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“I learned that courage was not
the absence of fear, but the
triumph over it. The brave man is
not he who does not feel afraid,
but he who conquers that fear."

Nelson Mandela






Résumé scientifique (Frangais)

Les lymphocytes B (LB) sont des acteurs émergents de I'immuno-surveillance tumorale mais
leur diversité et mécanismes d’action sont méconnus. Par des analyses en cytométrie de flux, par
imagerie tissulaire par immunofluorescence multiplex, biochimiques et transcriptomiques, nous
montrons que les tumeurs du sein (BT) sont infiltrées par des cellules productrices (ASC) d’'IgG, mais
également d’IgA de sous classes IgA1 et IgA2, d'isoformes mono- et dimériques et ciblant des antigénes
souvent différents de ceux des IgG et impliqués dans des voies biologiques distinctes. Nous montrons
par ailleurs une évolution drastique des ASC entre des tumeurs in situ précoces dans lesquelles les IgA-
ASC prédominent trés largement et les tumeurs invasives enrichies en IgG ASC et appauvries en IgA2.
Par ailleurs, I'analyse d’une banque de données publiques et d’une cohorte rétrospective de cancers
du sein triple négatifs (TNBC) montrent qu’un fort infiltrat en IgA ASC corréle avec une survie accrue
indépendamment des IgG ASC et est associé a un enrichissement en génes de mastocytes et
neutrophiles. L’autre versant de ma thése a consisté a déterminer le lien entre I'organisation des LB
en structures lymphoides tertiaires (TLS), I'antigénicité des tumeurs et la qualité de la réponse
immunitaire grace a des analyses multi-IF couplées au séquencage de I’ARN et de I'exome tumoral.
Nous montrons dans une cohorte de TNBC qu’une forte densité en TLS est associée a un meilleur
pronostic des patientes mais ne corréle pas avec la charge mutationnelle des tumeurs ni le nombre de
néoépitopes T prédits a partir des mutations. Cependant, nous démontrons que les TLS se développent
préférentiellement dans les tumeurs surexprimant des génes de cancer-testis antigénes (CTA) et/ou
des fragments de rétrovirus endogenes humains (HERV). Les patients avec une forte densité en TLS
sur-expriment des genes associés a la cytotoxicité, a la voie Th1, au recrutement de lymphocytes T et
B et a la région variable des immunoglobulines suggérant une meilleure réponse antitumorale. Nous
avons également défini une signature génique de TLS adaptée au cancer du sein, qui, une fois validée,
nous permettra de confirmer nos résultats a I'aide de bases de données publiques comme le TCGA.
Ces résultats démontrent d’une part I’hétérogénéité des ASC, leur évolution au cours de la progression
tumorale et un réle bénéfique des IgA ASC sur la survie des patients et d’autre part que les TLS se
développement principalement dans les tumeurs surexprimant certains types d’Ag tumoraux et sont
associés a la mise en place d’une réponse anti-tumorale. Ces résultats devraient permettre a terme
d’identifier de nouveaux mécanismes d’immunosurveillance médiée par les ASC et les TLS et
manipulables a des fins thérapeutiques.



Scientific résumé (English)

B cells emerge as critical actors in the tumor microenvironment, but their diversity and clinical
impact is still poorly investigated and remain controversial. Multiparametric flow cytometry and
multiplexed in situ immunofluorescence imaging, antibody specificity profiling and transcriptome
analysis were performed on fresh and FFPE breast tumor (BT) samples showed that BT were infiltrated
by cells producing (ASC) IgG, but also IgA of IgAl and IgA2 subclasses, of monomeric and dimeric
isoforms and targeting different antigens involved in distinct pathways. Besides, we observed a drastic
evolution of ASC between in situ carcinoma (early stage) where IgA-ASC predominate in all cases, and
invasive tumors that were enriched in IgG ASC. Moreover, the analysis of publicly available database
and a retrospective cohort of triple negative breast cancer (TNBC) revealed that a high density of IgA
ASC correlated with increased survival in invasive breast tumors irrespectively of 1gG ASC and were
associated with an enrichment of mast cell and neutrophil genes. Besides, we aimed to study the link
between the organization of B cells in tertiary lymphoid structures (TLS), tumor antigenicity and the
quality of the immune response using multi-IF staining on tissue coupled to RNA-sequencing and
whole-exome sequencing of the tumor. We showed that TLS are strongly associated with a favorable
prognosis, but did not correlate with tumor mutational burden and predicted neoantigens count.
However, we demonstrated that TLS develop preferentially in tumors that overexpress cancer-testis
antigens (CTA) and/or human endogenous retroviral elements (HERV) genes. Patients exhibiting a high
TLS density, upregulated genes of Thl-oriented immune response, cytotoxicity and variable regions of
immunoglobulins suggesting that an efficient anti-tumor immune response is ongoing. Eventually, we
defined a new TLS gene signature more adapted to breast tumor, which once validated, will allow to
confirm our results using public databases such as the TCGA. These data demonstrate that IgA ASC
have a positive impact on patient survival and that TLS develop preferentially in tumors overexpressing
some types of tumor antigens and are associated to induction of anti-tumor immune response. This
may lead to identify new immune surveillance mechanisms mediated by ASC and TLS that can be
manipulated for therapeutic purposes.
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PREAMBLE

Several populations of immune cells infiltrate malignant tissues and they can either inhibit or
promote tumor growth. These cells fall into two categories: innate and adaptive immune cells. T and
B cells belong to the adaptive immune response, which is antigen-specific, needs a lag time between
antigen exposure and immune response development and have the capacity for memory. In the
context of cancer, the role of T lymphocytes has been well characterized. Several T cell subsets have
been identified in the tumor microenvironment (TME) including those killing directly or indirectly
malignant cells such as cytotoxic T cells (CTL) and Th1, and those helping their escape from the immune
response like regulatory T cells (Treg). These basic discoveries led to the development of new strategies
to fight against cancer including immune checkpoint blockade. On the other hand, B cell role is just
emerging and still remains unclear, even if recent publications strongly support their critical role in the
TME. Several B cell subsets have been described in tumors ranging from naive B cells to terminally
differentiated antibody-secreting cells (ASC) and memory B cells. Besides that, B cells can form dense

aggregates adjacent to a T zone in so-called tertiary lymphoid structures (TLS).

My thesis project aimed to better characterize ASC heterogeneity in breast tumors, to
determine their impact on cancer progression and patient survival and to give some insight into the
underlying mechanisms that explain their differential impact. My second objective was to study the
link between TLS and tumor immunogenicity and the quality of the immune response developed

intratumorally.

In the first part of my introduction, | describe the immune microenvironment of breast tumors,
mostly in Humans, with an emphasis on the current knowledge of the pro- VS anti-tumor roles of B
cells. Then, | will discuss different aspects of TLS including their composition, heterogeneity, impact on
the antitumor immune response and patient’s prognosis, and finally the key actors involved in their
development. The last chapter of this introduction is presented as a review article that will discuss
recent data on the diversity of ASC and produced antibodies in the TME of breast and ovarian cancers
and how the different ASC subsets and antibody isotypes and isoforms can contribute to the pro- vs

anti- tumor effects.

The second part is dedicated to the results that were presented as a manuscript prepared for
journal submission that focuses on disentangling ASC phenotypic and functional heterogeneity and
their clinical impact on breast cancers. This was followed by complementary data, which evaluate the
link between TLS and tumor antigens including neoantigens, endogeneous retroviral elements (HERV)
and cancer testis antigens (CTA). Eventually, a discussion of the results as well as a conclusion and

perspectives ended up this section.
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CHAPTER 1: BREAST CANCER-INFILTRATING B CELLS: KEY ACTORS IN
THE TUMOR MICROENVIRONMENT

1. Breast cancer subtypes, prognosis and treatment

1.1. The epidemiology of breast cancers
In France, more than 58000 individuals were diagnosed with breast cancer in 2020, accounting

for approximatively 28% of all new cancer cases among women. Nearly 14000 patients die of breast
cancer making it the first-leading cause of cancer death among French women (International Agency
for Research on Cancer, IARC). Less than 1% of breast cancers occur in men according to the world

health organization (WHO).

Various factors increase the incidence of breast cancer such as aging, genetic factors (dominant
mutations in BRCA1, BRCA2 and PALB-2), lifestyle (obesity, alcohol, tobacco, hormones) and the
environment (history of radiation exposure) (Hortobagyi et al. 2005) (WHO). Although the prevalence
of breast cancer is increasing, improvement of patient survival is also observed thanks to early
detection programs combined with innovative therapeutics including targeted therapies. Survival from
breast cancer for at least 5 years after diagnosis ranges from more than 90% in high-income countries

to 40% in South Africa for example (WHO).

1.2. Invasive breast cancer is a heterogeneous disease
Depending on distinctive histological and molecular features, numerous entities of breast cancer

were characterized. In fact, there are some evidences showing that breast cancer is a collection of
different diseases affecting the same anatomical organ (Perou et al. 2000; « Gene expression patterns
of breast carcinomas distinguish tumor subclasses with clinical implications | PNAS » s. d.; Z. Hu et al.
2006). Many factors can determine patient clinical outcome including the tumor size, invasion of
axillary lymph nodes as well as histological and molecular tumor subtypes. Each of these parameters,
alone or in combination, lead to differences in response patterns to various treatment strategies
(Weigelt, Geyer, et Reis-Filho 2010).
1.2.1. Histological classification of breast cancers

Breast cancers are classified according to histological types (Ellis et al.1992) that refers to their
architectural pattern, cytological features and immunohistochemical profile. Up to 80% of infiltrating
breast cancers are ductal carcinomas (IDC). Infiltrating lobular carcinomas (ILC) account for 5-15% of
breast cancers (Figurel) (Ellis et al. 1992). Other histological subtypes have been described, albeit less
frequently including mucinous, tubular, medullary and papillary carcinoma. This histological
classification may indicate the site of origin within the mammary ductal system (Weigelt, Geyer, et

Reis-Filho 2010).
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1.2.2. Biological VS intrinsic molecular subtypes of breast tumors
In light of targeted therapies advances in breast cancer, it has become necessary to accurately

stratify patients. This leads to the generation of new classification systems that incorporate the
expression of markers such as estrogen and progesterone receptors (ER/PR), human epidermal growth
factor receptor 2 (HER2) and the Ki67 proliferation marker. Immunohistochemical techniques (T. O.
Nielsen et al. 2004) are widely applied to classify patients in different biological subtypes (Figure 1)

which are:

- Luminal subtype: characterized by the expression of ER and/or PR by malignant cells, and is
the most frequent subtype (50% of breast cancers). The luminal A subtype is characterized by
low expression of Ki67 and is associated to low-rate recurrence and good response to
hormonotherapy. High proliferation of cancer cells (Ki67>=20%) refers to luminal B subtype
(20% of breast cancers) that correlates with less favorable outcome (Prat et al. 2013).

- HER2-enriched subtype: HER2, also designated ERBB2 gene amplification is the primary
mechanism of HER2 overexpression. It accounts for 15% of total breast cancers, have a high
level of Ki67 and are associated with poor prognosis despite of the development of targeted
therapies directed against HER2 with monoclonal antibodies or EGFR/HER2 kinase inhibitors
(Goldhirsch et al. 2013).

- Triple negative breast cancer (TNBC): Less than 20% of breast tumors lack the expression of
ER, PR and HER2 with an elevated mitotic index. Most TNBC are aggressive tumors with few
therapeutic options (Fragomeni, Sciallis, et Jeruss 2018; Kondov et al. 2018).

More than 20 years ago, Perou et al. used gene expression profiling studies to distinguish intrinsic
molecular breast tumor classes. Using 496 genes and an unbiased hierarchical clustering, they
classified tumors into an ER-positive group, corresponding to the luminal A and B subtypes, and an ER-
negative group that was further divided into basal-like, ErbB2+ and normal-like breast tumors. More
recently, a new subtype of “Claudin-low” has been characterized (Figurel)(Prat et al. 2010). It is worth
mentioning that based on The Cancer Genome Atlas (TCGA) database, Garrido-Castro et al. showed
that 86% of TNBC (characterized by IHC) correspond to basal-like tumors based on their transcriptomic

profile (Garrido-Castro, Lin, et Polyak 2019).

Interestingly, the different molecular subtypes display highly significant differences in prediction
of overall survival, with the basal-like subtype having the worst outcome. Despite the clear benefit of
this approach for predicting patient’s outcome, relapse risk and for orienting therapy, the prohibitive
cost of gene expression profiling technique restricts its use in clinical practice. To counter this obstacle,

investigators narrowed down a 50-genes signature, termed PAM50, that can quite reliably
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differentiate the molecular subtypes using targeted microarrays or quantitative real time PCR (Parker

et al. 2009; Yersal et al. 2019).

A A c
= P B S
o
\ A7 . @
. o~ s o
"
! ,;’ - e L) Luskinal Basolorinal bl
. A -
Y ’ l . Mobecwlar subtypes (IHC) ! l
_________ - "
! Lrminal A Luming B HERZ-enrichmd Triple negative
Uinicel - Busicel £R+, PR, HERD £Re, PRY, HERD+/ ER, PR, HERZ= ER., PR, HER2
KIG7 < 20% CE7>20% HIgh KIG? High Kis7
Dt H0-10% 10-20% % 10-15%
triasic moleculan subtypes (PAMSO)
E Basatlike || MO
W i btypes
i g Liminal & Lumingl § HERZ-mnrched la

Invasive lobules Irvasse ductal Chyain:
carcantms (ILC) tatemers |1OC) fow
S15% 80% Prognosis Good Fair Paor Poor

Wnspired by Harbeck et ol 2019

Figure 1: Histologic and molecular invasive breast cancer classification: (A) Graphical representation of the mammary gland
and its duct. (B) Histological classification of breast cancer subtypes. (C) Molecular classification by IHC and PAM50

determination, showing their features, frequency and prognosis.

