, Riffard C, Panouillot M, Lescaille G, Teillaud JL, et al.
Tumor-associated tertiary lymphoid structures: from basic and clinical knowledge
to therapeutic manipulation. Front Immunol 2021;12:698604.

12. Sautès-Fridman C, Verneau J, Sun CM, Moreira M, Chen TW, Meylan M, et al.
Tertiary lymphoid structures and B cells: clinical impact and therapeutic mod-
ulation in cancer. Semin Immunol. 2020;48:101406.

13. Sautès-Fridman C, Lawand M, Giraldo NA, Kaplon H, Germain C, Fridman WH,
et al. Tertiary lymphoid structures in cancers: prognostic value, regulation, and
manipulation for therapeutic intervention. Front Immunol. 2016;7:407.

14. Laumont CM, Banville AC, Gilardi M, Hollern DP, Nelson BH. Tumour-infiltrating B
cells: immunological mechanisms, clinical impact and therapeutic opportunities.
Nat Rev Cancer. 2022;22:414–30.

15. Schumacher TN, Thommen DS. Tertiary lymphoid structures in cancer. Science.
2022;375:eabf9419.

16. Italiano A, Bessede A, Pulido M, Bompas E, Piperno-Neumann S, Chevreau C, et al.
Pembrolizumab in soft-tissue sarcomas with tertiary lymphoid structures: a phase
2 PEMBROSARC trial cohort. Nat Med 2022;28:1199–206.

17. Petitprez F, de Reyniès A, Keung EZ, Chen TW, Sun CM, Calderaro J, et al. B cells
are associated with survival and immunotherapy response in sarcoma. Nature.
2020;577:556–60.

18. Vanhersecke L, Brunet M, Guégan JP, Rey C, Bougouin A, Cousin S, et al. Mature
tertiary lymphoid structures predict immune checkpoint inhibitor efficacy in solid
tumors independently of PD-L1 expression. Nat. Cancer. 2021;1–9 https://doi.org/
10.1038/s43018-021-00232-6.

19. Patil NS, Nabet BY, Müller S, Koeppen H, Zou W, Giltnane J, et al. Intratumoral
plasma cells predict outcomes to PD-L1 blockade in non-small cell lung cancer.
Cancer Cell. 2022;S1535610822000356 https://doi.org/10.1016/j.ccell.2022.02.002.

20. Ng KW, Boumelha J, Enfield KSS, Almagro J, Cha H, Pich O, et al. Antibodies
against endogenous retroviruses promote lung cancer immunotherapy. Nature.
2023;1–11 https://doi.org/10.1038/s41586-023-05771-9.

21. Germain C, Gnjatic S, Tamzalit F, Knockaert S, Remark R, Goc J, et al. Presence of B
cells in tertiary lymphoid structures is associated with a protective immunity in
patients with lung cancer. Am J Respir Crit Care Med 2014;189:832–44.

22. Milpied P, Cervera-Marzal I, Mollichella ML, Tesson B, Brisou G, Traverse-Glehen A,
et al. Human germinal center transcriptional programs are de-synchronized in B
cell lymphoma. Nat Immunol. 2018;19:1013–24.

23. Victora GD, Dominguez-Sola D, Holmes AB, Deroubaix S, Dalla-Favera R, Nus-
senzweig MC. Identification of human germinal center light and dark zone cells
and their relationship to human B-cell lymphomas. Blood. 2012;120:2240–8.

24. King HW, Orban N, Riches JC, Clear AJ, Warnes G, Teichmann SA, et al. Single-cell
analysis of human B cell maturation predicts how antibody class switching
shapes selection dynamics. Sci Immunol. 2021;6:eabe6291.

25. Lambrechts D, Wauters E, Boeckx B, Aibar S, Nittner D, Burton O, et al. Phenotype
molding of stromal cells in the lung tumor microenvironment. Nat Med.
2018;24:1277–89.

