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SUMMARY

The generation of anti-tumor immunity in the draining lymph nodes is known as the cancer immunity cycle.
Accumulating evidence supports the occurrence of such a cycle at tumor sites in the context of chronic
inflammation. Here, we review the role of tertiary lymphoid structures (TLS) in the generation of T and B
cell immunities, focusing on the impact of B cells that undergo full maturation, resulting in the generation
of plasma cells (PCs) producing high-affinity IgG and IgA antibodies. In this context, we propose that
antibodies binding to tumor cells induce macrophage or natural killer (NK)-cell-dependent apoptosis.
Subsequently, released antigen-antibody complexes are internalized and processed by dendritic cells
(DCs), amplifying antigen presentation to T cells. Immune complexes may also be fixed by follicular DCs
(FDCs) in TLS, thereby increasing memory B cell responses. This amplification loop creates an intra-tumoral
immunity cycle, capable of increasing sensitivity of tumors to immunotherapy even in cancers with low

mutational burden.

INTRODUCTION

Tertiary lymphoid structures (TLS) are lymphoid organs that
develop in non-lymphoid tissues in response to antigen persis-
tence in an inflamed microenvironment. They have been initially
described in chronically infected organs, in sites of inflammatory
and auto-immune diseases®® and in transplants subjected to
chronic rejection.” In these situations, the presence of TLS is
associated with exacerbated immune reactions to clear infec-
tions® or with aggravated tissue destruction in auto-immune dis-
eases.® Tumors depict all features necessary for TLS formation:
inflammation is chronic, and tumor cells express antigens result-
ing from aberrant gene expression, mutated genes, epigenetically
modified self-molecules, re-expression of cancer-testis antigens,
virally encoded proteins,” or bacterial proteins.® Indeed, TLS have
been described in human cancers 15 years ago, in melanoma®
and non-small cell lung cancer (NSCLC)."° Although it is not deni-
able that lymph nodes are major sites of immunity generation,
including in cancer,'" recent data show that TLS can be sites of
induction or reactivation of anti-tumor immunity.'*~'*

The term TLS has encompassed different lymphoid structures
in the tumor microenvironment (TME), from T and B cell aggre-
gates to organized structures with T cells surrounding B cells
that form primary follicle (PFL) or secondary follicle (SFL) with a
germinal center (GC).'? Less organized structures likely being
able to differentially impact tumor control have also been
described, and it is necessary to reach a consensus to identify,
characterize, and enumerate TLS. B cells are the dominant cell
population inside TLS and, in contrast to T cells, are mostly
confined to TLS in the TME.
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In the present review, we propose a definition of TLS, a prac-
tical approach for their detection, and focus on the “in situ”
generation of immunity toward tumors, addressing the questions
of activation of naive or memory B cells, amplification and selec-
tion of B cell repertoires, maturation to plasma cells (PCs), anti-
bodies produced by PCs, and the antigens they recognize. The
impact of B cells and TLS on clinical outcome and patient’s
response to therapy is highlighted, underlying their use as
biomarkers and tools for novel therapeutic approaches.

TLS AND OTHER IMMUNE AGGREGATES IN TUMORS

Organized structures that contain a B cell area adjacent to a
T cell zone with mature dendritic cells (DCs) are collectively
named TLS. Three easily identifiable classes of TLS have been
characterized. Immature TLS (iTLS) are aggregates of T and B
cells with few DCs. In such structures, there is no evidence of
induction of efficient immune reactions, and they are rather
associated with T-cell-exhausted, inflamed, and/or immunosup-
pressive TME, such as in hepatocellular carcinoma (HCC)'® and
luminal breast cancer (BC).'® In luminal BC with iTLS, the
exhausted-like T cells have an altered cytotoxic profile, and tu-
mor cells express major histocompatibility complex class |
(MHCI) molecules, suggesting a lack of immune evasion.'®
Mature TLS (mTLS) include a B cell area forming either a PFL
or a GC-containing SFL."” In mTLS, mature DCs are in contact
with T cells, and CD4+programmed death 1 (PD-1) +C-X-C che-
mokine receptor type 5 (CXCRS5) + T follicular helper (Tth) cells
are in contact with B cells. The B cell zone contains a network
of follicular DCs (FDCs) expressing CD21 in PFL as well as
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Figure 1. Intratumoral tertiary lymphoid
structures
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CD23 in SFL. Neighboring peripheral node addressin positive
(PNAd+) high endothelial venules (HEVs), expression of B cell
lymphoma 6 (BCL6), and production of the B cell/T cell attractant
CXCL13 are also characteristics of mTLS'®'*(Figure 1).)

A practical algorithm that can be used in routine pathology
laboratories to detect TLS and assess their maturity has
recently been proposed.”’ In this study, tumor slides from
357 patients (211 carcinomas and 146 sarcomas) gathering
187 surgical specimens and 170 biopsies were analyzed by
hematoxylin-eosin-saffron (HES) staining, immunohistochem-
istry (IHC), and multiplex immunofluorescence (mIF). Cellular
aggregates that contain more than 50 cells on hematoxylin
and eosin (H&E)/HES-stained slides and a characteristic fila-
mentous network of FDC were classified as mTLS. Aggre-
gates with no visible GC were further analyzed by IHC using
anti-CD20 and -CD23 antibodies. Only TLS containing both
CD20+ B cells and CD23+ FDCs characteristic of SFL were
considered fully mature. If necessary, further distinction be-
tween iTLS, PFL-, or SFL-TLS may be realized by mlIF staining
including CD20, CD21, and CD23 enriched by CD3, CD4,
CD8, PD-1, CXCR5, BCL6, and PNAd'® (Figure 1). The use
of artificial intelligence for TLS detection on H&E slides has
gained attention®’?? and may represent a future tool for pa-
thology laboratories.

Although efficient in surgical specimens, TLS detection by
H&E staining and IHC is less robust on small samples such as
biopsies. It is therefore necessary to develop methods appli-
cable to small tissue samples. In this regard, transcriptomic sig-
natures have been proposed by several laboratories. Among
those, several signatures can be used for different purposes.
High expression of CXCL13, strongly associated with B cell
chemotaxis, is easy to perform and robust®® but may detect che-
mokine expression outside of TLS.?* The 12chem signature
contains genes encoding for myeloid, T cell attractants, and B
cell attractants, showing a good correlation with the presence
of TLS detected by IHC.?® A Tth cell signature, which includes
CXCL13, has been proposed in BC.?° A 29 gene signature,
named TLS imprint signature, derived from spatial transcrip-
tomic analyses, highly enriched in immunoglobulin (Ig) genes,
genes expressed in PCs, with some T-cell-associated genes,

defines mTLS in which full B cell maturation toward PCs
occurs.'® Other signatures, such as a T helper 1 (Th1)/B cell
signature in gastric cancer®’ or a PC signature in ovarian can-
cer,’® are linked to TLS-dependent functions but do not directly
define TLS. Thus, as for the pathology algorithm, the choice of a
transcriptomic signature depends on the question that is being
addressed, CXCL13 being the simplest one, the 12chem signa-
ture including all types of TLS, and the 29 gene signature being
specific for mTLS (Table 1).