1.3. From in situ to invasive breast cancer

Ductal and lobular tumors are also categorized into in situ and invasive carcinoma. Ductal
carcinoma in situ (DCIS) is considerably more common (80% of breast carcinoma in situ) than its lobular
counterpart (20%). DCIS is defined as a premalignant proliferation of neoplastic mammary epithelial
cells inside mammary ducts and surrounded by an intact basement membrane (Lopez-Garcia et
al.2010). Generally, patients diagnosed with DCIS have a favorable long-term breast-cancer-specific

survival of 98% 10 years after surgery (Elshof et al. 2018).

A plethora of succeeding work studies to characterize DCIS and invasive breast carcinoma (IBC)
at the molecular level, revealed their genetic similarity and potential common origin, suggesting that
DCIS precedes development of invasive ductal carcinoma (IDC). Moreover, in many instances in situ
and invasive lesions co-exist in IBCs at the time of diagnosis (Fisher et al. 1975). In most cases, these
two components exhibit similar molecular subtype and comparable nuclear morphology and DNA

ploidy, which strengthen this hypothesis (Tamimi et al. 2008; Giardina et al. 2003).

Erbas and collaborators, by reviewing breast biopsies, found that 14% to 53% of DCIS cases
evolved to IDC over a minimum period of 10 years (Erbas et al. 2006). To decipher the mechanisms
underlying the progression of DCIS to IDC (Figure2), two main theories emerged: the first considers
invasiveness to be driven by the selection of subclones with specific genetic aberrations (Doebar et
al.2019) while the second supports that the microenvironment, including immune elements and tumor

stromal components, actively drives tumor progression (Kim et al. 2020; Lyons et al. 2011). There is
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still open questions that need answers; probably the most important one being to identify biomarkers
able to distinguish in situ breast carcinomas that will progress to invasive cancers from those that will

not evolve.

Progression
Genetic alterations
Immune microenvironment
Tumor stroma

Normal breast duct Ductal in situ Irvasive ductal
carcinoma (DCIS) cardnoma (10C)

Figure 2: Ductal in situ carcinoma (DCIS) to invasive ductal carcinoma (IDC) progression hypothesis.

1.4. Invasive breast cancer: prognostic factors and treatment

1.4.1. Prognostic factors
Given the fact that breast cancer is a heterogeneous disease, identifying prognostic and predictive

biomarkers is mandatory to optimize therapy decision and prevent cancer relapse in patients.
Traditionally, the most widely used prognostic factors for the recurrence of breast cancer includes
tumor size, histologic grade and the number of regional lymph nodes with metastases (Cianfrocca et
Goldstein 2004; Donegan 1997). ER, PR, HER2, and Ki67 status determination in the context of breast
cancer are also recommended for clinical use to evaluate patients’ prognosis and to make treatment

decision.

All these factors cited above are always useful but not sufficient and molecular tests have emerged
for personalized and optimum patient management. In fact, molecular biomarkers had significantly
improved ability to predict risk of relapse as compared to a model utilizing only clinical variables (tumor
size, node status and histologic grade). Indeed, combining both clinical variables and molecular
subtypes resulted in significantly better predictive value (Parker et al. 2009; Yersal et al. 2019).
Moreover, they do not only provide prognostic information, but also predict response to therapy

(Duffy et al. 2017; Gyorffy et al. 2010).
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1.4.2. Treatment of breast malignancies
The therapeutic arsenal for non-metastatic breast cancer consists of both local — including surgical

resection and postoperative radiation - and systemic therapies. The latter may be preoperative
(neoadjuvant), postoperative (adjuvant) or both and is guided by the histological and molecular tumor
classification. Hormonotherapy (+/- chemotherapy) is used for all patients with ER+ and/or PR+
tumors, anti-HER2 monoclonal antibody (trastuzumab) or a dual EGFR/HER2 kinase inhibitor plus
chemotherapy for all HER2-positive tumors, while chemotherapy alone is used for triple negative
breast cancer (TNBC). TNBC displays aggressive behavior, including earlier recurrence and metastasis
with limited therapeutic options (Garrido-Castro, Lin, et Polyak 2019). Recently, immunotherapies
blocking immune checkpoint inhibitors (ICPs) and their ligands (ICPL) such as PD1, CTLA4 and PDL1
have revolutionized patients care by inducing durable objective response across multiple tumor types,
by re-invigorating the cytotoxicity and proliferative capacity of tumor infiltrating lymphocytes (TILs).
Taking into account that TILs and PDL1 expression correlate with better response to immunotherapies
and the fact that TNBC are highly infiltrated by TILs (Denkert et al. 2018) and express high level of PDL1,
TNBC patients constitute good candidates for ICP/ICPL antagonists strategy. In spite of all these
promising elements, clinical trials showed a low efficacy of these therapies when used alone. However,
in early-stage TNBC, immunotherapy in combination with chemotherapy regimens demonstrated
preliminary success. The I-SPY 2 trial on patients with stage lI-lll disease revealed that anti-PD1
combined to neo-adjuvant chemotherapy increased the estimated pathologic complete response
(pCR) rates from 22% to 60%. Unfortunately, this was not confirmed by other clinical trials (Keenan et
Tolaney 2020). Therefore, there is an urgent need for novel and more efficient immunotherapeutic
agents to improve treatment of TNBC patients. It is also essential to develop biomarkers that predict

response and resistance to therapy.
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Lturminal A or Lurminal 8 or
Low grade High grade
{pNa-1) {pN2-3)
LA Hormonotherapy Chemotherapy+ Chemotherapy
it + chemotherapy anti-HER2 +/ /-
hormanotherapy Immunotherapy?

Figure 3: Therapy decision algorithm depending on molecular subtypes. ER: estrogen receptor, PR: Progesterone receptor,

pN: nearby node metastasis.
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2. The immune microenvironment of breast tumor
Tumor cells grow in a complex ecosystem composed of stromal cells, vessels, soluble factors,

extracellular matrix and immune cells. The latter cells can indeed infiltrate the tumor
microenvironment (TME) and evolve during cancer development according to the 3E theory:
Elimination, Equilibrium and Escape. The elimination phase is defined by an efficient anti-tumor
immune response against immunogenic abnormal cells preventing the emergence of tumors. During
the equilibrium step that probably lasts for months or years in an asymptomatic form, there are
cumulating advantageous tumor mutations under immune pressure in a so-called “immunoediting
process”. During immunoediting, the balance shifts toward the “escape phase” as tumor cells
continuously alter their immunogenicity and establish an immunosuppressive milieu within the TME.
Tumor cells can diminish the expression of neoantigens and antigen presentation molecules, release
suppressive cytokines and upregulate co-inhibitory immune ICPL on their surface to favor

tumorigenesis (Dunn et al. 2002).

Leukocytes are rare but detectable in the healthy mammary gland tissue (Tower, Ruppert, et Britt
2019). During breast cancer development, both innate and adaptive immune cells are recruited. In
DCIS, immune cells are usually abundant and mainly present in the stroma surrounding the ducts (Gil
Del Alcazar et al. 2017). The composition and functions of leukocytes varies according to the stage of
tumor development, molecular subtype, histologic stage and according to the treatment received by
patients (Desmedt et al. 2018; Denkert et al. 2018; Massa et al. 2020). The following section provides
an overview of what is known about the major BC-infiltrating immune cells, their impact on the tumor,

and how they can influence patients’ prognosis.

Myeloid lineage immune cells represent a prominent cell population in the TME headed by tumor-
associated macrophages (TAM). TAM are highly plastic in response to various stimuli and can play
different roles in the TME ranging from priming antitumor response to pro-angiogenic and pro-tumor
properties (Mantovani 2010). Indeed, M1-type macrophages, characterized by their secretion of pro-
inflammatory cytokines and nitric oxide, elicit effective killing of malignant cells, whereas M2-type
macrophages, which constitute the majority of TAM, support survival, invasiveness of cancer cells and
attract regulatory T cells (Tregs) intratumorally (G. Solinas et al. 2009). A high TAM density is associated

with a bad outcome in breast cancer (Tsutsui et al. 2005; Yue Zhang et al. 2013).

Myeloid-derived suppressor cells (MDSC) are a mixture of progenitor and immature myeloid-
lineage cells, related to granulocytes and monocytes, which accumulate in the blood and tumor tissue
of cancer patients. In breast cancer, high number of circulating MDSC is associated with poor prognosis

(Safarzadeh et al. 2019). They are recruited by tumors to impair immune cell signaling by the secretion
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of immunosuppressive soluble factors including IL10, TGFB and arginase. MDSC also promote

angiogenesis, inflammation and metastasis (Baxevanis, Fortis, et Perez 2021).

Dendritic cells (DC) are critical in the TME since they enable to process tumor antigens, prime CTL
and polarize CD4+ T cells to effective anti-tumor subsets. Different DC subtypes have been identified
in human tumors at immature and mature states. In breast cancer, conventional DC (cDC) known as
myeloid DC were described. This family of cells can be further subdivided into two distinct
subpopulations: ¢cDC1 and cDC2. Murine model showed that tumor-associated cDC1 engulf tumor
material and migrate to secondary lymph nodes where they efficiently activate T cells by antigen
presentation (Roberts et al. 2016; Broz et al. 2014). Recently, Hubert and colleagues demonstrated in
human breast cancer that cDC1 subset play an important role in antitumor immune response through
type lll interferon production. This cytokine promotes a type 1 T helper (Thl) microenvironment
through increased production of IFNy, IL12p70, and cytotoxic lymphocyte-recruiting chemokines
(Hubert et al. 2020). Moreover, DC-Lamp, a marker of activated DC strongly correlates with favorable
prognosis (Martinet et Girard 2013). Nevertheless, cumulative evidence supports that the TME
influences DC toward an immature and tolerogenic state expressing IL10 and TGFB, which trigger Tregs
expansion (Aspord et al. 2007). Another DC subset, plasmacytoid DC (pDC), correlate with bad
prognosis in breast tumors (Treilleux et al. 2004). Interestingly, Faget et al. reported an ICOS-mediated
cross talk between CD4+ T cells and pDC leading to Treg amplification and patient survival impairment

(Faget et al. 2013).

Lymphocytes are also present in breast tumors at variable proportions. In TNBC and HER2+ breast
cancers, but not the luminal subtype, a high density of tumor-infiltrating lymphocytes (TILs) is
associated with a favorable prognosis and a better response to chemotherapy (Dushyanthen et al.
2015; Pruneri, Vingiani, et Denkert 2018). TILs can consist of CD8+ cytotoxic T lymphocytes (CTLs),
CD4+ T cell subsets, NK, NKT, Tyd and B cells, which exert a wide range of functions and can thus
differentially affect tumor growth. CTL are the most powerful effector in anti-tumor immune response.
They recognize cancer-specific peptide MHCI complexes via their T-cell receptor (TCR) in cancer
patients and effectively clear tumor cells. Two main mechanisms have been described to eliminate
target cells, perforine/granzyme and death receptors (Fas/FasL and TRAIL/TRAIL-R) that induce
apoptosis of malignant cells. The presence of CTL in cancer have a robust favorable prognostic value
and recently it was considered as a predictive biomarker for response to anti-ICP/ICPL (Pruneri,
Vingiani, et Denkert 2018; Bai et al. 2020). Th1 cells are a source of cytokines such as IFNy which
promotes antigen processing and presentation and activates DC, and stimulate M1 macrophages and
NK cells to eliminate tumor cells (Emens 2012). In contrast, Th2 cells secrete IL4, IL10 and IL13, which

can inhibit Thl polarization and promote breast cancer development (Kohrt et al. 2005;

31



Kaewkangsadan et al. 2016). Tregs have broadly been described as tumor-promoting cells utilizing
diverse mechanisms including cell contact and soluble factor secretion, thus associated with bad

prognosis (Tanaka et Sakaguchi 2017; Ali et al. 2016; Cinier et al. 2021).

Although natural killer (NK) cells are generally considered as anti-tumor effectors due to their
capacity to kill target cells, their role in breast cancer depends on their state of activation. High
infiltration of HER2+ tumors with activated NK and a gene signature score of NK and DC in tumors of
TNBC patients have been associated with better survival (Bense et al. 2017; Bottcher et al. 2018).
Conversely, some authors demonstrated that resting NK in HER2+ and TNBC tumors correlate with bad
prognosis in patients because of their altered functions and pro-angiogenic properties (A. Bruno et al.

2014; Bense et al. 2017).

Overlooked for a long time, B cells are increasingly emerging as critical actors of the TME and the
next section will be dedicated to discuss their diversity and how they promote or suppress antitumor

immunity.

A Tumor-suppressing immune B Tumor-promoting immune

microenvironment microenvironment

Figure 4: Breast tumor immune microenvironment. A shows antitumor immune cells including TH1, CTL, M1-macrophages,
NK and cDC1 that can eliminate malignant cells efficiently. B Other cells harbor immunosuppressive properties Treg, MDSC,
pDC and M2 macrophages and contribute to tumor growth. The role of B cells is still controversial.
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Box1: Spatial architecture of the tumor immune microenvironment

A solid body of evidence has accumulated to demonstrate that the composition of tumor
immune infiltrate provides many information on their mechanisms of action and their impact on
patients’ survival. However, patients with similar infiltrate compositions may have different prognosis,
indicating further exploration is needed.