26. Qian J, Olbrecht S, Boeckx B, Vos H, Laoui D, Etlioglu E, et al. A pan-cancer
blueprint of the heterogeneous tumor microenvironment revealed by single-cell
profiling. Cell Res. 2020;30:745–62.

27. Hao D, Han G, Sinjab A, Gomez-Bolanos LI, Lazcano R, Serrano A, et al. The single-
cell immunogenomic landscape of B and plasma cells in early-stage lung ade-
nocarcinoma. Cancer Discov. 2022;12:2626–45.

28. Massoni-Badosa, R et al. An atlas of cells in the human tonsil. 2022.06.24.497299.
Preprint at https://doi.org/10.1101/2022.06.24.497299 (2022).

29. Corinaldesi C, Holmes AB, Shen Q, Grunstein E, Pasqualucci L, Dalla-Favera R, et al.
Tracking immunoglobulin repertoire and transcriptomic changes in germinal
center B cells by single-cell analysis. Front Immunol. 2022;12:818758.

30. Cabrita R, Lauss M, Sanna A, Donia M, Skaarup Larsen M, Mitra S, et al. Tertiary
lymphoid structures improve immunotherapy and survival in melanoma. Nature.
2020;577:561–5.

31. Helmink BA, Reddy SM, Gao J, Zhang S, Basar R, Thakur R, et al. B cells and
tertiary lymphoid structures promote immunotherapy response. Nature.
2020;577:549–55.

32. Siliņa K, Soltermann A, Attar FM, Casanova R, Uckeley ZM, Thut H, et al. Germinal
centers determine the prognostic relevance of tertiary lymphoid structures and
are impaired by corticosteroids in lung squamous cell carcinoma. Cancer Res.
2018;78:1308–20.

33. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al. Estimating
the population abundance of tissue-infiltrating immune and stromal cell popu-
lations using gene expression. Genome Biol. 2016;17:218.

34. Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA, Scherer F, et al.
Determining cell type abundance and expression from bulk tissues with digital
cytometry. Nat Biotechnol. 2019;37:773–82.

35. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov IZ, Putintseva EV,
et al. MiXCR: software for comprehensive adaptive immunity profiling. Nat
Methods. 2015;12:380–1.

36. Song L, Cohen D, Ouyang Z, Cao Y, Hu X, Liu XS. TRUST4: immune repertoire
reconstruction from bulk and single-cell RNA-seq data. Nat Methods.
2021;18:627–30.

37. Rao A, Barkley D, França GS, Yanai I. Exploring tissue architecture using spatial
transcriptomics. Nature. 2021;596:211–20.

38. Kleshchevnikov V, Shmatko A, Dann E, Aivazidis A, King HW, Li T, et al. Cell2lo-
cation maps fine-grained cell types in spatial transcriptomics. Nat Biotechnol.
2022;40:661–71.

39. Engblom C, et al. Spatial transcriptomics of T and B cell receptors uncovers
lymphocyte clonal dynamics in human tissue. 2022.11.22.516865 Preprint at
https://doi.org/10.1101/2022.11.22.516865 (2022).

40. Liu S, Iorgulescu JB, Li S, Borji M, Barrera-Lopez IA, Shanmugam V, et al. Spatial
maps of T cell receptors and transcriptomes reveal distinct immune niches and
interactions in the adaptive immune response. Immunity. 2022;55:1940–.e5.

41. Laughney AM, Hu J, Campbell NR, Bakhoum SF, Setty M, Lavallée VP, et al.
Regenerative lineages and immune-mediated pruning in lung cancer metastasis.
Nat Med. 2020;26:259–69.

42. Kim N, Kim HK, Lee K, Hong Y, Cho JH, Choi JW, et al. Single-cell RNA sequencing
demonstrates the molecular and cellular reprogramming of metastatic lung
adenocarcinoma. Nat Commun. 2020;11:2285.