Less organized immune structures containing T and B cells are
seen in tumors, in addition to TLS (Table 2). Some exhibit pro-tu-
moral functions. Thus, intratumoral B-cell-rich immune hot spots
containing T cells characterized by a low CD8/T regulatory (Treg)
ratio are associated with unfavorable outcome in lung squamous
cell carcinoma (LUSC).*° Pancreatic ductal adenocarcinoma
(PDAC) tumors present lymphoid aggregates of B cells and
CD8+ T cells and small clusters of myelomonocytes and
T cells in a context of high interleukin (IL)-10 expression. Short-
term survivors exhibit decreased densities of CD8+ T cells in B
and T cell aggregates as well as a higher level of co-localization
of myelomonocytes and CD8+ T cells.®" In early-stage lung can-
cers, clusters of CXCR5+ B cells close to CXCL13+ Tfh cells®
and lung cancer activation modules (LCAMs) composed of
IgG+ PCs close to PD-1+CXCL13+ activated T cells and
secreted phosphoprotein 1 (SPP1)+ inflammatory monocyte-
derived macrophages® have been described. It is not clear
whether such B-cell-containing structures are TLS in formation
or remain as so in the TME. The progressive increase in B cell
content of the small clusters of Th cells (<16 cells)—called lym-
phonets—seen after tumor initiation in a mouse lung cancer
model®* suggest that TLS grow from a core of T cells and evolve
to form more complex structures. The fact that small lymphonets
containing T cell factor 1 (TCF1)+PD-1+ progenitor cells
and cytotoxic cells progressively lose CD8+ T cells and acquire
CD4+ Th upon size increase in early-stage human lung tumors
supports this hypothesis and suggests that TCF1+PD-1+CD8+
T progenitor cells may play a role in TLS formation. The DC-
CD4+CXCL13+ Th cell niches interacting with TCF1+PD-
1+CD8+ T cells within cellular triads with DCs and populated
by B cells but lacking effector T cells may also represent
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Table 1. Gene signatures for the detection of tertiary lymphoid structures identified from transcriptomic analyses of human cancers

Signature name

Signature origin

TLS related functions

Genes

Reference

12chem signature

Tfh cell signature

Th1/B cell signature

PC signature

CXCL13

TLS imprint

mRNA microarray
analysis in primary
colorectal cancer

qRT-PCR data analysis in
breast cancer

mRNA microarray
analysis in gastric cancer

NanoString gene
expression analysis in
ovarian cancer

bulk RNA-seq analysis in
colorectal cancer and
soft tissue sarcoma

spatial transcriptomic
analysis comparing
mature TLS zones vs.
non-TLS zones in ccRCC
samples

involved in myeloid, B
cell/T cell chemotaxis,
cell adhesion,
inflammation and cellular
response to IFNy, TNF;
related to TLS at all
maturity stages

involved in B cell and Tfh
cell chemotaxis, cell
recognition and T cell co-
stimulation; detect

GC+ mTLS

involved in B cell/T cell
proliferation,
inflammatory response,
T cell activation, Th cell
differentiation and DC
differentiation; not TLS
specific

involved in adaptive
immune response,
response to TNF and B
cell survival; not TLS
specific

involved in B cell and Tfh
cell chemotaxis, germinal
center formation, lymph
node development and
regulation of humoral
immunity; highly
expressed in TLS but not
TLS specific

involved in
immunoglobulin
production, complement
activation, and
fibroblasts/B cell/T cell
presence; highly
xpressed in mTLS

CCL2, CCL3, CCL4,
CCL5, CCL8, CCL18,
CCL19, CCL21, CXCLS,
CXCL10, CXCL11,
CXCL13

CXCL13, CD200, FBLN?7,
ICOS, SGPP2, SH2D1A,
TIGIT, PDCD1

CD4, CCR5, CXCRS,
CSF2, IGSF®6, IL-2RA,
CD38, CD40, CD5,
MS4A1, SDC1, GFI1, IL-
1R1, IL-1R2, IL-10,
CCL20, TRAF6, STAT5A

TNFRSF17, IGJ

CXCL13

IGHA1, IGHG1, IGHG2,
IGHGS, IGHG4, IGHGP,
IGHM, IGKC, IGLCT,
IGLC2, IGLC3, JCHAIN,
CD79A, FCRL5, MZB1,
SSR4, XBP1, TRBC2, IL-
7R, CXCL12, LUM,
C1QA, C7, CD52, APOE,
PTLP, PTGDS,

PIM2, DERL3

Coppola et al.”®

Gu-Trantien et al.”®

Hennequin et al.”’

Kroeger et al.”®

Petitprez et al.>® and
Becht et al.””

Meylan et al.’®

ccRCC, clear cell renal cell carcinoma; DC, dendritic cell; IFN, interferon; PC, plasma cell; Tfh, T follicular helper cell; Th, T helper cell; TLS, tertiary

lymphoid structure; TNF, tumor necrosis factor.

TLS in formation.>®> Complementing these observations,
TCF7+-PD-1+/— stem-like T cells enriched in metastatic mela-
noma tumors bearing TLS colocalize with B cells and show the
highest densities around B cell aggregates and TLS, supporting
in situ T cell priming mediated by TLS.* In addition, physical in-
teractions between CD4+PD-1+CXCL13+ T cells and DC lyso-
somal associated membrane glycoprotein (DC-LAMP)+ mature
regulatory DCs (mregDCs) were found inside TLS in BC and
melanoma. These T cells exhibited high clonality suggesting
education toward tumor antigens.®” The precise location and in-
teracting partners of the TCF1/TCF7+ T progenitor cells present
during the different maturation steps of TLS need further investi-
gation as does the respective contributions of immune aggre-
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gates, TLS, and perivascular niches to the formation of differen-
tiated intratumoral T cell progeny.