Thanks to innovative technologies and advances in bioinformatics analysis, a plethora of recent
studies have revealed the primary importance of the spatial architecture of the immune TME, namely
the location of immune cells, their interaction with their neighborhood and the spatial pattern of well-
organized structures such as tumor-associated tertiary lymphoid structures (TLS) (See chapter 2) (Fu
etal. 2021). The team of J. Galon pioneered this field through the development of an immunoscore for
colorectal cancer patients, which is a simplified tool to measure the abundance of T cell populations
located in the tumor center (TC) or invasive margin (IM). Remarkably, this immune-based classification
has a superior prognostic value compared to usual clinical predictors (Galon et al. 2012). In breast
cancer, a study demonstrated that a combined evaluation of CD8+ T cells and CD163+ macrophages
densities in CT and IM allows a better stratification than the stage of the disease, tumor size and lymph
node invasion (Fortis et al. 2017). Keren et al. used a multiplexed imaging platform able to
simultaneously quantify in situ expression of 36 proteins covering identity, function and immune
regulation of immune cells in TNBC patients. This work revealed that tumors with infiltrated immune
cells have a better prognosis compared to those where the two compartments (immune and tumor)
are segregated referred to as excluded tumors (Keren et al. 2018).

Quantifying immune cells without taking into account their distribution in the tissue and their
interactions with their environment is not sufficient. Considering the spatial architecture of the TME
will allow its better understanding in order to develop more accurate prognosis tools and discover new
therapeutic targets including those that promote beneficial immune cells or prevent deleterious ones
from infiltrating tumors.
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3. Bcells in breast tumors: good or bad guys?
B cells and the antibodies they produce are essential effectors of the adaptive immune system.

Although their importance in infectious disease and vaccination is well recognized, their role in the
TME, both in terms of influence on tumor growth, contribution to tumor immunity or immune escape
and response to therapies, have been overlooked for a long time in favor of T cells. However, these
cells are currently under the spotlight proved by the increasing number of studies published in the field
in the recent years. Their impact on cancer patients’ prognosis and their mechanisms of action is still
a matter of debate and under active investigation.

In this part, we will discuss new findings on breast-cancer infiltrating B cells functions, their
contribution in TME, and their impact on patients’ survival.

3.1. Breast cancer-infiltrating B cells: wide range of subsets and diverse spatial

organizations
Early studies, including those in breast cancer, reported that B cells can infiltrate tumors (TIL-

B). Chin and Marsigliante provided the first evidence of the presence of BC-infiltrating B cells using
flow cytometry (FACS) and immunohistochemistry (IHC). Although more than 70% of patients
exhibited B cell infiltration, only 24% of tumors contain a large amount of these cells, which can reach
60% of the immune infiltrate (Chin et al. 1992; Marsigliante et al. 1999; Buisseret, Garaud, et al. 2017).
They are detected at significantly higher densities in IBC compared to normal tissue. Using single-cell
RNA-sequencing, Hu and colleagues identified multiple clusters/cell states in the B cell compartment
including naive, memory, GC-B cells and plasma cells indicating the presence of virtually all stages of B
cell differentiation (Box2). Interestingly, CD25+B cells secreting IL10, so-called regulatory B cells (Bregs)
were also identified in breast TME (Ishigami et al. 2019). Therefore, the breast tumor immune infiltrate
contains phenotypically and functionally heterogeneous populations of B cells.

A second level of heterogeneity of the B cell compartment, besides its composition, relates to
its spatial structuration in the TME. IHC analysis revealed that TIL-B in breast cancer can form dense
aggregates in the periphery of the tumor (Grekou et al. 1996). Later on, Coronella and colleagues better
characterized TIL-B clusters as containing, a T zone (CD3+) and B zone (CD20+) containing
interdigitating follicular dendritic cells (CD21+) which function is to present native Ag to B cells
(Coronella et al. 2002). These structures designated as tertiary lymphoid structure (TLS) are present in
25% to 60% of breast tumors and comprise also T follicular helper cells (Tfh) (Gu-Trantien et al. 2013;
Coronella-Wood et Hersh 2003; Buisseret, Garaud, et al. 2017), high endothelial venules and mature
DC (See Chapter 2).

In conclusion, the diversity of B cell subsets and their possible functional structuration with T cells in

breast tumor TME may affect patient prognosis differently.
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Box2: B cell ontogeny

The development of B cells requires two steps, which are explained briefly below:

- Antigen-independent phase: B cells are generated from a common lymphoid progenitor residing in
the bone marrow. Pre- and pro-B cells undergo random rearrangements of V, D and J segments to
create a functional i heavy chain gene. Then, subsequent V and J recombination of light chain leads to
formation of the B cell receptor (BCR) of the IgM isotype, which is expressed on immature B cells.
Immature B cells then leave the bone marrow and migrate through the blood to the spleen to become
a transitional B cells (Ti B cell). Finally, these cells migrate to secondary lymphoid organs where they
undergo alternative splicing of a long primary mRNA transcript containing the rearranged VDJ exons

and the Cu and C& exons to co-express IgD and become a naive B cell.

- Antigen-dependent phase, which corresponds to the activation and differentiation of naive B cells
into different types of effector cells in secondary lymphoid organs (SLO), following recognition of a
cognate antigen and activation. B cells are able to directly bind soluble antigen or bind antigen
presented on the surface of follicular dendritic cells (FDC), macrophages or DC. B cells take up the
antigen through their BCR, process it and present it on major histocompatibility complex class-1I (MHC
II) molecules to CD4+ T cells. This cognate interaction results in CD40L surface expression by T cells as
well as cytokine secretion (IL4 and IL21) leading to the proliferation of B cells, which then will either
initiate the germinal center (GC) response (follicular response) or into short-lived extrafollicular plasma
cells or memory B cells. Extrafollicular plasmablasts produce the first wave of antibodies, mainly IgM,
before undergoing apoptosis within a few days. B cells that initiate GC response will migrate to the
center of the follicle, begin to rapidly divide and undergo clonal expansion. Germinal center is divided
into two distinct compartments known as the dark zone (DZ) and the light zone (LZ). DZ is the site
where GC B cell named centroblasts, proliferate and undergo immunoglobulin class switching
recombination (CSR) to express secondary Ig isotypes (I1gG1-4, IgA1» and IgE in humans) and somatic
hypermutation (SHM) allowing affinity maturation of their BCR. In the LZ, GC B cells referred to as
centrocytes capture antigen presented on follicular dendritic cells (FDC), which they process and
subsequently present to Tfh in order to select high-affinity centrocytes. The latter will re-enter the DZ
for further rounds of proliferation and SHM before migrating back to the LZ for selection of variants
with the highest affinity. This process is regulated by T follicular regulatory (Tfr) cells, which are also
present in the LZ. Together, this will lead to the emergence of both memory B cells and long-lived
antibody-secreting plasma cells that produce antibodies (Bemark 2015; Attaf et al. 2021; Stebegg et
al. 2018) (Figure 5).
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Figure 5: B cell differentiation. A. Antigen-independent B cell differentiation occurs in the bone marrow and the spleen. B.
Ag-dependent B cell differentiation occurs in secondary lymphoid organs. After activation by antigens, B cell develop ina T-
cell dependent way in the germinal center (follicular) and in a T-independent pathway (extrafollicular). SLO: secondary

lymphoid organ. PB: peripheral blood. GC: Germinal center. ASC: antibody-secreting cell. SHM: somatic hypermutation. CSR
class switch recombination. Tfh: T follicular helper. FDC: follicular dendritic cell.

36




3.2. B cells can exert anti-tumor activities

3.2.1. B cellinfiltration correlates with a good prognosis in breast cancer
High BC-infiltrating B cell density assessed by IHC is most often associated with a significantly

better outcome in terms of patient survival, and multivariate analysis showed that CD20+ B cells are
associated with better overall and disease-free survival, independently of CD8+ T cell infiltration
(Mahmoud et al. 2012; H. Kuroda et al. 2021; Garaud et al. 2019). Transcriptomic studies also
demonstrated that a B cell/plasma cell metagene score is strongly associated with better prognosis,
confirmed by multivariate analysis (Schmidt et al. 2012; Gentles et al. 2015; Bianchini et al. 2010; Q.
Hu et al. 2021). Further evidence supporting an anti-tumor effect of B cells comes from mouse models.
DiLillo and colleagues reported an increased tumor growth and invasiveness in mice in which B cells
have been depleted using antibodies (Abs). In fact, mice lacking B cells displayed an altered tumor-
antigen specific CD8+ T cell proliferation and impairment of IFNy- or TNFa-secreting CD4+ and CD8+ T
cells induction (Dilillo, Yanaba, et Tedder 2010). Similarly, a mouse model with a knockout of the B-
cell linker protein (BLNK) gene, required for B cell development, showed a decrease of tumor-
infiltrating T cell number and increased tumor growth (Kobayashi et al. 2014). Furthermore, injection
of pre-activated tumor specific B cells into mammary gland bearing tumors resulted in tumor
regression associated with induction of tumor specific T cell immunity with IFNy and GM-CSF
production (Q. Li et al. 2011).

Moreover, B cells predict complete pathologic response in TNBC patients treated with
neoadjuvant chemotherapy (H. J. Lee, Lee, et al. 2015). Recently, high expression of B cell and plasma
cell gene signatures were associated with better response to anti-PD1 immunotherapy in patients
affected by soft-tissue sarcoma and melanoma (Petitprez et al. 2020; Helmink et al. 2020). Remarkably,
Hollern and collaborators showed, in mouse models of TNBC, that immunotherapy targeting ICP
induced Tfh-mediated activation of B cells and antibody production, facilitating anti-tumor immune
response (Hollern et al. 2019).

In summary, most human and murine studies revealed that BC-infiltrating B cells are
associated with favorable patients’ prognosis and can predict better response to neoadjuvant
chemotherapy and to inhibitory immune checkpoint blockade immunotherapies, likely through

different mechanisms.
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3.2.2. Mechanisms underlying the anti-tumor functions of B cells
Multiple B-cell functions may contribute to limit tumor growth and promote anti-tumor

immunity and extend well beyond the production of antibodies by plasma cells, a topic that will be

developed in chapter 3.

3.2.2.1. B cells as antigen-presenting cells
Unlike DCs, B cells, through their BCR, can recognize antigens with high specificity allowing

detection of low levels of antigens. This could be highly advantageous in poorly to moderately mutated
tumors like BC where the antigenic load is low (Sautes-Fridman et al. 2020). Moreover, atypical
memory B cell subset can express surface markers characteristic of antigen presenting cells (APC) such
CD80 and CD86 in tumor context (J.-Y. Shi et al. 2013). In addition, it is well established that multivalent
BCR ligation results in more efficient antigen presentation compared to conventional DC (Batista et
Neuberger 1998). Once the antigen is recognized, it is internalized, processed and presented on MHC
class Il molecules to CD4+ T cells. T cells express CD40 ligand (CD40L) to stimulate in turn, CD40+ B
cells. Activated B cells express CD80/CD86 that further stimulate CD4+ T cells triggering GC response
(Elgueta et al. 2009). Tumor-infiltrating B cells (TIL-B) can efficiently present antigen to CD4+ T cells in
vitro. Moreover, activated TIL-B were associated with an effector T-cell response (IFNy+ CD4+ T cells)
(T. C. Bruno et al. 2017, 201). Interestingly, B cells are capable of antigen cross -presentation to CD8+
T cells on MHC class |, an essential phenomenon for anti-tumor CTL induction (DiLillo, Yanaba, et
Tedder 2010). Thus, we can hypothesize that TIL-B can present tumor antigens locally to both CD4+ T

cells and CD8+ T cells to induce a specific anti-tumor immune response.

3.2.2.2. B cells as a source of cytokines promoting anti-tumor immunity
Numerous studies on allograft rejection and in infectious or autoimmune diseases provide

evidence on the great ability of B cells to secrete a large array of cytokines that might be beneficial in
the context of cancer. B cells can contribute positively to Thl-type immunity through the production
of CCL3, TNFa, GM-CSF, and IFNy. IFNy-secreting B cells, observed in a model of murine melanoma,
promoted pro-inflammatory Th differentiation and tumor rejection (Ding et al. 2017). Moreover, B
cells, once activated, can produce IL6 that facilitate differentiation into Tfh. Furthermore, in cxcl/13-
transgenic murine models, LTa1P2-expressing B cells at ectopic sites were sufficient to induce TLS (See
chapter2) (P. Shen et Fillatreau 2015; Y. Shi 2021; Ansel et al. 2000). Nevertheless, it is likely that the

type of secreted cytokines depends on the nature, dose and sequence of stimuli that B cells receive.
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3.2.2.3. Cytotoxic B cells
In specific conditions, B cells can acquire cytotoxic properties. Hagn et al. induced

differentiation of B cells into granzyme B (GrB)-secreting cytotoxic cells through T cell-derived IL21 and
in the absence of CD40L costimulation, indicating an early cellular immune response mediated by B
cells, before a fully activation of antigen-specific T cells. Surprisingly, these cells do not express
perforin, yet they were able to induce apoptosis of tumor cell lines by effective GrB release (Hagn et
al. 2012). Multi-immunofluorescent staining on IBC formalin-fixed paraffin-embedded (FFPE) sections
confirmed the presence of GrB-secreting B cells in the TME in the vicinity of IL21-expressing T cells
(Lindner et al. 2013). Additionally, CD19+ B cells from peripheral blood stimulated with CpG-containing
oligodeoxynucleotides (CpG-ODN), upregulated the tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL/Apo2L) expression on their surface. These B cells triggered apoptosis of melanoma cells
confirming their cytotoxic potential (Kemp, Moore, et Griffith 2004). Tao et al. highlighted another
mechanism allowing B cells to kill directly tumor cells. They showed that IL10 gene silencing in tumor-
draining lymph node B cells significantly increased their cytotoxic activity and their Fas ligand (Fas-L)
expression. This result showed that these B cells can effectively kill tumor cells in an antigen-specific
and Fas-L-dependent manner in vitro (Tao et al. 2015).