43. Wieland A, Patel MR, Cardenas MA, Eberhardt CS, Hudson WH, Obeng RC et al.
Defining HPV-specific B cell responses in patients with head and neck cancer.
Nature. 2020. https://doi.org/10.1038/s41586-020-2931-3.

E. Playoust et al.

1049

Cellular & Molecular Immunology (2023) 20:1040 – 1050

https://doi.org/10.1002/eji.202149235
https://doi.org/10.1002/eji.202149235
https://www.science.org/doi/10.1126/science.aaa1342
https://doi.org/10.1038/s43018-021-00232-6
https://doi.org/10.1038/s43018-021-00232-6
https://doi.org/10.1016/j.ccell.2022.02.002
https://doi.org/10.1038/s41586-023-05771-9
https://doi.org/10.1101/2022.06.24.497299
https://doi.org/10.1101/2022.11.22.516865
https://doi.org/10.1038/s41586-020-2931-3


44. Ruffin AT, Cillo AR, Tabib T, Liu A, Onkar S, Kunning SR, et al. B cell signatures and
tertiary lymphoid structures contribute to outcome in head and neck squamous
cell carcinoma. Nat Commun. 2021;12:3349.

45. Mauri C, Menon M. Human regulatory B cells in health and disease: therapeutic
potential. J Clin Investig. 2017;127:772–9.

46. Shen P, Roch T, Lampropoulou V, O'Connor RA, Stervbo U, Hilgenberg E, et al. IL-
35-producing B cells are critical regulators of immunity during autoimmune and
infectious diseases. Nature. 2014;507:366–70.

47. Michaud D, Steward CR, Mirlekar B, Pylayeva-Gupta Y. Regulatory B cells in
cancer. Immunol Rev. 2021;299:74–92.

48. Mirlekar B, Wang Y, Li S, Zhou M, Entwistle S, De Buysscher T, et al. Balance
between immunoregulatory B cells and plasma cells drives pancreatic tumor
immunity. Cell Rep Med. 2022;3:100744.

49. Mirlekar B, Michaud D, Lee SJ, Kren NP, Harris C, Greene K, et al. B cell–derived
IL35 drives STAT3-dependent CD8+ T-cell exclusion in pancreatic cancer. Cancer
Immunol Res. 2020;8:292–308.

50. Hu Q, Hong Y, Qi P, Lu G, Mai X, Xu S, et al. Atlas of breast cancer infiltrated
B-lymphocytes revealed by paired single-cell RNA-sequencing and antigen
receptor profiling. Nat Commun. 2021;12:2186.

51. Glass MC, Glass DR, Oliveria JP, Mbiribindi B, Esquivel CO, Krams SM, et al. Human
IL-10-producing B cells have diverse states that are induced from multiple B cell
subsets. Cell Rep. 2022;39:110728.

52. Sautès-Fridman C, Petitprez F, Calderaro J, Fridman WH. Tertiary lymphoid
structures in the era of cancer immunotherapy. Nat Rev Cancer. 2019;19:307–25.

53. Werner F, Wagner C, Simon M, Glatz K, Mertz KD, Läubli H, et al. A standardized
analysis of tertiary lymphoid structures in human melanoma: disease progres-
sion- and tumor site-associated changes with germinal center alteration. Front
Immunol. 2021;12:675146.

54. Thibult M-L, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri L, et al.
PD-1 is a novel regulator of human B-cell activation. Int Immunol.
2013;25:129–37.

55. Wang X, Wang G, Wang Z, Liu B, Han N, Li J, et al. PD-1-expressing B cells
suppress CD4+ and CD8+ T cells via PD-1/PD-L1-dependent pathway. Mol
Immunol. 2019;109:20–26.

56. Okazaki T, Maeda A, Nishimura H, Kurosaki T, Honjo T. PD-1 immunoreceptor
inhibits B cell receptor-mediated signaling by recruiting src homology 2-domain-
containing tyrosine phosphatase 2 to phosphotyrosine. Proc Natl Acad Sci.
2001;98:13866–71.