In contrast, structures lacking, or with few, B cells, such as the
stem immunity hubs reported in NSCLC, characterized by
TCF7+CD8+ T cells and enriched for the interferon (IFN)y gene
set signature seem to be distinct from TLS® as are the immune
hubs composed of CXCL13+ T cells, and IFNy+ T cells close to
myeloid and tumor cells expressing the T-cell-attracting chemo-
kines CXCL10/CXCL11+ present in mismatch repair-deficient
(MMR-D) colorectal cancer (CRC)*® and the antigen-presenting
cell (APC) niches containing TCF1+CD8+ T cells and MHCII
APCs found in urologic tumors.”® Additionally, TCF1+PD-
1+CD8+ T cells found in perivascular niches in mouse
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Table 2. Cellular composition of imnmune aggregates

Immune Cancer Myeloid Pronostic Effect
aggregates types T cells B cells PC cells value of immunotherapy Ref
Immune hot NSCLC CD8+ T cells, B cells - - poor outcome - Zhang et al.*°
spots regulatory T cells
LCAM NSCLC PD-1+ CXCL13+ - CD138+ SPP1+ mono- - PFS increase in LCAM Leader et al.*®
T cells PC macrophages high patients receiving
anti-PD-L1
T and B cells NSCLC CXCL13+ T cells CXCR5+ - - - - Hao et al.*
B cells
Immune PDAC IL-10+CD4+ T cells - - IL-10+ myelomoncytes spatial proximity - Mi et al.®’
clusters in long-term
survival patients
GZMB+CD8+ T cells - - IL-10+ myelomonocytes  spatial proximity -
in short-term survival
patients
Lymphoid aggregates CD8+ T cells B cells - - low CD8+ T density in -
CD8+ T and B cells
aggregates in short-term
survival patients
Lymphonets NSCLC early ~TCF1+PD-1+CD8+ T B cells when - - - - Gaglia et al.**
stage progenitor cells, large
cytotoxic cells,
CD4+ Th
cells when large
Immune hubs MMR-D CRC  CXCL13+ T cells, - - CXCR3 ligand+ - - Pelka et al.*®
IFNy+ T cells myeloid cells
Stem immunity NSCLC TCF7+CD8+ T cells - - CXCL10+ macrophages - PFS and OS increase in  Chen et al.*°
hubs adjacent to CD8+ T cells; patients responding to
CCL19+ mregDC anti-PD-1/PD-L1
adjacent to CD4+ T cells
(including Treg)
APC niche RCC, bladder, TCF1+CD8+ T cells - - MHCIl+ APC low density in patients - Jansen et al.®
prostate with low progression-free
survival
Immune triad HCC CD4+CXCL13+ Th cells; B cells - mregDC - increased in responders  Magen et al.*®
TCF1+PD-1+CD8+ to anti-PD-1
T cells
Immune niches® melanoma TCF1+PD-1+CD8+ B cells+/— - - TCF7/PCDC-1 signature increased in patients Siddiqui et al.*’

T cells producing
cytotoxic effector T cells

correlates with improved
survival

receiving anti-PD-1 or
anti-CTLA-4

GZMB, granzyme B; IFN, interferon; LCAM, lung cancer activation module; LUSC, lung squamous cell carcinoma; MHC, major histocompatibility complex; MMR-D CRC, mismatch repair deficient
colorectal cancer; NSCLC, non-small cell lung cancer; PD-1, programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; PDAC, pancreatic ductal adenocarcinoma; PFS, progres-
sion-free survival; RCC, renal cell carcinoma; SPP1, secreted phosphoprotein 1; TCF1, T cell factor 1.
@Located in TLS and in perivascular niches outside TLS.
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models*>*®> and human melanoma®' are associated with tumor

control and response to immunotherapy. In contrast, “stress
response T cells” (Tstr), defined by the expression of stress-
related heat shock genes, notably HSPA1A and HSPA1B,* are
predominantly observed in lymphoid aggregates in numerous
cancers types, associated with resistance to immune check-
point blockade.

Altogether, these resultsiillustrate the tumor-cell-dependent and
functionally diverse immune aggregates that can be present in the
TME (Table 2). They suggest that intratumoral immune aggregates
can act as niches to support the differentiation of TCF1/TCF7+
T cells into effector T cells. More data are required to establish if
these different structures relate between themselves or with TLS.

Although TLS*® and immune niches®® appear to be sites for
generating or re-activating anti-tumor T cell immunity, it may
also occur in draining lymph nodes,’"*® with educated T cells
penetrating the tumors through HEV.*’

In addition to their maturity, another parameter that is essential
for the impact of TLS on tumor control is their location in the TME.
Thus, TLS present in the tumor core or the invasive margin, close
to tumor cells, may be sites of the generation of immune re-
sponses to tumor-associated antigens and are usually associ-
ated with favorable clinical outcome in many cancers. In contrast,
TLS located in inflamed tissues, at a distance from tumor beds,
may represent sites of immunity against self-antigens that are
not over-expressed in tumor cells and are not directly involved
in cancer control.**°° The question of the location of TLS is
also of paramount importance when analyzing metastases in
lymph nodes; only intra-tumoral and invasive margin TLS should
be taken into account, lymphoid structures at distance being
likely non-tumor-associated secondary lymphoid organs in reac-
tion to a variety of antigens present in reactive lymph nodes.

MODULATION OF THE B CELL REPERTOIRE AND
ISOTYPE SWITCHING IN TLS-CONTAINING TUMORS

As in secondary lymphoid organs, GCs in TLS may be sites of
selection, amplification, and affinity maturation of B cell reper-
toires as well as isotypic switching, resulting in PC generation.
Presence of IgG and IgA+ PCs in tumors from a large array of
cancer types, particularly in ovarian cancer’' ™ or soft tissue
sarcoma (STS),* together with the concomitant presence of an-
tibodies bound to tumor cells'**=>" support this hypothesis.
Direct evidence for the generation of full B cell responses
comes from studies analyzing B cell repertoires in tumors. In
clear cell renal cell carcinoma (ccRCC), accompanying the gen-
eration of plasmablasts and PCs in the GC of TLS, Meylan et al.'®
found much higher numbers of Ig heavy (IgH)-chain and Ig light
(IgL)-chain clonotypes in tumors with a high TLS imprint signa-
ture expression (defined as being over the median of the
analyzed cohort) compared with tumors with a low TLS imprint
signature expression. IgH clonotypes represented more than
30 times were dominant, suggesting selection and amplification
of B cell clones. Spatial transcriptomics revealed a high range of
mutation counts of IgL clonotypes inside TLS, whereas only
highly mutated clonotypes were detected outside TLS in the
same tumors. This suggests that hypermutation is occurring in-
side TLS and that only PCs that have undergone affinity matura-
tion travel into the tumor beds. Indeed, the same IgH clones were
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located both inside TLS and at a distance from the tumor beds. '®
Thus, TLS appear to be the sites of the generation of B cell immu-
nity from naive or memory B cells to PC eventually yielding to
antibody production, mostly IgG and IgA, toward tumor cells.'®
In high-serious-grade ovarian cancer (HSGOC), Mazor et al.*® re-
ported that accompanying the presence of IgG antibodies bound
to tumor cells, TLS and IgG1 antibody-secreting PCs are present
in the stroma surrounding tumor nets. Single-cell sequencing of
heavy and light chains mRNAs in B cells sorted from fresh tumors
revealed clonotype expansion, somatic hypermutation, and
clonal diversification by progressive somatic hypermutations
on both Ig chains. Also, in HSGOC, Biswas et al.>® reported
high numbers of IgA- and IgG1-secreting plasmablasts and
PCs associated with improved patient survival and coating of tu-
mor cells, essentially with IgA antibodies. In a mouse model of
ovarian cancer, intra-tumoral isotype switching of B cells is
induced by Tth cells in TLS.*®

These complementary approaches in different cancers
converge to support that intratumoral TLS are sites for anti-tu-
mor antibody production: (1) mature SFL-TLS contain a GC
wherein selection, amplification, affinity maturation, and isotype
switching occur, leading to the generation of PCs, mostly pro-
ducing IgG and IgA; (2) polyclonal activation of intratumoral B
cells from TLS-rich lung tumors induces the production of IgG
and IgA antibodies to cancer-associated antigens®?; (3) high per-
centages of IgG-coated tumor sarcoma cells®® and ccRCC
cells' are found in tumors with TLS and high densities of IgG+
PCs; and (4) antibodies produced based on single-cell reconsti-
tution of heavy- and light-chain repertoires of intra-tumoral B
cells in HSGOC react with ovarian cancer cell lines®® as do anti-
bodies present in ascitic fluids of ovarian cancer patients.”*
Without excluding the possibility that anti-tumoral antibody re-
sponses could be generated in peripheral lymphoid organs,
the above findings militate in favor of in situ antibody production
and raise the questions of their specificities and functions.