Collectively, these findings reveal the broad spectrum of anti-tumor properties exerted by B

cells that may explain their association with a favorable patient outcome.

3.3. Tumor-promoting B cells

3.3.1. B cells can be associated with poor patient prognosis and promote tumor
progression
Few studies in breast cancer found an association between B cells and adverse outcome. Miligy

et al. showed in a cohort of pure DCIS and DCIS mixed with invasive cancer that an elevated tumor
density of B cells was associated with invasion, larger tumor size, TNBC and HER2+ tumors, lymph-
node metastases and shorter recurrence-free survival (RFS) (Miligy et al. 2017). No significant
correlation was reported between higher CD20+ cell density assessed by IHC in tumor tissue of patients
with IDC and patients’ prognosis (Mohammed et al. 2012). In other solid cancers, different groups
observed bad prognosis in patients highly infiltrated by B cells (Wouters et Nelson 2018; Sjoberg et al.
2018).

Many murine models lacking B-lymphocytes supported a pro-tumorigenic role of these cells in
cancer. B cell-deficient mice immunized with melanoma-associated antigens were more protected
against tumor development with potentiation of the magnitude and longevity of the specific CD8+ T
cell immune response (Perricone et al. 2004). In another murine breast tumor model, Tadmor et al.

observed that in the absence of B cells, tumor growth is inhibited accompanied with a decrease in
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Tregs number and function (Tadmor et al. 2011), suggesting that B cells may favor Treg expansion
and/or function. The presence of B cells was also associated with low tumor immunogenicity and
inhibition of CD4+ T cell help for CTL mediated tumor immunity (Qin et al. 1998). Eventually, tumor-
infiltrating B cells can mediate an acquired therapy resistance in melanoma patients treated with

inhibitors to oncogenic BRAF'®%% (Somasundaram et al. 2017).

3.3.2. Mechanisms underlying the pro-tumor function of B cells
B cell subsets with tumor-promoting activities can be mediated by different mechanisms

including pro-tumor produced antibodies (a topic underlined in chapter 3) and immunosuppressive B

cells.

3.3.2.1. Immunosuppressive B cells:
B cells with immunosuppressive properties, also called Bregs, are composed of a

heterogeneous group of cells capable of immunosuppressive activity in an inflammatory environment.
In human cancer, a number of studies identified immature and mature B cells with a regulatory
phenotype. Immunosuppressive plasma cells have also been described in tumors (see chapter 3). In
invasive breast cancer patients, Guan et al. observed an elevated of CD19*CD24*CD38*IL10"Bregs,
corresponding to immature/transitional B cells, in the circulation with a fraction of cells expressing PD-
L1. The latter subpopulation correlated positively with Tregs and negatively with PD1" effector T cells
and improved outcome (Guan et al. 2016). A recent study revealed the presence of BC-infiltrating Bregs
identified by the expression of CD25 and IL10. This subset correlated strongly with Tregs and with
shorter metastasis-free survival (Ishigami et al. 2019). IL10-producing Bregs can induce DC to produce
IL4 and downregulate 1L12, affecting the Th1/Th2 balance (Moulin et al. 2000). They can also suppress
CD4+ T cell differentiation into Thl and Th17 (Iwata et al. 2011). Moreover, this subset contributes to
tumor progression by inducing macrophage polarization to M2 phenotype, that ultimately inhibit
effector T and NK cells (Rosser et al. 2014). Lindner et al. described another Breg subset, which
surprisingly express GrB, along with CD25, IL10, and indoleamine-2,3-dioxygenase (IDO). GrB+ Bregs
are induced by IL21-secreting Tregs and integrate both BCR- and TLR-dependent signals. They harbor
a CD19'CD38*CD1d*IgM*CD147* phenotype (immature/transitional B cell phenotype). In contrast to
cytotoxic activity of GrB from CTL, GrB secreted by Bregs is transferred to T cells and trigger the
degradation of T chain of T-cell receptor (TCR) leading to T cell activity loss (Lindner et al. 2013).
Moreover, aggressive gastric cancer had an increased proportion of Bregs expressing IL35 in the
bloodstream (K. Wang, Liu, et Li 2018; Pylayeva-Gupta et al. 2016). IL35 is a suppressive cytokine of
the IL12 family composed of EBI3 and IL12p35 chains and promote tumor growth, progression and
metastasis by enhancing the secretion of IL6 and G-CSF and inhibiting IFNy. Furthermore, IL35 is

involved in myeloid cells recruitment and suppress CTL and NK activation (P. Shen et Fillatreau 2015;
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K. Liu et al. 2021). It is worth mentioning that a recent single-cell RNA-sequencing on TNBC tumors-
infiltrating B cells was unable to detect Breg cluster (Q. Hu et al. 2021).

Murine models described a wide spectrum of Breg subsets in tumors. Olkhanud and
collaborators reported in a mouse model of breast cancer, the involvement of TGFB-secreting Bregs in
the polarization of Tregs from resting CD4+ T cells. This results in pulmonary metastasis that can be
prevented in the absence of Bregs (Olkhanud et al. 2011). Later, another study detected PD-L1
expression on TGFB-secreting Bregs in mammary tumors. This population was able to suppress effector
T cell proliferation, Thl cytokine secretion and NK proliferation in response to IL15. Strikingly,
inhibition of TGFB or PDL1 was sufficient to reject tumors in vivo, suggesting that current

immunotherapies do not affect only T cells, but also B cell function (Yu Zhang et al. 2016).

3.3.2.2. Other pro-tumorigenic functions of B cells
B cells can secrete pro-inflammatory cytokines that may play important roles in cancer

progression. Ou et al. observed that tumor infiltrating B cells increased invasiveness of primary human
bladder cancer cells through their production of IL8 chemokine. IL8 upregulate androgen/androgen
receptor signaling in tumor cells, which is involved in cancer cell metastasis (Ou et al. 2015). In the
TME, B cells can be a source of IL1B, which potentiates HIF-2a expression with downstream Notchl
signaling activation in renal cancer cells leading to tumor-metastasis (S. Li et al. 2020). Somasundaram
et al. reported that B cell-derived IGF-1, ligand of IGF1-R expressed on melanoma cancer cells induces

resistance to BRAF and MEK inhibitors (Somasundaram et al. 2017).
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Figure 6: Anti- and pro-tumor B cell effects. B cells can suppress tumor growth through antigen presentation, secretion of
tumor-suppressing cytokines and by direct cytotoxic effect. They can also exert pro-tumorigenic effects through their
regulatory functions and the secretion of pro-inflammatory cytokines that enhance metastasis. TLS: tertiary lymphoid
structure.

Therefore, the tumor microenvironment contains a heterogeneous population of B cells that
could behave differently contributing to both pro- or anti-tumor immune response.
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CHAPTER Il: TUMOR-ASSOCIATED TERTIARY LYMPHOID
STRUCTURES

As already mentioned in the first chapter, tumors are often infiltrated by immune cells that
could organize themselves anatomically and functionally as in secondary lymphoid structures (SLO) in
a so-called tertiary lymphoid structure (TLS). TLS are inducible and transient structures that were
initially described in inflamed tissues associated with autoimmune diseases, infections and graft
rejection. In the context of cancer, Coronella et al. were the first to report the presence of B cell
aggregates containing follicular dendritic cells (FDC) adjacent to a T zone in breast tumors (Coronella
et al. 2002). Later on, TLS were detected in non-small-cell lung cancer (NSCLC) patients, further
characterized and were demonstrated to be associated with a more favorable prognosis (Dieu-Nosjean

et al. 2008).

In this chapter, we will discuss the cellular composition of TLS, the different markers and
techniques used to identify them, their impact on patients’ prognosis and on the quality of the
antitumor immune response. Eventually, we will discuss the mechanisms leading to their generation

and maintenance.

1. Tumor-associated TLS: composition, location and level of structuration
The cellular composition of TLS varies depending on cancer types, stages, and primary or

metastatic lesions, their location and level of structuration (Goc et al. 2013; Engelhard et al. 2018).
Indeed, they have a variable degree of organization ranging from simple B and T cells clusters with
rudimentary segregation to more complex, mature structures that contain high endothelial venules
(HEVs), B cell follicles with FDCs, germinal centers and occasionally lymphatic vessels. In this section,

we will describe all the components of fully developed TLS.

1.1. Cellular components of TLS
TLS contain key elements for immune response development to antigens. T and B cells are

segregated into 2 adjacent regions: B follicles and T-cell rich area.

1.1.1. B cellfollicle
Typical TLS-associated B follicle exhibits features of SLO-B cell follicle that encompasses a ring of

naive B cells around a GC that mainly contains B cells, T cells including Tfh, networks of FDC, and

macrophages with scattered memory B cell and plasma cells.

e B cell subsets: SLO-associated GC is further compartmentalized into a dark zone where B cells,
named centroblasts, proliferate actively and hypermutate their Ig genes, and a light zone
where B lymphocytes, termed centrocytes, undergo isotype switching and can test their

mutated BCR to select those with the highest affinity for a specific antigen. This minimizes the
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risk of expanding poorly reactive B cells that can also recognize auto-antigens with low affinity.
This step is safeguarded by Tfh and FDC. In the cancer context, the presence of highly
proliferative B cells expressing Ki67 and BCL6 corresponding to CXCR5+ GC B cells, surrounded
by gD+ naive B cells have been identified (Garaud et al. 2019; Werner et al. 2021; J Gunderson
et al. 2021). Multi-parametric flow cytometry analysis of cell suspensions obtained from breast
tumors allowed the detection of GC B cells identified as CD38*IgDB cells (Garaud et al. 2019).
In addition, different studies highlighted the functionality of TLS-associated GC B cells by
detecting activation induced cytidine deaminase (AID) expression, an enzyme involved in SHM
and CSR (Cipponi et al. 2012).

Tfh and Tfr: Tfh are a specialized subset of CD4+ T cells providing help to B cells. They
constitute key actors in GC through their secretion of various cytokines, including IL21, and
expression CD40L, which will interact with CD40 on antigen-specific B cell to drive their
proliferation, isotype switching, affinity maturation and differentiation to ASC and memory B
cells. Moreover, GC B cells outnumber Tfh, indicating that Tfh help is limited, which allows
efficient selection of B cells with the highest affinity to the antigen. This prevents cross-
reactivity with self-antigens. Classical Tfh are characterized by the expression of Bcl-6, PD-1,
ICOS and CXCRS5, the latter chemokine receptor enabling their movement into the B cell zone
in response to CXCL13 gradients (Hutloff 2018). Functional CXCR5+ Tfh, co-expressing PD1 and
ICOS, were found in BC-infiltrating TLS and their presence was associated with TLS harboring
GC (Noél et al. 2021). Moreover, this group demonstrated by flow cytometry, transcriptomics,
and in situ IHC staining the presence, in breast tumors, of a non-typical PD1"ICOS™-Tfh
population lacking CXCR5 expression and producing high amount of CXCL13, referred to as
TfhX13. They were found in the tumor bed, albeit they are not GC-restricted. In vitro assays
revealed that these cells were not capable of providing help to B cells, however, they may
promote TLS/GC formation through CXCL13 secretion (Gu-Trantien et al. 2013; 2017; Noél et
al. 2021). T follicular regulatory (Tfr) characterized by a CD25*CXCR5*FoxP3*GITR* phenotype
are also present in TLS and can suppress Tfh cells and humoral immunity with a higher efficacy
than Tregs (Noél et al. 2021; Eschweiler et al. 2021).

FDC: FDC are stromal cells owing the ability to present native antigens, retained in the form of
immune-complexes (ICs) on their surface, to B cells resulting in the proliferation of GC B cells
and the prevention of their apoptosis (Park et Choi 2005). FDC are present in both primary and
secondary follicles, co-express CD21 and CD35 molecules and were detected by IHC in various
cancers, including breast cancers (Coronella et al. 2002; Nzula, Going, et Stott 2003; Garaud et
al. 2019). However, they upregulate their CD23 (low affinity Fc receptor for IgE) and CD32 (low

affinity Fc receptor for IgG) in secondary B follicles. CD23+ FDC are more dense in the light
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zone of the GC (C. D. C. Allen et Cyster 2008), and were detected in TLS with secondary follicles
in melanoma (Werner et al. 2021). Additionally, a recent study in ovarian cancer showed that
FDCin mature TLS are the main source of the B/Tfh/Tfr cell attracting chemokine CXCL13 (Ukita
s. d.).