57. Xiao X, Lao XM, Chen MM, Liu RX, Wei Y, Ouyang FZ, et al. PD-1hi identifies a
novel regulatory B-cell population in human hepatoma that promotes disease
progression. Cancer Discov. 2016;6:546–59.

58. Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, Dimeloe S, et al. A tran-
scriptionally and functionally distinct PD-1+ CD8+ T cell pool with predictive
potential in non-small-cell lung cancer treated with PD-1 blockade. Nat Med.
2018;24:994–1004.

59. Rodriguez AB, Peske JD, Woods AN, Leick KM, Mauldin IS, Meneveau MO, et al.
Immune mechanisms orchestrate tertiary lymphoid structures in tumors via
cancer-associated fibroblasts. Cell Rep. 2021;36:109422.

60. Hollern DP, Xu N, Thennavan A, Glodowski C, Garcia-Recio S, Mott KR, et al. B Cells
and T follicular helper cells mediate response to checkpoint inhibitors in high
mutation burden mouse models of breast cancer. Cell. 2019;179:1191–.e21.

61. Cui C, Wang J, Fagerberg E, Chen PM, Connolly KA, Damo M, et al. Neoantigen-
driven B cell and CD4 T follicular helper cell collaboration promotes anti-tumor
CD8 T cell responses. Cell. 2021;184:6101–.e13.

62. Lu Y, ZhaoQ, Liao JY, Song E, Xia Q, Pan J, et al. Complement signals determine opposite
effects of B cells in chemotherapy-induced immunity. Cell. 2020;180:1081–.e24.

63. Meylan M, Petitprez F, Becht E, Bougoüin A, Pupier G, Calvez A, et al. Tertiary
lymphoid structures generate and propagate anti-tumor antibody-producing
plasma cells in renal cell cancer. Immunity. 2022;55:527–41.e5.

64. Biswas S, Mandal G, Payne KK, Anadon CM, Gatenbee CD, Chaurio RA, et al. IgA
transcytosis and antigen recognition govern ovarian cancer immunity. Nature.
2021. https://doi.org/10.1038/s41586-020-03144-0.

65. Viant C, Weymar GHJ, Escolano A, Chen S, Hartweger H, Cipolla M, et al. Antibody
affinity shapes the choice between memory and germinal Center B cell fates. Cell.
2020; S0092867420313040. https://doi.org/10.1016/j.cell.2020.09.063.

66. Mazor RD, Nathan N, Gilboa A, Stoler-Barak L, Moss L, Solomonov I, et al. Tumor-
reactive antibodies evolve from non-binding and autoreactive precursors. Cell.
2022;185:1208–22.e21.

67. Hägglöf T, Cipolla M, Loewe M, Chen ST, Mesin L, Hartweger H, et al. Continuous
germinal center invasion contributes to the diversity of the immune response.
Cell. 2023;186:147–.e15.

68. Phad GE, Pinto D, Foglierini M, Akhmedov M, Rossi RL, Malvicini E, et al. Clonal
structure, stability and dynamics of human memory B cells and circulating
plasmablasts. Nat Immunol. 2022;23:1–10.

69. Pfreundschuh M. The genealogy of SEREX. Cancer Immunol. 2012;12:7.
70. Tang Z-M, Ling Z-G, Wang C-M, Wu Y-B, Kong J-L. Serum tumor-associated

autoantibodies as diagnostic biomarkers for lung cancer: a systematic review and
meta-analysis. PLOS ONE. 2017;12:e0182117.

71. Gu Y, Liu Y, Fu L, Zhai L, Zhu J, Han Y, et al. Tumor-educated B cells selectively
promote breast cancer lymph node metastasis by HSPA4-targeting IgG. Nat Med.
2019;25:312–22.