NATURE, SPECIFICITIES, AND FUNCTIONS OF IN-SITU-
PRODUCED ANTIBODIES TO TUMOR CELLS

The presence of antibody deposits on tumor cells seems to be a
general phenomenon. Analyzing 35 tumor types, Mazor et al.”®
reported that with the exception of fibrosarcoma, a large array
of solid tumors stain with anti-lgG antibodies, revealing 1gG
bound to tumor cells. Although all cancer types exhibit a subset
of tumor cells coated with IgG, their percentages vary according
to the tumor type from a median over 50% in RCC, liposarcoma,
urothelial carcinoma, and testicular cancers to less than 20% in
other cancer types including lung carcinoma, melanoma, ovarian
cancer, uterine and cervix carcinomas, BC, HCC, CRC, pancre-
atic cancer, and glioblastoma.”® In HSGOC, both IgA and IgG
label tumor cells.>® In ccRCC, there is a median of 70% of IgG-
coated tumor cells and a lower content of IgA-coated tumor
cells.”® As a general rule in these studies, the level of IgG and
IgA antibodies bound to tumor cells associated with the pres-
ence of intratumoral TLS where isotype switching took place.
The quest for antigens is a matter of intense research
since it may lead to the identification of novel targets forimmuno-
therapies. Cancer-testis antigens, mutated p53 and BRCA2 pro-
teins, or lineage-specific antigens in lung cancer, BC, or ovarian
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cancer recognized by IgG and IgA antibodies are mostly intracel-
lular (reviewed in Laumont et al.®® and Germain et al.®®). In head
and neck squamous cell carcinoma (HNSCC), human papilloma-
virus (HPV)+ tumors, IgG, and IgA antibodies recognize intra-nu-
clear E6 and E7 HPV proteins,®® and in lung cancer, IgG anti-
bodies specific to the re-expressed envelope antigen of
endogenous retroviruses (ERVs) are produced in TLS.®" Several
reports also identified antibodies to molecules dysregulated in
cancer such as membranous mucin 1 (MUC1) in BC® or tetra-
spanin N7 in ovarian cancer® as well as antibodies targeting
intracellular proteins.®®%® A large number of reactivities of in-
situ-produced antibodies are with intracellular or membranous
self-antigens in lung, ovarian, or BCs shared by malignant and
normal cells.*® Thus, very few tumor-specific targets have been
identified raising the question of whether these antibodies exert
only anti-tumoral or also auto-immune activities.” The fact that
many antigens are intracellular supports the hypothesis that anti-
body responses are induced to antigens released by dying tumor
cells, which may be particularly occurring in hypoxic tumors such
as RCC. Cell death can also be induced by therapies, including
radio-, chemo-, or immune-’(herapy.64 Thus, antigens that are
usually not accessible —sometimes tumor-specific, such as vir-
ally encoded onco-proteins or cancer-testis antigens as well as
intracellular self-antigens—are not controlled by central toler-
ance and may thus not be subjected to immunoediting, and
they can become immunogenic and induce antibody responses.

PROGNOSTIC IMPACT OF TLS AND B CELLS

As discussed above, the presence of TLS in the TME, in close
proximity to tumor beds, correlates with favorable patient prog-
nosis'® as evidenced in all cancers in both primary and metasta-
tic sites.®® In contrast, TLS are not associated with longer patient
survival if they are located at a distance, outside the invasive
margin, of tumor nests.*®“° In addition, the question of whether
there is a quantitative relationship between the number of TLS, or
the expression level of TLS signatures, and clinical impact or if
there is a tumor-dependent threshold of the number of TLS
required for favorable clinical impact remains open. What is
established is that the presence of intra-tumoral TLS influences
the clinical impact of different cell types that may have different
functionalities in tumors with or without TLS.

Considering T cells, there is a general consensus that high
T cell densities in the tumor center and its invasive margin corre-
late with favorable prognosis.®® Among T cell subsets, memory
T cells, which represent the vast majority of infiltrating
T cells,®” and particularly memory CD8+ T cells are major players
in anti-tumor immunity,°® even if most of them may be anti-
viral.?® In tumors containing TLS, the favorable clinical impact
of CD8+ T cells appears to depend on TLS.'**> Presence of
Treg cells in TLS counteracts the positive clinical impact of
CD8+ Tcells inNSCLC,”° CRC,”" or STS,* as well as in a mouse
model of lung cancer.”> Among CD4+ T cells, CXCL13-produc-
ing Tfh cells represent another T cell subset principally located in
TLS. An eight-gene Tth signature predicted survival or preoper-
ative response to chemotherapy in BC.?° In a mouse model of
CRC, microbiota-specific Tfh cells are induced in tumor-adja-
cent TLS potentially leading to CD4+ T and B cell activation
and resulting in tumor control.”® In HNSCC, single-cell transcrip-
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tomic analyses of HPV+ and HPV— tumors followed by the ana-
lyses of ligand-receptor interactions revealed clusters of B cells
interacting with CD4+ T cells inside TLS in both HPV— and HPV+
tumors and with B cells and Tfh in HPV+ tumors supporting a B
cell activation process linked to tumor control in HNSCC.”*

What is the impact of B cells on disease prognosis? In hu-
mans, there is clear evidence of higher B cell densities in tumors
with TLS than in tumors without TLS or in the corresponding
normal tissues. It is particularly the case for memory B cells
and PCs, the latter being virtually undetectable in most non-
lymphoid normal tissues.”® Strikingly, in most cancers, B cell,
PC, and IgG enrichment scores in the tumor correlate with
good prognosis, whereas IgA score was found associated with
poor prognosis in NSCLC, BC, melanoma,®® and HCC,”® but
with good prognosis in ovarian cancer.”®