1.1.2. Tcellrich area
The T cell zone of TLS comprises a majority of T cells, some B cells and to a lesser extend mature

dendritic cells (DC). There is also an extensive network of fibroblastic reticular cell (FRC) and specialized

blood vessels called high endothelial venules (HEVs).

e T cells: naive CD8*CD45RA*T cells and central memory CD4*CD45RO*T cells (Tcm) are present
in this zone. Both populations express CCR7 and CD62L, key molecules for their attraction,
extravasation through HEV and maintenance in T cell rich area. Mature DC are also attracted
to this zone favoring antigen presentation to T cells (Becht et al. 2016). T cell rich area is usually
identified in tumors in the vicinity of B follicles constituting T cell rich region (Coronella et al.
2002; Gu-Trantien et al. 2013). It was initially thought that all tumor infiltrating T cells are
effector ones that differentiate in tumor-draining LN then home to inflamed tissue.
Nevertheless, the discovery of the presence TLS and HEV in tumors gave a new dimension to
this notion. Indeed, naive T cells and Tcm were observed in lung tumors, and appear to be
restricted to TLS areas and colocalized with HEV. (de Chaisemartin et al. 2011). Eventually, a
few Tregs were detected in melanoma-associated TLS (Messina et al. 2012).

e Mature dendritic cells (DC): immature DC, recruited from blood in inflamed tissue, are
stimulated by antigens and inflammatory cytokines to undergo maturation and migration
process (Banchereau et Steinman 1998). Thus, they upregulate CCR7, the receptor for the
CCL19 and CCL21 chemokines that drive their migration to the T cell zone of SLO where antigen
presentation to CD4+ and CD8+ T cells occurs. Mature DC express also the dendritic
cell/lysosomal associated membrane protein (DC-Lamp) that concentrates in perinuclear
lysosomes (de Saint-Vis et al. 1998). DC-Lamp+ mature DC were detected in multiple tumors
and correlate with T and B cell infiltration, HEV density and presence of TLS (Martinet et Girard
2013; Goc et al. 2014; Truxova et al. 2018). Nevertheless, this association is not absolute as
exemplified in renal cell carcinoma where most mature DC are found in TLS-negative stromal
areas (Giraldo et al. 2015). Martinet et al. showed, in breast tumors, that mature DC are the
main source of lymphotoxin B that is instrumental for HEV differentiation and maturation
(Martinet et Girard 2013), suggesting that they could contribute to TLS induction a and/or

maintenance.
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High endothelial venules (HEV): lymphocytes transmigrate from the blood into canonical
lymphoid organs through HEV. These specialized blood vessels are located mainly in the T cell
zone and secrete CCL21, a key cytokine for chemoattraction of CCR7+ lymphocytes. HEV
express peripheral-node addressins (PNAd), ligand of L-selectin expressed on the surface of
naive T and B lymphocytes and central memory T cells initiating their extravasation (Miyasaka
et Tanaka 2004). A solid body of evidence showed that blood vessels with HEV characteristics
develop also in various solid tumors. Martinet et al. did the first observation of the presence
of HEV in solid tumors including breast tumors. They used an HEV-specific monoclonal
antibody that recognizes an epitope on PNAd (MECA-79) to visualize HEV by IHC, and they
were able to observe CD3+ T cells frequently extravasating or attached to the luminal surface
of endothelial cells. They also showed that these vessels were a strong predictor of CD8+ T,
Th1 and B cell infiltration (Martinet et al. 2011). Furthermore, DC-Lamp+ DC are frequently
found around tumor HEV (Martinet et al. 2013). Although Song et al. demonstrated a robust
correlation between HEV and TLS in a TNBC cohort, HEV appear to be more frequently present
in tumors than TLS (Song et al. 2017; Martinet et al. 2011). Surprisingly, HEV of inflamed lymph
nodes upregulate P-selectin, E-selectin, CXCL9 and MadCAM-1 resulting in the recruitment of
activated/effector T cells, pDC, monocytes and neutrophils indicating that HEV function can be
modulated by its environment (G. Vella, Guelfi, et Bergers 2021). It is likely that in tumor
context, the immune cell composition influx through HEV can evolve.

Fibroblastic reticular cell (FRC): FRC are stromal cells that originate from mesenchymal
precursors in the microenvironment of lymph node (LN) during ontogeny. Engagement of the
lymphotoxin B receptor on these precursors leads to their differentiation into lymphoid-tissue
organizing cells (LTo), and then gives rise to mature FRC. Present in LN-T cell zones, they
surround HEV to maintain their integrity, and their secreted chemokines and cytokines are
crucial for naive T cell recruitment and survival. FRC secrete CCL19 and CCL21 that attract
CCR7+ T cell across HEV and retain them in the T cell zone. Moreover, they create a conduit
system to increase potential interaction between T cell and DC facilitating antigen
presentation. FRC have also immunoregulatory functions by: 1) presenting self-antigens
inducing the anergy of CD8+ T and CD4+ T cells participating to peripheral tolerance, 2) limiting
newly activated T cell expansion through their expression of inducible nitric oxide synthase
(iNOS) (F. D. Brown et Turley 2015). Podoplanin-positive immunofibroblasts that closely
resemble FRC phenotypically and functionally have been identified in TLS in the context of
autoimmune diseases (Nayar et al. 2019). Rodriguez et al. showed recently in a murine model
of melanoma that tumor-associated TLS development is orchestrated by podoplanin+ cancer-

associated fibroblasts (CAF) with lymphoid tissue organizer cells (LTo) characteristics through
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the expression of tumor necrosis factor-a (TNFa) (Rodriguez et al. 2021). Unfortunately, few
data are available on FRCin human tumors, and further studies are needed to understand their

role in cancer, especially that they could harbor suppressive activities.

In conclusion, tumor-associated TLS share many features with SLO in terms of composition and
structuration. Nevertheless, TLS are not supplied by afferent lymph vessels and are not encapsulated
resulting in a probable direct exposition of these structures to tumor antigens and secreted cytokines

in the TME.

1.2. Tumor TLS are heterogeneous
Considerable heterogeneity in the level of structuration of tumor-infiltrating immune cells have

been observed in cancer, ranging from tight clusters of B and/or T cells to fully developed TLS with
secondary follicles. A second level of heterogeneity is due to their possible differential location in the

tumor mass.

1.2.1. Various levels of TLS structuration are encountered in tumors
Four subtypes of lymphoid aggregates were initially described in human cancer based on their size,

cellular composition, and degree of organization ranging from small clusters of approximatively 20 to
50 cells (comprising CD4+ and CD8+ T cells, B cells and occasional DC) to fully developed TLS that exhibit
prominent B-cell follicle with GC-like structures. In ovarian cancer, GC-containing TLS were found in
almost 25% of patients and were strongly associated with other types of aggregates (Kroeger, Milne,
et Nelson 2016). In oral squamous cell carcinoma, Li et al. observed the presence of CD3+ T cells, CD20+
B cells, PNAd+ HEV and DC-Lamp+ cells in both immature and mature TLS, however, T and B cells were
scattered diffusely in immature TLS without follicular structure, but seemed to be more abundant in
DC and HEV that mature TLS (H. Li et al. 2021). This categorization is becoming increasingly important
since it has a probable impact on the anti-tumor immune response intratumorally. Nevertheless, the
methodology and markers used to assess the degree of TLS maturation are not yet standardized. In
breast cancer, most TLS (>95%) do not contain a germinal center based on their morphology as can be
judged on an HPS-colored tissue section (Song et al. 2017). Noél et al. defined active TLS as those with
Ki67+ and PD1+ B cell follicle(s) and the presence of PD1*GZMB*TILs in T cell zone. Significantly higher
expression of Tfh genes, Thl-oriented response, cytotoxic functions, B cell differentiation, and antigen
presentation were observed in active TLS indicating that these structures are functional (Noél et al.
2021). Moreover, the proportion of GC-associated TLS varies depending on the type of cancer. In
metastatic melanoma, less than 25% of TLS harbored a secondary B-cell follicle, as determined by the
presence of CD21*CD23*FDC (characteristic of GC light zone), whereas more than 50% of TLS exhibit at

least one GC in lung cancer and colorectal carcinoma (CRC) (Lynch et al. 2021; Posch et al. 2018; Silina
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et al. 2018). Eventually, a recent study identified SEMA4A (Semaphorin 4A) as an upregulated marker

in GC TIL-B compared to other TIL-B subsets adding another surrogate GC marker (Ruffin et al. 2021).

In summary, distinct states of maturation of TLS exist in solid tumors suggesting a possible
developmental continuum of these structures intratumorally. Importantly, these levels of organization
influence probably the quality of the immune response locally, and thus the impact on patient
prognosis.

1.2.2. Location of TLS in tumor tissue:

The majority of studies have described TLS in the peritumoral areas and in the invasive margin,
forming a kind of wall around the cancer tissue. In breast cancer, Sofopoulos et al. considered adjacent
TLS as those situated in the invasive front and distant TLS as those that have normal breast tissue inter-
positioned between them and the tumor-infiltrating border. This study revealed that more than 90%
of patients have at least one adjacent TLS, whereas only 25% of patients harbored distant TLS
(Sofopoulos et al. 2019). A few studies reported intratumoral TLS (Hiraoka, Ino, et Yamazaki-ltoh
2016). In hepatocellular carcinoma (HCC), TLS in the non-neoplastic liver parenchyma were showed to
serve as a niche for malignant hepatocyte progenitors (Finkin et al. 2015). Recent studies identified
peritumoral TLS in most HCC cases, whereas intratumoral TLS were observed in only 30% of HCC. Unlike
the first findings, high peritumoral TLS density showed significantly higher intratumoral immune
infiltration leading to an efficient anti-tumor immune response (H. Li et al. 2021). Moreover, in
melanoma and oral squamous cell carcinoma tissues, TLS seems to be more organized in peritumoral
locations than within tumor nests (Engelhard et al. 2018; S. Li et al. 2020). Much remained to be done
to fully understand underlying mechanisms leading to peritumoral and/or intratumoral TLS formation,

their immunological properties and probable distinct prognostic values.

Therefore, with TLS being an important part of the immune contexture of tumors, it has become
essential to analyze not only their density, but also their composition, location and degree of

maturation.
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Figure 7: Tumor-infiltrating TLS are heterogeneous. A TLS formation ranges from early TLS with intermixing of T, B and DC
cells to fully developed TLS harboring a GC. B TLS can be present at different locations: intratumoral, in the invasive margin
or at peritumor area.

2. Methods for TLS identification and characterization in tumors
There is still no consensus regarding the best method and markers for TLS assessment in tumor

tissues. Three main strategies have been used for TLS detection and quantification:

- Histopathological evaluation of TILs using an hematoxylin and eosin (HE) colored tissue
section.

- Immunohistochemistry/Immunofluorescence (IHC/IF) on paraffin-embedded (FFPE) tumor
sections.

- Gene expression on tumor samples (FFPE or frozen specimen).

Because TLS can have different localizations and are usually present in the invasive margin and
peritumoral tissue, their detection cannot be performed on core biopsies nor tissue-microarray (TMA),
and should be preferentially done on surgical specimens. For example, in breast cancer, 50% of the
tumors that were found to contain TLS upon analysis of the whole tumor section were TLS-negative
when using the core biopsy (Buisseret, Desmedt, et al. 2017). In addition, TLS distribution in the tumor
can be highly heterogeneous suggesting that multiple sections at distance from each other should
reduce false-negative risk. Eventually, due to TLS preferential location in the periphery of the tumor,
it is recommended to evaluate them inside and outside the tumor border. It is also crucial to determine

the TLS state of maturation using distinctive markers.
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2.1. Histopathological/IHC characterization of TLS
Numerous studies relied only on an expert histopathological evaluation of TILs using an

hematoxylin and eosin (HE) colored tissue section, which has the advantages to be an easy, rapid and
low cost technique (Salgado et al. 2015; H. J. Lee et al. 2016; Figenschau et al. 2015). However, the
comparative analysis of HE coloration and IHC (CD3/CD20 dual staining) on FFPE breast tumor sections
revealed that TLS detection is underestimated on hematoxylin eosin compared to
immunohistochemically stained tissues (Buisseret, Desmedt, et al. 2017). Moreover, this technique
does not allow the distinction of the various immune populations constituting the TLS, and it can be

very difficult to determine the level of TLS structuration even for an experienced pathologist.

Nowadays, most studies use single or multiparametric IHC/IF approaches to detect the different
components of TLS, including B cell follicles, T cell rich zones, HEV, mature DC, and FDC, by immune-
labeling of CD20+, CD3+, DC-Lamp+, MECA-79+ and CD21+ cells, respectively. However, we should be
cautious with some markers that can be applied to limited types of cancer. DC-Lamp marker is a good
example since, in lung carcinoma, it is observed only in TLS, whereas in renal cell carcinoma, most
mature DC are found outside of TLS (Goc et al. 2014; Giraldo et al. 2015). Therefore, it is preferable to
combine several markers to identify and quantify these structures. In addition, there is a need to assess
the level of TLS organization and recent studies on different cancer types used the CD21 and CD23
markers to distinguish FDC present in primary (CD21+CD23-) vs secondary GC-containing
(CD21+CD23+) follicles of TLS (Lynch et al. 2021; Posch et al. 2018; Silina et al. 2018).

The quantification of TLS also lacks standardization. In the literature, distinct methods to assess
the amount of tumor-infiltrating TLS were utilized: (1) the density of DC-Lamp+ cells (Goc et al. 2014;
Truxova et al. 2018); (2) HEV density (Martinet et al. 2011); (3) B follicle or TLS area/total area (Germain
et al. 2014; Ruffin et al. 2021); (4) Number of lymphoid aggregates/total area (Tang et al. 2020). As
mentioned above, DC-Lamp+ cells and HEV are also present in non-TLS regions, suggesting that they
may not be the best surrogate indicator of TLS presence in all cancer types. In our experience,
determination of B-cell follicle or TLS density are probably the most robust and specific approach for

TLS quantification, at least in breast cancer.