72. Overacre-Delgoffe AE, Bumgarner HJ, Cillo AR, Burr A, Tometich JT, Bhattacharjee
A, et al. Microbiota-specific T follicular helper cells drive tertiary lymphoid
structures and anti-tumor immunity against colorectal cancer. Immunity.
2021;54:2812–.e4.

73. Liu W, Tai CT, Liu X, Pastan I. Anti-mesothelin immunotoxin induces mesothe-
lioma eradication, anti-tumor immunity, and the development of tertiary lym-
phoid structures. Proc Natl Acad Sci USA. 2022;119:e2214928119.

74. Akbar R, Robert PA, Pavlović M, Jeliazkov JR, Snapkov I, Slabodkin A, et al. A
compact vocabulary of paratope-epitope interactions enables predictability of
antibody-antigen binding. Cell Rep. 2021;34:108856.

75. Setliff I, Shiakolas AR, Pilewski KA, Murji AA, Mapengo RE, Janowska K, et al. High-
throughput mapping of B cell receptor sequences to antigen specificity. Cell.
2019;179:1636–.e15.

76. Denton AE, Innocentin S, Carr EJ, Bradford BM, Lafouresse F, Mabbott NA, et al.
Type I interferon induces CXCL13 to support ectopic germinal center formation. J
Exp Med. 2019;216:621–37.

77. Asrir A, et al. Tumor-associated high endothelial venules mediate lymphocyte
entry into tumors and predict response to PD-1 plus CTLA-4 combination
immunotherapy. Cancer Cell. 2022. S1535610822000046. https://doi.org/10.1016/
j.ccell.2022.01.002.

78. Shi J, Hou S, Fang Q, Liu X, Liu X, Qi H. PD-1 controls follicular T helper cell
positioning and function. Immunity. 2018;49:264–.e4.

79. Herati RS, Knorr DA, Vella LA, Silva LV, Chilukuri L, Apostolidis SA, et al. PD-1
directed immunotherapy alters Tfh and humoral immune responses to seasonal
influenza vaccine. Nat Immunol. 2022;23:1183–92.

80. Lee J, Paparoditis P, Horton AP, Frühwirth A, McDaniel JR, Jung J, et al. Persistent
antibody clonotypes dominate the serum response to influenza over multiple
years and repeated vaccinations. Cell Host Microbe. 2019;25:367–e5.

ACKNOWLEDGEMENTS
We acknowledge all members of the Milpied and Vivier laboratories at CIML for
fruitful discussions. EP is supported by a fellowship funded by Innate Pharma and the
RHU PIONeeR project (ANR-17-RHUS-00XX-08). This work was supported by grants
from ITMO Cancer and the RHU PIONeeR project.

COMPETING INTERESTS
EV and RR are employees of Innate Pharma. EP and PM have no relevant conflict of
interest to disclose.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Pierre Milpied.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

E. Playoust et al.

1050

Cellular & Molecular Immunology (2023) 20:1040 – 1050

https://doi.org/10.1038/s41586-020-03144-0
https://doi.org/10.1016/j.cell.2020.09.063
https://doi.org/10.1016/j.ccell.2022.01.002
https://doi.org/10.1016/j.ccell.2022.01.002
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Germinal center-dependent and -independent immune responses of tumor-infiltrating B cells in human cancers
	Introduction
	B-cell responses in secondary lymphoid organs
	TIL-B prognostic and predictive value
	Methods for studying B-cell responses in tumors
	TIL-B subsets in human solid tumors
	TIL-B spatial organization: TLS and GC-TLS structures
	TIL-B interactions in response to ICI treatments
	Antigen-restricted B-TFH interactions
	Potential GC-independent antigen-specific TIL-B responses
	Inferring TIL-B origin from the BCR repertoire
	TIL-B antigen specificity

	Conclusions and perspectives
	Perfect GC-TLS?
	Are ICIs generating perfect GC-TLS?
	What is the stability of TIL-B responses over time?

	Acknowledgements
	Competing interests
	ADDITIONAL INFORMATION