Since all B cell subsets are found in tumors,'® it raises the
question of their different impacts on patient prognosis. Howev-
er, many studies have been conducted, identifying B cells with
the pan-B cell marker CD20, which is expressed on all B cell sub-
sets, except long-lived PCs. In contrast to several mouse models
in which B cells are associated with pro-tumoral activities,®~5°
the density of B cells in the TME correlates with favorable prog-
nosis in a large array of tumor types in human studies.'*°%%" This
striking difference between mice and humans may be due to
different factors among which is the lack of TLS formation in
most murine models (reviewed in Fridman et al.’®). Since, in
human tumors, the intra-tumoral density of B cells is highly
dependent on the presence of TLS, they may be educated in
situ in a different manner than that in TLS-lacking mouse tumors
and accomplish anti-tumoral effector functions. Data are hetero-
geneous, concerning the impact of the different B cell subsets on
clinical outcome. In the different studies, B cell subsets have
been characterized and quantified either by using transcriptomic
signatures derived from single-cell RNA-seq or by immuno-im-
aging with antibodies to specific markers or both methods.'®
With the exception of B regulatory (Breg) cells, all B cell subsets
have generally been associated with favorable clinical outcome,
including naive B cells, switched memory B cells, GC B cells,
plasmablasts, and PCs."®"°® The case of Breg cells is still a mat-
ter of debate, due in great part to the lack of a consensus
markers to identify this subset.® However, using IL-10 or trans-
forming growth factor B (TGF-B) production as a proxy for Breg
cells, correlation with poor prognosis has been reported in
several cancers.?*%¢ In PDAC, the proportion of IL-35-produc-
ing B cells inversely correlate with that of PCs, suggesting that
IL-35 contributes to intratumoral B cell dysfunction and subse-
quent inhibition of PCs generation.87 In terms of mechanism,
the stimulator of IFN genes (STINGs) seems to play a major
role in the induction of these immunoregulatory B cells since
the administration of STING agonists results in an expansion of
human and mouse IL-35+ Breg cells in IRF3-dependent but
IFN-independent manner in pancreatic cancer.®® The impact of
these cells was established in a mouse model in which IL-35
blockade or genetic ablation reduced tumor growth.?® Alto-
gether, these studies indicate that immunoregulatory B cells
can be expanded in different cancer types —further research be-
ing necessary to better characterize their phenotypes and func-
tions through induction of Treg cells or direct inhibition of effector
CD8 T cells or PC generation (reviewed in Michaud et al.??).
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In humans, it is clear that the density, fate, and functions of B
cells are highly dependent on the presence and maturity of TLS.
Thus, tumors lacking TLS have generally a low level of B cell infil-
tration that may occur directly through conventional CD31/
CD34+ blood vessels.'® There is no evidence that such B cells,
when present, are educated toward tumor-associated antigens
and exert tumor control. In tumors with TLS, B cells enter into
these lymphoid structures through PNAd+ HEV. Both naive
and memory B cells traffic this way,'? and TLS are the only sites
in tumors where naive B cells can be found.?® In iTLS that are
associated with an immunosuppressed IL-10 and TGF-B-rich
milieu in early stage HCC nodules,'® activation of B cells may
be diverted toward the generation of Breg cells, whose presence
correlates with deleterious clinical impact in several cancers.®? In
mTLS, anti-tumor B cell immunity can be generated either by
activation of naive B cells or reactivation of memory B cells
that had been activated in draining lymph nodes and have
entered TLS through the HEV. It may occur inside the T cell
zone and GC upon antigen presentation by immune complexes
bound to FDCs and signals delivered by Tth cells located at the
periphery of the GC. In NSCLGC, it has been proposed that naive
B cells are activated and undergo full maturation toward PCs.>®
In RCC, spatial transcriptomic analyses revealed that the mem-
ory B cells are a hallmark of mTLS and concentrate in GC where
naive B cells are rather scarce,'® pleading for a reactivation in
situ. However, high numbers of memory B cells may also reflect
in situ maturation of naive B cells, leaving the question of their
priming site still open. Other B cell subsets localized in TLS
such as GC B cells and IgM-producing plasmablasts present
only in TLS GC. PCs are generated in TLS and travel into tumor
nests along CXCL12+ fibroblastic conducts.’® The impact of
PCs on clinical outcome has raised huge interest since they pro-
duce antibodies that could be used as therapeutic tools. Using
public databases, Laumont et al.*® reported that expression of
PC transcriptomic signature was higher in tumoral vs. normal tis-
sues and that PC and IgG high transcriptomic scores correlate
with favorable prognosis in the vast majority of cancer types.
Other studies reported that high densities of PCs detected by
IHC correlated with good prognosis in ovarian,?®°" head and
neck,”? or prostate®’ cancers.

Finally, tumor-cell-bound antibodies also influence clinical
outcome. In HSGOC, patients with IgG+-tumor cells have a
longer disease-free survival (DSS) and overall survival (OS) than
patients with no IgG on their tumor cells.”® Also in HSGOC, Bis-
was et al. found a positive correlation between the level of IgG
and IgA antibodies on tumor cells and clinical outcome.*® In
lung cancer, antibodies to endogenous retrovirus (ERV) mem-
brane glycoproteins, mostly of IgG and IgA isotypes, generated
in TLS, are amplified in immune checkpoint inhibitor (ICl)-treated
patients and high levels of serum anti-ERVK-7 correlate with
longer survival in patients with lung adenocarcinoma.®’

TLS AND B CELLS PREDICT THERAPEUTIC RESPONSES
AND LONGER SURVIVAL IN PATIENTS TREATED WITH
IMMUNOTHERAPY

Effective immunotherapies aim to reinvigorate anti-tumor T cell
immunity at tumor sites and are commonly targeted to T cells
as exemplified by the broadly approved ICls blocking cytotoxic
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T-lymphocyte-associated protein 4 (CTLA-4)°° or the PD-1-pro-
grammed death-ligand 1 (PD-L1) axis.®® It is therefore not sur-
prising that many reports underline the necessity of an abundant
intratumoral T cell infiltrate to sustain therapeutic responses to
ICI1.%%°* As hallmarks of the importance of the T cell compart-
ment are the group of tumors with microsatellite instability
(MSI). In such tumors, deficiency of mismatched DNA repair en-
zymes results in the generation of high numbers of tumor muta-
tions and subsequent strong infiltration of CD8+ T cells in the
TME. Other effector cells such as Tyd cells may also play a
role in MHCl-negative MMR-D colon cancers.?® Patients with
MSI tumors have a high response rate (>50%), a long progres-
sion-free survival (PFS), and OS when treated with pembrolizu-
mab, an antibody against PD-1.°%:°" These findings strongly sup-
port that CD8+ T cells recognizing mutated tumor-associated
peptides presented by MHCI molecules are responsible for tu-
mor control. However, in patients with MSI CRC treated with
IClin a neo-adjuvant setting, who all responded to the treatment,
there is an increase not only in T cells but also in macrophages
and TLS after treatment. Moreover, the most increased tran-
scriptomic signatures upon ICI therapy were, in addition to the
expected IFNy signature, CXCL13- and TLS-associated
genes.”® In patients with rectal cancer treated with neo-adjuvant
dorstalumab, an anti-PD-1 antibody, which yielded over 80%
therapeutic responses, B cells, and TLS also increase during
treatment.®® These findings illustrate the fact that even in can-
cers that are considered as exemplary situations of T cell control,
other players of the TME may be actors of the therapeutic re-
sponses such as TLS, which are sites of generation of both B
and T cell immunities, and macrophages that contribute to
effector activities against tumor cells. Patients with bladder can-
cer presenting high-risk features were treated in a neo-adjuvant
setting with a combination of anti-PD-L1 (durvalumab) and anti-
CTLA-4 (tremelimumab) antibodies. Complete pathological re-
sponses (PCRs) were observed at the time of surgery in 9 of
the 24 patients. Analysis of pre-treatment samples evidenced a
higher number of TLS in responding patients as well as a longer
OS and recurrence-free survival (RFS) in patients with TLS
numbers above the median. The other elements in the TME
that predict responses were high densities of B cells, CD4+
T cells, and CD8+ T cells, whereas PD-L1 expression on tumor
and infiltrating cells had no significant impact on response. '
In another trial conducted in patients with locoregionally
advanced urothelial cancer pre-operatively treated with a com-
bination of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-
1), baseline level of CD8+ T cells, or effector T cell signatures
did not predict response, whereas induction of TLS signatures
was observed in responding patients.’’’ In patients with
NSCLC treated with neo-adjuvant anti-PD-1, the presence of
post-treatment TLS and PCs were detected only in responding
patients correlating with high lymphocyte infiltration'* (Table 3).
In other neo-adjuvant trials in NSCLC,'®® urothelial cancer,'%*
HNSCC, ' and T cell signatures were increased in responding
tumors, but the presence of TLS and B cells was not reported.