Another key issue is the choice of the threshold allowing TLS stratification. The absence VS the
presence of at least one lymphoid aggregate in a commonly used method (Sofopoulos et al. 2019).
However, this is of limited value for tumors with a high frequency of TLS among patients, such as breast

cancer. For these cases, the median value of the selected TLS marker is privileged (Figure 8).
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IHC/IF approaches for TLS assessment are currently the most used, and likely most accurate,
technique. However, computational methods to infer TLS presence/density from bulk transcriptomic

data are increasingly being used.

2.2. TLS gene signature expression
Coppola et al. were the first group to define a gene signature that predicts the presence of TLS in

CRC. This signature is composed of 12 genes coding for chemokines highly related to TLS neogenesis
like CXCL13, CCL19 and CCL21 (detailed in TLS neogenesis part). It is noteworthy that the authors
compared tumors with a high organized immune infiltrate to tumors with a minimal or absent
lymphocytic infiltration, suggesting that this gene signature might not be specific of a structured
immune infiltrate, but rather associated to highly infiltrated tumors (Coppola et al. 2011). This
signature has been evaluated in other solid cancers including breast cancer (Prabhakaran et al. 2017).
The same kind of strategy was used recently to develop new TLS gene signature in melanoma patients
where they compared gene expression between highly VS negligibly infiltrated tumors by CD20+ and
CD8+ T cells. They identified a 9-genes TLS signature that correlates with a gene signature constructed
from TLS-related hallmark genes (Cabrita et al. 2020). Other studies used key TLS-associated cells or
molecules as a good reflection of TLS/GC presence such as Tfh, FDC or CXCL13 (Gu-Trantien et al. 2013;
Cipponi et al. 2012; Ukita s. d.). Recently, using spatial transcriptomics, Meylan et al. defined a 29-gene
TLS imprint signature by comparing TLS area gene expression to non-TLS region on the same tumor

section (Meylan et al. 2022) (Table 1).

Despite the multiple TLS gene signatures available, we do believe that there is still a need for the
development of a robust and standardized TLS assessment assay based on bulk transcriptome analysis
of tumor specimens. In my opinion, establishing a more accurate TLS gene signature would require to
compare TLS-rich tumors to tumors without TLS matched for TIL content, in order to reveal genes that

are specific of lymphocytes structuration and not to lymphocyte infiltration.
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TLS detection GC-assoclated TLS markers
HE[S) coloration - IHC/IF technigue:
*  |ymphoid aggregates = (CD20 = intense staining in GC
IHC/IF technique « gD —* primary (majority of naive B cells V5§
«  [CD20/CD3 = B follicle/T-rich zone secandary (a ring of naive B cells surrounding lgD""e)
* DC-Lamp =* Mature DC follicles
* MECA-79 = HEV *  KiB7 = profiferating GC-B cell
« D21 = FDC «  CD4+P0O1hi =+ Tfh
Gene expression * BCLE =* GC-B cell/ Tfh
* TL5 gene signature score * (D23 = Mature FDC

Quantification

On FFPE whole section [including peritumor region)
Determine the area density (per tumor area):
*  |ymphoid aggregates/mma2
« B follicle area/mm2
*  TLS area; B follicle + T-cell zane/mm2
Counting of positive cefls in TLS (per tumor area):
*  Number of DC-Lamp+ cells/mm2
*  Number of follicular CO20+ cellsf mm2
Count the number of TLS (per tumaor area)
Level of TLS gene signature expression

Figure 8: TLS evaluation in human tumor sections. TLS are generally detected using HE coloration, IHC/IF technique and
recently transcriptomic analysis (blue left). TLS-containing GC can be identified with different markers using IHC/IF technique
(blue right). Different strategies are currently used to determine TLS density (Green).
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3. TLS are associated with better cancer patient prognosis and improved responses to
therapies
The presence of TLS in tumors was reported, however their frequency tends to be dependent upon

the type of cancer. Histological evaluation of TLS revealed that more than 90% of cases of colorectal,
pancreatic and breast cancer exhibit at least one TLS, whereas these structures are found in less than
40% of skin and oral mucosal cancers (Hiraoka, Ino, et Yamazaki-ltoh 2016). Furthermore, assessment
of RNAseq data from various cancer types using the 12-chemokine TLS gene signature showed an
extremely heterogeneous distribution of signature scores according to cancer types, with TLS-High
tumors such as breast and lung tumors, and TLS-Low tumors like brain tumors (Sautés-Fridman et al.

2019).

The presence of TLS is often associated with favorable prognosis in solid malignancies studied so

far. Moreover, TLS predicts response to cancer therapies including immunotherapies.

3.1. TLS association with clinicopathological parameters and their impact on
patients’ prognosis
Despite the different strategies of TLS detection and quantification, tumor-associated TLS

correlate with favorable prognosis in untreated primary and metastatic breast cancer (Table2). Most
studies used immunohistochemical staining to identify TLS, albeit using different markers including B-
cell follicle, HEV and FDC. Prabhakaran and colleagues assessed TLS presence using the 12-chemokine
TLS gene signature(Prabhakaran et al. 2017), whereas Lee et al. used four genes associated with TLS
(M. Lee et al. 2019). Only one study reported an unfavorable outcome for patients harboring at least
one TLS; however, the authors observed the presence of at least one TLS in most patients (>80%) and
their stratification were based on the presence of absence of TLS leading to unbalanced groups (98
TLS+ vs 14 TLS-) (Sofopoulos et al. 2019). A threshold for TLS quantification to compare these 2 groups
would be more fitting as done by Martinet et al. who compared the highest tercile of HEV density to
the two lowest terciles (Martinet et al. 2011). Moreover, Sofopoulos et al. focused on TLS located in
peritumoral and/or invasive margin region neglecting those present intratumorally (Sofopoulos et al.
2019). HCC is a good example highlighting the impact of TLS location on prognosis. Finkin et al. showed
that TLS detected in non-neoplastic liver tissue was linked to an increase risk of recurrence. They also
demonstrated using a mouse model that peritumoral TLS development is driven by chronic
inflammation in the pre-malignant phase and can serve as expansion/survival niches for malignant
hepatocyte progenitors (Finkin et al. 2015). By contrast, TLS located in the tumor core of HCC were
recently described as predictive of a decreased risk of early relapse (Calderaro et al. 2019) indicating

that the location of TLS is of utmost importance to determine the impact on patients.
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A second important feature to consider for tumor-associated TLS is their degree of maturation.
Numerous studies in multiple cancer types showed that mature TLS exhibiting active secondary
follicles provide a better protection than aggregates with intermixing of T cells within B cell clusters
(Calderaro et al. 2019; Meylan et al. 2022; Posch et al. 2018; Ruffin et al. 2021; Noél et al. 2021). In
breast cancer, high density of active TLS, characterized by the presence of germinal center, were

associated with a better outcome (Noél et al. 2021).

Scarce data are available on the role of TLS in metastatic sites. TLS density, composition and state
of maturation in metastases seem to depend on the primary tumor and the organ in which the
metastasis is located. In breast cancer, Lee et al. analyzed a series of 355 metastases localized in lung,
liver, brain and ovary. They showed that TLS were present only in lung and liver metastases, and
matched TLS-associated primary tumors characteristics regarding their density. Surprisingly, patients
lacking TLS in primary tumors but with TLS in metastatic sites showed significantly better overall

survival (M. Lee et al. 2019).

Eventually, the link between TLS and clinicopathological parameters has also been investigated
and revealed an association with more aggressive tumors, which is discordant with their positive
impact on prognosis. TLS were more frequently present in tumors with a more aggressive grade, high
proliferation index and absence of hormonal receptors expression, parameters that are usually
associated with a worse patient survival. Moreover, higher PD1 and PDL1 positivity prevalence on
immune cells was associated with tumor aggressiveness and TLS density (Buisseret, Garaud, et al.
2017). Despite this, TLS retain their positive prognostic value in patients (Table2). This indicates the
need to better characterize TLS state of maturation and location that could explain these contradictory

data.

3.2.  TLS as a predictive biomarker for treatment response
Gu-Trantien and colleagues were the first group to address the question of TLS predictive impact

of response to chemotherapy in breast cancer patients. In a cohort of 996 patients, they showed that
high expression of an eight-gene Tfh cell signature, as well as of the single CXCL13 gene, in pre-
treatment biopsies predicted pathological complete response (pCR) to neoadjuvant chemotherapy
(NAC). In addition, in TNBC patients treated with NAC, pCR was associated with higher densities of HEV
and elevated expression of the CXCL13 gene (Table2) (Gu-Trantien et al. 2013). Treatment of HER2-
enriched breast tumors with anti-HER2 mAb correlated with a better disease-free survival in tumors
with high TLS density (H. J. Lee, Kim, et al. 2015). Altogether, these data indicate that pre-existing TLS

may favor response to chemotherapies and targeted therapies.
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The development of immunotherapies targeting inhibitory immune checkpoints and their
ligands (anti-ICP/ICPL) has revolutionized cancer patients’ treatment. Anti-ICP/ICPL showed
remarkable anti-cancer activity, however, there is only a fraction of patients that experience long-term
benefits from this therapy. Therefore, it is essential to identify robust predictive biomarkers to select
patients who are more likely to benefit from these therapies. Recent studies revealed a strong
association between high TLS density and positive outcome of anti-ICP/ICPL treatment in sarcoma,
melanoma and renal cell carcinoma patients (Petitprez et al. 2020; Helmink et al. 2020; Cabrita et al.
2020; Vanhersecke et al. 2021; Asrir et al. 2022). Moreover, increase of CD20 and TLS densities were
observed after treatment in responding but not nonresponding patients (Helmink et al. 2020),
indicating that immunotherapy favor TLS development. In line with that, the induction of TLS in a
murine model was associated with a better response to immunotherapy (Johansson-Percival et al.
2017) (Box3). Furthermore, Vanhersecke et al. evaluated TLS degree of maturation on a retrospective
cohort of 328 patients with various cancer types including breast cancer and treated with anti-PD1 or
anti-PDL1 immunotherapies. They reported that the presence of mature TLS was associated with
improved overall survival and objective response rates irrespective of PDL1 expression, a routine
predictive biomarker (Vanhersecke et al. 2021). Therefore, it is essential to further refine TLS
characterization by identifying their location and state of maturation to best appreciate their impact

on patient prognosis and response to therapies.

Overall, these data indicate that the development of novel therapeutic strategies to induce TLS

in patients may improve their prognosis and response to therapies.
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4. Impact of TLS on the quality of the immune response to tumors
Numerous recent studies allow us a better comprehension of the immune response generated

locally in these structures.

4.1. TLS are sites of anti-tumor immune response development
In multiple cancer types, the prognostic value of tumor-infiltrating T cells is usually stronger when

B cells and/or antibody-secreting cells are also present in the TME, supporting a probable coordination
of cellular and humoral immunity for efficient tumor control (Kroeger, Milne, et Nelson 2016; Wouters
et Nelson 2018). TLS are sites where T and B cells functionally interact and cooperate to induce
effectors capable of eliminating tumor cells. TLS containing tumors are indeed usually strongly
infiltrated by CD8 and CD4 T cells, B cells, plasma cells and M1-type macrophages, immune cells with
known anti-tumor functions (Goc et al. 2014; Ukita s. d.). In this section, | will discuss the different

ways by which TLS may boost local and systemic immune responses to malignant cells.

4.1.1. TLS-associated vasculature allow immune cells recruitment in tumors
As previously mentioned, HEV formation is a key step in TLS maturation since they provide a

gateway for the entry of circulating lymphocytes with naive and central memory phenotype to the
TME. Their density is an independent predictive indicator of better survival in solid cancers including
breast tumors, and are usually associated with CD4+ Th1, cytotoxic CD8+ T cells, memory T and B cells,
mature DC but not Tregs. Transcriptomic analysis revealed that HEV presence coincides with
overexpression of T cell recruiting chemokines and receptors such as CXCL9, CXCL10, CXCL13, CCL19,
CCL21 and PNAd (Martinet et al. 2011; 2013, 201). Furthermore, single cell RNAseq data from
melanoma tumors revealed that B-cell rich samples contained more CD4+ and CD8+ T cells with naive
and memory-like features (TCF7+, IL7R+ and CD62L) as compared to B cell poor samples, supporting

an influx of CD62L+ naive and memory T cells to TLS (Cabrita et al. 2020).