In early-stage lung cancer, high baseline LCAM scores corre-
lated with enhanced NSCLC response to immunotherapy.®® The
relative importance of LCAM scores and TLS content needs
further investigation to better elucidate the specific impact of
LCAM on the immunotherapy response.
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Table 3. Impact of TLS and B cells on responses to immunotherapies

Cancer types

Treated by

Cell type predictive for response

Modifications in responding patients

Ref

Neoadjuvant ICI

MMRd CRC

Urothelial carcinoma

aPD-1 + aCTLA-4

aPD-L1 + aCTLA-4

TLS, B cells, CD4+ T and CD8+ T cells

CD3+ T, Macrophages increased
IFN+y, CXCL13, TLS signatures increased

98

100

signatures
oPD-1 + aCTLA-4 No TLS increased 1ot
NSCLC oPD-1 TLS and PC presence in regressing 102
tumors
Metastatic cancers
NSCLC oPD-1 LCAM o
Melanoma oPD-1 /aPD-1 + aCTLA-4 TLS, CD20+ B cells, IGH & IGL clonotypes B cells and TLS increased i
Melanoma oPD-1 /aCTLA-4 TLS signature in CD8+ T and CD20+ B cells 104
high tumors
ccRCC aPD-1/aPD-1 + aCTLA-4 B cells signature 2
ccRCC oPD-1/aPD-1 + oCTLA-4 TLS, IgG antibodies on tumor cells 1
ccRCC oPD-1 + aCTLA-4 B cell associated signature s
STS oPD-1 immune high group characterized by TLS 23
presence
STS selected for presence aPD-1 activated DC and macrophages, Ig gene 54

of TLS

NSCLC, STS, urothelial, CRC,

RCC, BC and others
CIN high grade
PDAC

oPD-1 /aPD-L1

E6/E7 HPV 16 vaccine
GVAX

signatures
mature TLS

TLS induction
TLS induction

117

118

BC, breast cancer; ccRCC, clear cell renal cell carcinoma; CIN, cervical intraepithelial neoplasias; CRC, colorectal carcinoma; CTLA-4, cytotoxic T-lymphocyte-associated protein-4; DC, dendritic
cell; GVAX, granulocyte-macrophage colony-stimulating factor gene-transfected tumor cell vaccine; HPV16, human papillomavirus serotype 16; ICI, immune checkpoint inhibitor; IFN, interferon;
IgH, immunoglobulin heavy chain; IgL, immunoglobulin light chain; LCAM, lung cancer activation module; MMR-D CRC, mismatch repair deficient colorectal carcinoma; NSCLC, non-small cell lung
cancer; PC, plasma cell; PD-1, programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; PDAC, pancreatic ductal adenocarcinoma; RCC, renal cell carcinoma; STS, soft-tissue

sarcomas; TLS, tertiary lymphoid structure.
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These data raise the question of the impact of TLS and B cells,
alone or in conjunction with CD8+ T cells, in metastatic patients
when tumors have undergone extensive immuno-editing.'®"'%°
A study that combined whole-exome and transcriptomic data
from >1,000 ICl-treated patients across seven tumor types and
single-cell RNA-seq from T cells demonstrated that CXCL13 is
expressed in the T cells reactive to a clonal neoantigen and
also in responders to ICI."'° In lung cancer both in human and
in an immunogenic mouse model, high B cell signature expres-
sion, the presence of TLS with a GC, and the production of
anti-tumor antibodies reacting with endogenous retroviruses
correlated with longer survival. Indeed, transfer of serum from
mice containing anti-tumor antibodies increased recipient sur-
vival requiring the presence of natural killer (NK) cells.®" In the
mouse model, longer survival of mice treated with ICI, particu-
larly with anti-PD-L1 antibodies, required the presence of B cells
and CXCL13, intranasal injection of which was synergistic with
PD-L1 blockade.®’ In metastatic melanoma and RCC, patients
treated either with anti-PD-1 antibodies (nivolumab) alone or a
combination of anti-PD-1 and CTLA-4 (ipilimumab) antibodies,
analysis of pre-treatment resected tumors revealed that TLS
and B cell densities predicted responses and that they increased
upon treatment in responding patients as well as expanded IgH
and IgL clonotypes,'"" suggesting that they could also be used
to monitor efficient immunotherapies. Analyses in melanoma pa-
tients also revealed that in pre-treatment tumors, the densities of
T cells, NK cells, and myeloid cells are not associated with
response.’’ In another study conducted in metastatic mela-
noma patients, although densities of both CD8+ T cells and B
cells in the TME were associated with longer OS, B cells seemed
to be dominant since patients with tumors presenting with high
CD8+ T cell density, but low B cell density had a shorter survival.
In addition, analyzing several cohorts of melanoma, the authors
reported that patients presenting with high TLS transcriptomic
signature expression had a longer OS in IClI-treated patients
even in tumors with high CD8 and B cell signatures. Finally,
TLS density was independent of the tumor mutational burden
(TMB)."%® Using MCP-counter,?® a transcriptomic immune clas-
sification of over 800 STS tumors from TCGA and other cohorts
identified an immune high group with high signatures expression
of allimmune cells in the TME, independent of the STS histotype.
This group was associated with longer OS. Among the different
immune cell signatures, only the B cell signature independently
of the T cell signatures, correlated with longer 0S.** Using tran-
scriptomic gene signature and IHC, the authors showed that TLS
presence was a hallmark of the immune high group and was
associated with high densities of T and B cells in the TME. In pa-
tients with metastatic STS treated with the anti-PD-1 antibody
pembrolizumab, the response rate was 50% in the immune
high group compared with 0% in the immune low group and
the immune high group had longest PFS.?® In metastatic ccRCC
patients treated with nivolumab (anti-PD-1 antibody) alone or in
combination with ipilimumab (anti-CTLA-4 antibody), the pres-
ence of TLS correlated with the presence of IgG antibodies on
tumor cells that was associated with high response rates and
longer PFS."® The expression of a TLS and B cell-associated
transcriptomic signature including CXCL13 and Ig genes was
associated with response to ICl and not to anti-angiogenic tyro-
sine kinase inhibitor (TKI)."'? A transcriptomic immune classifica-
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tion of the reputed non immunogenic glioblastoma tumors iden-
tified an immune group characterized by the presence of TLS
and high expression of |g genes; this group strongly associates
with response to ICI, particularly in patients treated with neo-
adjuvant immunotherapy''® (Table 3).