In addition to HEV, TLS development is also accompanied by lymphatic vessels (LV) neogenesis,
which has been well described in autoimmune diseases and chronic kidney rejection. LV express CCL21,
LYVE-1, podoplanin, VEGFR-2, and VEGFR-3. They provide communication of the lymphoid organs with
the rest of the body. Afferent LV are the initial entry into lymph nodes (LN) from the tissues for antigen
and APCs, whereas efferent vessels allow egress of activated cells from LN to the next LN and
eventually into the blood stream. LV-associated TLS frequently contain cells and express CCL21
indicating that they may constitute a means for the entrance of APC from draining-lymph node,

complementing HEV function (Ruddle 2016).
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4.1.2. TLS as sites of tumor antigen presentation
TLS could contribute to mount an anti-tumor immune response through their ability to present

tumor antigens locally. Breast tumors harboring active TLS show upregulation of genes involved in
antigen presentation, including LAMP3, CD80 and various HLA molecules (Noél et al. 2021). T cell rich
zone of TLS contains mature DC-Lamp+ DC that are in close contact with CD4+ T and CD8+ T cells
suggesting local presentation of antigens captured from surrounding tumor cells, leading to i) the
priming, proliferation and differentiation of naive T cells into effector cells, and/or ii) to the
reactivation and amplification of effector cells primed elsewhere (for example in draining lymph nodes)
(Martinet et al. 2011; Germain et al. 2014; Kroeger, Milne, et Nelson 2016; Goc et al. 2014; Di Caro et
al. 2015). Whether DC cross-present tumor antigens to CD8+ T cells or whether Th help is a prerequisite
for an efficient generation of CTL occurring inside TLSs remains to be determined. However,
intratumoral IgG directed against tumor antigen can increase costimulatory molecule CD86 on DCs and
potentiate the capacity of DC to perform cross-presentation (discussed in chapter 3). Mature DC have
also been detected in the germinal centers of ovarian cancer metastasis, indicating that they may also
be involved in native antigen delivery to B cells (Montfort et al. 2017). Numerous studies showed that
tumor-infiltrating B cells (TIL-B) with an activated memory phenotype express molecules involved in
antigen presentation, including MHC class | and 1l, CD40, CD80 and CD86, suggesting their ability to
present antigens to T cells. Bruno et al. indeed demonstrated, using an ex vivo culture system, that
activated TIL-B can efficiently present antigen (captured in vivo) to CD4+ T cells leading to their
proliferation and differentiation into IFNg-producing effector cells (J. S. Nielsen et al. 2012; J.-Y. Shi et
al. 2013; T. C. Bruno et al. 2017; Rossetti et al. 2018). Furthermore, B cells are able to perform cross-
presentation of the cancer testis antigen NY-ESO1 to CD8+T cells (Gnjatic et al.2003). Accordingly, high
density of B cells found in lung tumor-associated TLS correlated with greater CD4+ T cell and CD8+ T
cell clonality in the tumor and draining LN (Zhu et al. 2015). In conclusion, TLS represent active sites

for the priming/activation, expansion and differentiation of tumor-specific T cells.

4.1.3. TLS generate memory B cells and antibody-secreting cells
An increasing body of circumstantial evidence suggests that tumor-associated TLS are drivers of in

situ activation, proliferation and differentiation of naive/memory B cells to memory B cells and ASC, as
might be expected for a structured ectopic lymphoid tissue: (1) All B-cell differentiation stages from
naive B cells through activated B cells and GC B cells to memory B cells and terminally differentiated
ASCs were identified by flow cytometry and/or transcriptome analysis of epithelial tumors. In addition,
a significant associations between TLS and ASC densities were observed (Wieland et al. 2021; Garaud
et al. 2019; Kroeger, Milne, et Nelson 2016; Meylan et al. 2022). (2) Numerous studies showed that
some TLS contain B cells that express Ki67 and BCL6 corresponding to bona fide GC B cells. Moreover,

expression of AID was observed in GC B cells indicating that these cells undergo somatic hypermutation
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and lg class-switch recombination. Interestingly, isotype switching occurred not only to 1gG, but also
to IgA, even in non-mucosal tumors (Coronella et al. 2002; Germain et al. 2014; J. S. Nielsen et al. 2012;
Montfort et al. 2017; Cipponi et al. 2012). (3) Single-cell RNA coupled with BCR sequencing of TNBC-
infiltrating B cells revealed that they were mostly CD27+ memory B cells and had higher clonality, CSR
and SHM than those in the blood (Q. Hu et al. 2021). Furthermore, memory B cells located within TLS
in omental metastases of ovarian cancer had a high clonality and SHM rate (Montfort et al. 2017).
Using spatial BCR profiling, a recent study showed in renal carcinoma tumors that the highest numbers
of unique light chain clonotypes were found in TLS areas, whereas highly mutated sequences of
variable regions are at distance from TLS, indicating that SHM occurs in TLS and mutated ASC
disseminate throughout the tumors (Meylan et al. 2022). (4) Conventional CXCR5+ Tfh cells expressing
PD1 and ICOS were detected predominantly within a fully developed TLS. Functional assays
demonstrated that they were capable through CD40-CD40L interaction with B cells and cytokine
production to trigger 1gG and IgA production. In breast tumors, the group of Willard-gallo identified
another Tfh subset, referred to as “TfhX13”, lacking CXCR5 expression, but expressing both PD1 and
ICOS and producing CXCL13. These cells, mainly located outside of TLS, are associated with the
presence of TLS, GC B cells and ASC and could contribute, through CXCL13 production, to the
recruitment and activation of B cells and TLS formation (Gu-Trantien et al. 2013; 2017; Noél et al.
2021). (5) The presence of tumor-antigen specific ASC was recently demonstrated in HPV+ head and
neck tumors, with the presence of a dominant population of HPV-specific ASC associated with an active
in situ production of IgG targeting HPV (Wieland et al. 2021). Besides, Meylan and collaborators
observed higher proportions of 1gG labeled apoptotic tumor cells in TLS* as compared to TLS™ tumors,
illustrating that TLS induce/sustain the production of antibodies reacting with tumor cells and leading

to their elimination (Meylan et al. 2022).

4.1.4. TLSis a privileged site for the generation of Thl-orientated immune response
and cytotoxic CTL
Following antigen presentation, TLS can initiate/potentiate immune response through the

local generation of tumor-specific T cell effectors. In vivo studies demonstrated that in the absence of
secondary lymphoid organs, TLS in mouse melanoma lesions were able to generate CD8+ T cells
specific for melanoma-associated antigen (Schrama et al. 2008), indicating that TLS can function
independently of SLO. That TLS are sites of induction of T cell responses is supported by studies of T
cell clonality. Indeed, TLS are associated with increased T cell receptor (TCR) clonality of CD4+ T cells
in lung tumors (Zhu et al. 2015). In ovarian cancer, analysis of macrodissected TLS versus non-TLS
tumor regions (matched for lymphocyte infiltration) revealed preferential T cell oligoclonal
amplification in TLS (Ukita s. d.). Importantly, the clones with the highest amplification in non-TLS

region were consistent with the clones found in TLS, suggesting that antigen-driven activation and
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expansion of T cells initially takes place in TLS, and then effector cells disseminate to the tumor bed
and circulation to eradicate malignant cells. Furthermore, multiple studies showed that TLS-enriched
tumors, are characterized by increased proportions of CD38*CD69* activated T cells, cytotoxic CD8+ T
cells and NK along with a low infiltration of immunosuppressive cells (Goc et al. 2014; Truxova et al.
2018; Hiraoka, Ino, et Yamazaki-ltoh 2016). Cabrita et al. compared T cells isolated from TLS*
melanoma tumors vs TLS tumors and observed distinct transcriptional profile with an increased
expression of TIM3 and PD1 in T cells infiltrating tumors lacking TLS (Cabrita et al. 2020). In addition, a
spatial profiling analysis revealed increased activation markers on CD8+ T cells positioned inside TLS
compared to those localized outside TLS, suggesting that these structures promote T cell responses
inside TLS (Helmink et al. 2020). Eventually, compared to their TLS-negative counterpart, TLS-enriched
breast tumors upregulated expression of IFNG, TBX21, TCF7 genes, indicating a higher Thl-orientated
immune response. Remarkably, in contrast to tumors containing immature TLS, those with mature TLS
highly express genes associated with cytotoxic CD8+ T cells, such as CD8A, GZMB, PRF1, IL12 pathway
indicating that TLS with active GC may promote an anti-tumor CD8 immune response (Noél et al. 2021).
Moreover, in a murine lung adenocarcinoma model, the interaction between tumor-specific GC B cells
and Tfh as well as IL21 produced by Tfh are essential for effector CD8+ T cell function increasing

granzyme B expression (Cui et al. 2021, 20).

Altogether, these data demonstrate that TLS is a site of induction of an efficient cellular

immune response directed against tumor antigens.
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Box3: learning from studies on the effects of cancer therapies on TLS to better understand the roles
of TLS in cancer

Cancer treatments may affect TLS composition and functions, which can influence patients’
prognosis. Boivin et al. were the first to provide a descriptive view of TLS modulation occurring in
tumors after treatment. In breast tumors, hypo-fractionated radiotherapy induced an early depletion
of TLS followed by their restoration. This phase was accompanied by a significantly increase in memory
CD8+ T cells (Boivin et al. 2018). Later, TLS density and their state of maturation in lung squamous cell
carcinoma patients were analyzed in chemotherapy plus corticosteroids-treated VS chemotherapy-
treated patients. Corticorsteroid delivery during chemotherapy abrogated the positive prognostic
value of TLS. Indeed, the authors reported similar TLS density but impaired GC formation in patients
treated with corticosteroids, suggesting that mature TLS are crucial for the generation of efficient anti-
tumor immune response (Silina et al. 2018). A recent study conducted on breast cancer patients
showed that chemotherapy drastically remodels the tumor infiltrating B cell compartment with the
emergence of ICOSL* B cells and diminution of IL10 producing cells, the former population being
associated with improved therapeutic efficacy and long-term survival. Strikingly, ICOSL* B cells
accumulated in TLS and had significantly closer contacts with T cells compared to ICOSL™ B cells.
Moreover, in a mouse models of breast cancer it was shown that elevation of ICOSL® B cells post-
chemotherapy in responsive animals was associated with increased frequencies of granzyme B or
perforin-expressing CD8+ T cells and Th1 cells, as well as decreased Tregs in tumors (Y. Lu et al. 2020).
This could be the consequence of an immunogenic cell death induction leading to the release of tumor
antigens that are then captured by DC initiating an anti-tumor immune response in TLS. The
combination of antiangiogenic monoclonal antibody (mAb) and an immunotherapy targeting PDL1 in
mouse models of breast cancer induced an increase of HEV that promoted lymphocyte infiltration and
subsequent TLS formation and enhanced cytotoxic T cell activity (E. Allen et al. 2017). Moreover, in a
murine melanoma model, it was shown that tumor-associated TLS are increased following anti-
ICP/ICPL immunotherapy. Interestingly, this augmentation in TLS number and size were correlated
with overall response to treatment (Rodriguez et al. 2021). Eventually, Helmink et al. observed that
melanoma patients treated with anti-ICP/ICPL exhibit more abundant TLS in post-treatment and were
more likely to respond to immunotherapy (Helmink et al. 2020). These findings support the fact that
TLS elicit optimal activation and maintenance of anti-tumor immune responses. Future therapeutic
strategies in solid malignancies should therefore preserve pre-existing TLS, and even harness their
formation and increase their state of maturity to favor efficient anti-tumor immunity. This topic will

be detailed in the last part of this chapter.
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4.2. TLS can promote tumor progression
Scarce studies showed that lymphoid aggregates are associated with bad prognosis in tumors.

Nevertheless, thanks mainly to animal models, varying mechanisms were discovered including

inflammation, immunosuppression and immune exhaustion.

4.2.1. Tumor-associated TLS may serve as an inflammatory niche nursing malignant
cells
TLS can harbor pro-tumorigenic effects supporting abnormal cells until they eventually acquire

malignant properties. Finkin et al. demonstrated in human and mouse model of HCC that TLS
constitute a unique immune microniche that provides early tumor progenitors with crucial survival and
growth factors such as lymphtoxin B (LTb), CCL17 and CCL20. Remarkably, LTB blockade in early periods
of tumorigenesis dramatically reduced HCC burden in mouse model. These findings were confirmed
on a cohort of patients with preneoplastic/early hepatic lesions, showing elevated mRNA levels of
various pro-inflammatory cytokines including IL6 and LTB in TLS-high tumors. It is worth noting that
most detected TLS were found in the peritumoral area (Finkin et al. 2015; Meylan et al. 2020). In
contrast to previous works, a study observed a favorable prognosis for HCC patients that display
intratumoral mature TLS suggesting the importance of TLS localization and state of maturation in
dictating TLS effect (Calderaro et al. 2019). Yamaguchi et al. divided TIL aggregates in CRC tumors, in
5 categories according to their immune composition. Unlike TLS displaying an active GC, TLS formation
enriched in Th populations was associated with the worst prognosis. These structures were enriched
in GATA3+ Th2 cells, which through their secretion of pro-inflammatory and pro-angiogenic cytokines,
including IL4, IL5 and IL13, enhance tumor growth. Importantly, Th2 may also suppress T cell
differentiation toward Th17 cells, known to favor TLS neogenesis and maintenance (discussed later in
the next section), indicating that TLS maturation could be impaired in patients displaying a high density
of Th2 within their TLS (Yamaguchi et al. 2020). It therefore appears that in some cancer types,
peritumoral immature TLS may sustain a pro-inflammatory microenvironment that nourish tumor cells
leading to their growth and proliferation. In contrast, intratumoral and mature TLS may display anti-
tumor properties. This could be confirmed by comparing gene expression profiles between the

different TLS subtypes and locations.

4.2.2. TLS may imprint an immunosuppressive microenvironment
Evidence that TLS can be associated with suppression of the immune response were first

provided in models of renal allograft. Brown et al. reported that TLS may enhance allograft tolerance
instead of an active local immune response leading to chronic rejection (K. Brown, Sacks, et Wong
2011). Joshi and colleagues demonstrated in mouse models that Tregs in TLS-associated lung tumors
prevented CD4+ T and CD8+ T cells proliferation and infiltration in the tumor parenchyma.