Together with the data from the neo-adjuvant trials, these
studies in metastatic cancers bring to light several major findings
as follows: (1) TLS and B cells predict therapeutic responses to
ICI, in conjunction or not with CD8+ T cells and appear to be
important for the clinical outcome of patients treated with ICI,
(2) location of TLS in the tumor core or at its close invasive margin
is required to predict favorable clinical outcome®® particularly
when metastases in lymph nodes are analyzed,'*® (3) TLS and
B cell signatures are independent of the TMB and predict thera-
peutic responses to ICI both in highly mutated tumors such as
melanoma'?®""" or poorly mutated tumors such as STS®® or
RCC,'®""" and (4) finally, most TLS depicted in these studies
are mature thus supporting the hypothesis that mature, rather
than iTLS, are associated with responses to immunotherapy.’'*
Indeed, retrospective analysis of 540 patients from 3 indepen-
dent cohorts, containing a large array of cancer types (NSCLC,
STS, head and neck cancers, RCC, bladder cancer, CRC, etc.)
treated with PD-1/PD-L1 blockers, revealed that the presence
of mature and not immature, TLS correlates with higher response
rates and longer PFS and OS compared with tumors without
TLS. The impact of mTLS is independent of the expression of
PD-L1 on tumor and infiltrating cells and significant even in
patients with high (above the median) or low CD8+ T cell infiltrate
in the TME."® The expression of pre-treatment PC-associated
signatures is predictive of therapeutic responses to ICI in
NSCLC.""® Thus, the positive impact of mTLS and B cells
in ICl-treated patients is a general phenomenon occurring in
many, if not all, cancer types.

Based on these findings, a prospective trial was launched
treating 30 metastatic STS patients selected for the presence
of TLS in their tumor with pembrolizumab (anti-PD-1 antibody)
and low-dose cyclophosphamide. The trial yielded 30% partial
responses (PRs), 33% stable diseases (SDs), and 33% progres-
sors®® compared with 2.4% PRs in a similar cohort of non-
selected patients subject to the same treatment.''® The non-
progression rate at 6 months was 40% in the TLS-selected
cohort and only 4.9% in the non-selected cohort, supporting
the use of TLS for selection of patients to be treated with ICI.
Pre-treatment immunological analyses of the tumors, which all
contained TLS, revealed that responding patients had a high
expression of Ig genes and a high density of IgG+ PCs in the
TME, some showing IgG labeling on their tumor cells. In addition
to PCs, high densities of activated DCs and activated macro-
phages in the tumor beds correlated with longer PFS and OS,
whereas high density of Treg inside TLS were found in non-re-
sponding patients and correlated with short PFS and 0S.°**
Altogether, these data identify TLS and B cells as pivotal ele-
ments for response to ICI.

TLS were also associated with responses to other immuno-
therapies. After vaccination of patients presenting with high-
grade cervical intra-epithelial neoplasia, active TLS were
induced in the target lesions supporting a tissue-localized
immune response in patients systemically treated with the anti-
E6/E7 antigens of HPV16 DNA vaccine.''” Similar results were
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Figure 2. A tertiary lymphoid structure-
dependent intratumoral cancer immunity
cycle promotes response to immune
checkpoint inhibitors

(A) Activation of intratumoral anti-tumor immune
response in TLS: in the T cell zone, dendritic cells
(DCs) capture antigens, and present the pro-
cessed peptides on major histocompatibility
complex (MHC) | and Il molecules to CD8+ and
CD4+ T cells, respectively, leading to the forma-
tion of effector anti-tumor cytotoxic T cells and T
helper cells. The B cell follicle includes memory
and naive B cells, activated by native antigens and
T follicular helper (Tfh) cells. In germinal center
(GC)-containing TLS, activated B cells mature
antibody affinity by interacting with Tfh and follic-
ular dendritic cells (FDCs)-presenting antigens in
the form of immune complexes, leading to the
generation of high-affinity class-switched memory
B cells and plasma cells. B cells can also act as
additional antigen presenting cells to activate
T cells.

(B) Released surface and intracellular self and tumor
antigens form immune complexes with IgG anti-
bodies: plasma cells migrate out of the TLS to the
tumor bed along fibroblastic tracks producing
CXCL12 and secrete anti-tumor antibodies covering
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tumor cells. Antibodies trigger tumor cell death
either by phagocytosis or by antibody-dependent

cell cytotoxicity exerted by macrophages or natural killer (NK) cells. Alternatively, antibodies activate the complement classical pathway leading to tumor cell
phagocytosis by macrophages through C3b opsonization, and sustain inflammation by anaphylatoxins generation. Tumor cell death release surface and

intracellular self and tumor antigens some forming immune complexes with IgG

antibodies.

(C) Activation ofimmune niches by antigens and IgG-immune complexes: T cells are activated by B cells that have endocytosed antigens via their B cell receptor (BCR)
and by myeloid cells after having internalized antigens or IgG-immune complexes.
(D) Reactivation and amplification of the intratumoral immune response in TLS: the anti-tumor T cell response implemented in TLS is re-activated and

amplified. T cells are activated either by B cells that have endocytose
immune complexes. Immune complexes also reach the GC, bind to FDC

d antigens through their BCR or by DC that have internalized antigens or
and amplify anti-tumor B cell response. Memory T and B cells, plasma cells

and antibodies generated in the tumor can reach systemic circulation and may protect against distant tumor relapse. In most cases, cytotoxic T cells
are exhausted and are unable to kill tumor cells. Immune checkpoint inhibition (ICl) therapy overcomes T cell exhaustion in TLS (A), in immune niches

(C) and at the contact of tumor cells (bottom left) allowing tumor cell des
B cell activation and differentiation. PD-1, programmed death 1;
protein 4; TCR, T cell receptor. Created with biorender.com.

reported in patients with pancreatic cancer vaccinated with irra-
diated granulocyte-macrophage colony-stimulating factor-
secreting allogenic vaccine (GVAX).''® In the same line, in
patients with advanced ovarian cancer treated with a cancer
vaccine targeting Wilms’ tumor 1 (WT1) antigen, both high anti-
WT1 T cell numbers in the blood and high anti-WT1 IgG anti-
bodies in the serum correlated with longer PFS.""°

Altogether, these studies support the fact that in addition to
memory T cells, TLS, and B cells should be considered potential
biomarkers to predict patient’s responses and to monitor the
efficacy of immunotherapies.

B cell involvement in anti-tumor immunity: The
intratumoral immune cycle

We propose the following mechanism to support the predictive
value of TLS for immunotherapy responses (Figure 2): in mTLS,
naive or memory B cells may be triggered by tumor-associated
antigens presented by FDCs, activated by signals delivered by
Tfh cells and mature toward antibody-producing PCs or more
memory B cells.’? PCs may, however, also be generated in ex-
trafollicular response zones as described in inflamed tis-
sues.”®120121 |n contrast to GC B cells and plasmablasts that
are retained in TLS, PCs travel into the tumor beds as detected
in spatial transcriptomic imaging studies. Memory T and B cells
as well as PCs may also migrate to peripheral lymphoid organs

truction. Anti-PD-1 antibodies may also potentiate Tfh function (A) increasing

PD-L1, programmed death-ligand 1; CTLA-4, cytotoxic T-lymphocyte-associated

and the bone marrow where they can be reactivated by a subse-
quent antigenic challenge delivered by tumor recurrence or
metastasis.’'” At the tumor sites, B cells and PCs may impact
the functions of the TME in different ways: inside and outside
TLS, B cells may present antigen that they have internalized, pro-
cessed, and associated to MHCII molecules upon recognition
via their B cell receptor (BCR) to CD4+ T cells.'?° Antigen presen-
tation via MHCI may also be relevant: B cells in ovarian cancer
can present antigenic peptides on MHCI molecules to CD8+
T cells in niches formed with CD8+ T cells.'?* Based on the cor-
relations between antigen-specific B cells in the tumor and IgG
bound to tumor cells, it is tempting to speculate that when gener-
ated in response to tumor-associated antigens, PCs produce
antibodies, some of them binding to tumor cells inducing tumor
cell apoptosis upon macrophage activation by tumor bound
IgG."?"°° The resulting immune complexes can be endocytosed
by DCs, which present MHCI- and MHCII-associated peptides
to CD8+ and CD4+ T cells, respectively, thereby amplifying
T cell immunity and diminishing the threshold for stimulation or
re-invigoration by immunotherapies. Immune complexes are
also taken up by FDC that present the released antigens to B
cells in the GC of TLS maintaining and amplifying B cell re-
sponses. It may also allow epitope spreading to other tumor-
specific and self-antigens, sustaining the autoimmune re-
sponses often associated with efficient immunotherapies.’®
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Although attractive, this model is still speculative but opens the
way for further focused studies.?®

The role of IgA antibodies is less clear. They are often associ-
ated with poor prognosis,'?° which may be due to the require-
ment of immunosuppressive TGF- to induce IgA production.'%*
However, an original mechanism has recently been proposed in
which polymeric IgA, which do not recognize tumor-specific an-
tigens, are transcytosed in ovarian cancer cells, antagonize the
rat sarcoma (RAS) pathway, and sensitize tumor cells to T cell
killing.>® The antibody-mediated mechanisms are therefore
diverse, and many of them still need to be uncovered.

ICI may impact the TME at different steps of the intratumoral
immunity cycle: inside TLS, anti-PD-1 antibodies may increase
Tfh activation to increase the stimulation of B cells and poten-
tially PD-1/PD-L1 blockade, and anti-CTLA-4 antibodies may
favor antigen presentation to T cells by DCs. In lymphocyte ag-
gregates forming immune niches, PD-1/PD-L1 blockade allows
activation of exhausted T cells by myeloid and B cells. In prox-
imity to tumor cells, ICI reinvigorate T cells, particularly CD8+
T cells, resulting in tumor cell killing. Finally, ICI may also rein-
vigorate T cells that had been educated in the TME, particularly
in TLS, and have nested in peripheral lymph nodes. Interestingly,
it was reported that in patients treated with the vascular endothe-
lial growth factor receptor (VEGFR) TKI sunitinib, B cell signature,
and binding of IgG antibodies on tumor cells correlated with
shorter patient’s survival.'>®> ccRCC are tumors characterized
by a high local production of complement components. C1q pro-
duced by infiltrating macrophages binds to IgG-covered tumor
cells. The early components of the classical complement
cascade (C3, C4) are produced by tumor cells, and upon binding
to C1q, they initiate the cascade up to the generation of C3a ana-
phylatoxins that sustain deleterious chronic inflammation, '°
whereas the tumor cells resist complement killing due to the
high levels of inhibitors of late complement components ex-
pressed on the cell membrane.'?® In this situation, production
of anti-tumor antibodies may result in increased inflammation
and vascularization. Classical activation of complement in
ccRCC is thus associated with shorter patient survival'?® in a sit-
uation where the anti-angiogenic treatment is not able to rein-
vigorate T cells as ICI.

CONCLUDING REMARKS

TLS are active sites of the generation of anti-tumor immunity
when they are located in close vicinity of tumor nests and neigh-
boring tumor-associated antigens. iTLS may be sites of abortive
responses with the induction of regulatory lymphocytes that sup-
press anti-tumor immunity. In mTLS with a GC, full T and B cell
immunities are generated or reactivated resulting in effector
T cells and antibody production that amplify epitope spreading,
further T and B cell activation to tumor-specific and self-anti-
gens. The impact of TLS can therefore be complex, resulting in
immune surveillance, lowering the threshold for efficient immu-
notherapies particularly in tumors with low TMB, and increasing
auto-immunity. The most pressing open questions are the rela-
tionships between the various immune aggregates and TLS,
the relative impacts of TLS and lymph nodes in the generation
of anti-tumor immunity, the characterization of tumor-specific
or self-antigens recognized by intra-tumoral B cells and anti-
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bodies, and the ways to use these data for future immunother-
apies. In the future, it will be of paramount importance to dissect
these effects in order to better use TLS as markers for predicting
efficacious anti-tumor therapies and immune-related adverse
events. The aggressiveness of the vast majority of mouse
models of cancers with timings too short to allow TLS formation
made it difficult to dissect their role in anti-tumor immunity.
Today, however, intra-tumoral TLS developed in genetically
modified mice’>'?” or upon treatment of tumor-bearing mice
with TLS-inducing agents such as LIGHT, CXCL13, LTa,
CCL21, TLR4, or CD40 agonists (reviewed in Fridman et al.®%)
or present in tumors grown in inflamed microenvironment such
as the peritoneum'?® are being explored. These models will
greatly help address specific questions on antigen recognition
and subsequent immunity taking place in TLS.

Finally, an extended characterization of the antigens recog-
nized by in situ-produced antibodies should also provide new
therapeutic antibodies endowed with anti-cancer activities.
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