Nevertheless, the depletion of Tregs restored TLS anti-tumor activity and facilitated influx of new
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effector T cells in the tumor site leading to tumor regression (Joshi et al. 2015). In addition, in CRC
primary tumors, TLS-associated HEV, found mainly in the invasive margin, were surprisingly associated
with a more advanced disease and did not correlate with intratumoral lymphocyte infiltration (Bento
et al. 2015). The location and state of maturation of TLS seem to significantly influence their functions.
Indeed, in contrast to intratumoral Tregs, those found in close contact with DC-Lamp+ DC, CD3+ and
CD8+ T cells within peritumoral lymphoid aggregates in breast tumors were predictive of relapse and
death (Gobert et al. 2009). Furthermore, recent studies in HCC primary tumors showed an increased
expression of genes encoding several immunoregulatory molecules such as TGFB1, IL10RA in TLS-high
versus TLS-Low tumors. It is worth mentioning that most (23/24) lymphoid aggregates considered as

TLS in these patients lack the presence of primary or secondary B follicle (Meylan et al. 2020).

4.2.3. TLS can be associated with CD8+ T cell exhaustion
Successful elimination of malignant cells by TILs can be abolished by their upregulation of

inhibitory immune checkpoint (ICP) proteins such as PD1, CTLA4 and TIM3, which engagement reduce
their capacity to secrete cytokines. These so called “exhausted T cells” are defined as hypofunctional
effector T cells that differentiate from normal effector T cells in response to chronic antigen stimulation
like in tumors. Meylan et al. reported in HCC patients an overexpression of immune exhaustion
markers including Tim3 and PD-L2 in TLS-high tumors (Meylan et al. 2020). Solinas et al. detected cells
expressing ICP or their ligands in some breast tumors-associated TLS including LAG3+, TIM3+, PD1+,
CTLA4, PDL1+ and PDL2+. Unexpectedly, these ICP/ICPL were associated with good prognosis (C.
Solinas et al. 2017). It is worth mentioning that ICP are also markers of T cell activation and their
presence may be linked with active anti-tumor immune response. Nevertheless, Thommen and
colleagues identified a subset of CD8+ T cells infiltrating lung tumors that highly express PD1, TIM3 and
LAG3 and fail to produce cytokines consistent with an exhausted state. Surprisingly, this subset was
characterized by a significantly higher clonality, CXCL13 upregulation and was mainly positioned within
TLS suggesting a possible involvement of these cells in the formation of TLS by recruiting CXCR5+ cells
(Thommen et al. 2018). In accordance with this study, transcriptomic analysis revealed in breast
tumors the presence of tumor-reactive PD1"8"CD8+ T cells expressing CTLA4, TIM3 and CXCL13,
however, they also expressed a high level of FASL, granzyme B, IFNy consistently associated with
cytotoxic activity (Noél et al. 2021). Obviously, it seems that tumor-reactive PD1"-CD8+T cells lost
classical effector functions, probably following a chronic antigen stimulation, but they have developed

novel functions through their secreted cytokines.
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4.2.4. Other mechanisms
A few studies also showed that TLS can play a role in cancer metastasis. The TLS vasculature is

necessary for the neogenesis, maturation and maintenance of these structures, however, we cannot
exclude that it can provide alternative routes for tumor cell dissemination. In a cohort of oral and
pharyngeal primary cancer patients, an elevated HEV density correlated with an increased frequency
of LN metastasis (H. Shen et al. 2014). Besides, higher LV density correlated with metastasis and poor
prognosis in lung adenocarcinoma patients (Han et al.2018). In mouse models of breast cancer,
lymphatic endothelial cells upregulated PDL1 in response to IFNy, which consequently inhibited T cell
mediated anti-tumor immunity suggesting that tumor lymphatic vasculature may ensure an
immunological tolerance allowing safe transportation for malignant cells that can utilize this route to

disseminate (Dieterich et al. 2017; Mustapha et al. 2021).
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Figure 9: Tumor-associated TLS can anti or pro-tumor effects. TLS can exert anti-tumor role by recruiting immune cells,
favoring tumor antigen presentation to T and B cells which induce their expansion and differentiation in CTL and ASC.
Mechanisms of pro-tumorigenic effects of TLS include inflammation, immunosuppression and immune exhaustion.

To conclude, strong evidence indicate that tumor-associated TLS are in most cases a site of anti-
tumor immune response development. They recruit lymphocytes that they prime and/or activate
against tumor antigens to differentiate into effector cells including CD4+ T cells, CTL, memory B cells
and ASC capable of eliminating malignant cells. Nevertheless, using multiple mechanisms including
inflammation and immunosuppression, TLS can acquire detrimental functions. This dual role may be
dictated not only by cancer types and stages, but also by the cellular composition, state of maturation,
and location of TLS, as well as the TLS cytokine environment which only start to be studied (Hoch et

al., s. d.).
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5. TLS neogenesis and their therapeutic induction
The mechanisms responsible for TLS development in cancer are not yet fully understood, but

lessons can be learnt from preclinical mouse models of autoimmunity, allograft rejection and infection.
Furthermore, the molecular mechanisms responsible for the formation and maintenance of secondary
lymphoid organs (SLO) and TLS share many similarities, although the initial cascade of events likely

differs (Box 4).

5.1. TLS inducers

5.1.1. Cells
Mouse model experiments revealed that several immune cell types can promote TLS formation in

tumors by mimicking functions of lymphoid tissue inducer cells (LTi) and organizer cells (LTo) that are

both essential for neogenesis of SLO (Box4).

5.1.1.1. LTi-like cells
Studies on mouse model showed that ectopic lymphoid tissue can develop following inflammation

or infection in the absence of classical CD45*CD4*CD3" LTi, suggesting involvement of surrogate cells
that can do the same functions (Rangel-Moreno et al. 2011). Activated B and T cells, macrophages, and

DC indeed substitute for LTi cells in the initiation of TLS formation.

e Activated B and T cells. Th17 share many developmental and effector markers with LTi,
including expression of the master transcription factor RORyT, the capacity to produce IL17
and IL22 and expression of CCR6, the chemokine receptor that favors their recruitment in
inflammatory sites. In a model of experimental autoimmune encyphalomyelitis (EAE), the
induction of TLS was demonstrated to depend on Th17 expressing IL17 and podoplanin
(Rangel-Moreno et al. 2011; Pikor et al. 2015). Podoplanin has a critical role for the
development of the lymphatic system and is expressed on lymphatic endothelial cells and FRC
of lymphoid organs. Moreover, during chronic kidney rejection, Th17 polarization of CD4+ T
cells within the graft was associated with increased TLS development through their secretion
of IL17 and IL21 (Deteix et al. 2010). Besides, under inflammatory stimuli, B cells can express
membrane-bound LTal1B2 (Figure 10) in an IL4Ra-dependent manner, able to engage LTPRR on
CCL19* stromal cells to promote GC-containing TLS formation that supported antibody
production (Dubey et al. 2016). Recently, it was shown that intratumoral CD8+ T cells and B
cells act coordinately as LTi cells to trigger tumor-associated TLS. While T cells promote initial
aggregation and cancer-associated fibroblasts (LTo-like cells) organization into the reticular
network, LTa1B2*B cells drive their expansion through LT3R signaling (Rodriguez et al. 2021).

e Macrophages. M1-polarized macrophages can work as LTi independently of LTBR signaling by
producing TNFa and LTa, two key pro-inflammatory cytokines inducing TLS (Gued;j et al. 2014;
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Bénézech et al. 2015; Furtado et al. 2014). They also conferred to vascular smooth muscle cells
(VSMC) an LTo phenotype, in a model of atherosclerosis (Guedj et al. 2014).

e Dendritic cells have been demonstrated to play critical role in the de novo formation of
lymphatic vessels and local lymphoid tissue in infectious and auto-immune mouse models
(Muniz etal. 2011). They are a source of LT and homeostatic chemokines like CXCL12, CXCL13,
CCL19 and CCL21 known to contribute to TLS organization (GeurtsvanKessel et al. 2009). In
breast cancer, mature DC-Lamp+ DC are the main producers of LTB in breast tumors and their

density correlates with tumor HEV density (Martinet et al. 2013).

Other immune cells have been reported to play the role LTi in inflamed tissues such as y6 T cells,
activated NKT and neutrophils. Through their secretion of IL22, y& T cells were described to induce TLS
formation in the salivary glands in a mouse model of autoimmune disease (Barone et al. 2015). NKT
cells through the activation of their TCR by synthetic glycolipids, were sufficient for inducible formation
of fat-associated lymphoid clusters (FALC) through their secretion of IL4 (Bénézech et al. 2015).
Eventually, neutrophils play a role in inducible bronchus-associated lymphoid tissue (iBALT)
development since their depletion decreased IL21 and CCL19 gene expression and attenuated iBALT

formation (Foo et al. 2015).

5.1.1.2. LTo-like cells
Surrogate LTi interact with local stromal cells that have characteristics of LTo such as fibroblasts.

e Fibroblasts. Podoplanin®* stromal cells at sites of autoimmune inflammation can differentiate
to form a network of immunofibroblasts in an IL13-dependent manner to initiate TLS genesis.
Expansion and stabilization of the fibroblast network depend on IL22 (Nayar et al. 2019).
Recently, it was demonstrated in a murine melanoma model that tumor-associated TLS
development was orchestrated by cancer-associated fibroblasts (CAF) with characteristics of
LTo cells by a process involving TNFR, but not LTBR, signaling. These cells expressed
substantially higher levels of CXCL13 that promoted B cell accumulation and increased

proliferation of CAF and TLS expansion (Rodriguez et al. 2021).
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5.1.2. Molecules
Molecules involved in SLO genesis. Several molecules involved in SLO development have been

described to also drive TLS formation. Transgenic expression of CCL21 in mouse thyroid
induced the recruitment of T cells able to interact with DC, leading to HEV formation and
production of chemokines attracting more lymphocytes and DC to form TLS (L. Fan et al. 2000;
Marinkovic et al. 2006). LIGHT (TNFS14), a member of the TNF superfamily of cytokines, can
bind to LTBR and provide a crucial signal for TLS induction (Figure 10). Johansson-Percival and
colleagues delivered LIGHT directly into the TME and observed the influx of T cells and TLS
neogenesis (Johansson-Percival et al. 2017). A model of murine EAE confirmed that
LTa/LToB/LIGHT-LTBR signaling pathway is essential for TLS induction and it blockade

prevented TLS formation (Columba-Cabezas et al. 2006).

TNF Family Ligands

Figure 10: Map of the interaction between LTBR, HVEM, and TNF receptors with the LT/LIGHT family and the Ig-superfamily
members CD160 and BTLA. LIGHT is shown in its membrane bound form, but it is also readily secreted like homotrimeric LTa
(Cartoon from (T. T. Lu et Browning 2014)

Inflammatory cytokines. Multiple studies reported TLS induction upon inflammatory stimuli
in mice lacking LTi cells (e.g. RORyT” mice). In a mouse model of gastric tumors driven by a
mutated form of the common IL6 family receptor “gp130”, Hill and colleagues observed
hyperactive STAT3 signaling leading to TLS formation supporting the key role of inflammation
in TLS induction (Hill et al. 2018). TNFa, another member of TNF superfamily, have redundant
physiological functions with other lymphotoxins and could act as an alternative trigger for TLS
formation. Increased TNFa in inflamed tissue is indeed sufficient for TLS development and its
blockade induced a decrease in TLS incidence (Guedj et al. 2014; Furtado et al. 2014). In a
mouse model of pulmonary viral infection, IL1a signaling triggered CXCL13 production and
subsequent iBALT formation with presence of germinal centers (Neyt et al. 2016; E. Kuroda et
al. 2016). Moreover, Denton et al. demonstrated in the same model the role of type I IFN in

CXCL13 production by lung fibroblasts, which initiates the formation of functional TLS
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suggesting that redundant mechanisms are in place to ensure iBALT genesis (Denton et al.
2019). To support that, Gunderson et al. observed an upregulation of type | IFN response genes
in pancreatic tumor associated-TLS () Gunderson et al. 2021). IL17A signaling also promoted
the expression of CXCL13 and CCL19 and induced TLS formation in neonatal mice exposed to
endotoxin inhalation. Interestingly, this study showed that IL17A is required to initiate but not
to maintain these structures (Rangel-Moreno et al. 2011). Furthermore, IL-17 deficient mice
fail to recruit B and T cells (Fleige et al. 2014). IL22, another cytokine that can be produced by
Th17 cells, induced CXCL13 and CXCL12 expression leading to TLS formation in a mouse model
of Sjogren’s syndrome, an autoimmune disease. In this model, IL22 derived mainly from Tyd
cells, however, we cannot exclude that both T cell subsets are source of IL22 production in an
inflammatory site (Barone et al. 2015). IL17 and IL22 have also a role in the formation of FRC
network (Pikor et al. 2015). It is likely that these molecules play an important role in TLS

development in cancer, which is a highly inflamed tissue.

5.1.3. Antigenic stimulation
Chronic bacterial and viral infections can trigger inflammation that results in the development

of TLS leading to the generation of efficient anti-pathogen immune responses. For example,
Mycobacterium tuberculosis, influenza and hepatitis C viruses have been linked with TLS formation in
mice and humans (Jones et Jones 2016). Recently, it was demonstrated in a mouse model of intestinal
infection that antigen presentation is essential for TLS maintenance but not induction (Koscsé et al.
2020). In the context of cancer, we can hypothesize that tumor antigens can also play a role in TLS
development. High tumor mutational burden (TMB) has been reported to promote the accumulation
of neoantigens on tumor cells and to enhance anti-tumor immune response (Feng et al. 2021). Various
classes of tumor antigens exist in the TME such as tumor-specific antigens (TSA) including neoantigens
and tumor-associated antigens (TAA) (Box 5). The relationship between TLS and tumor antigens is
rarely investigated. Recently, in a model of virus-induced cancer, Ruffin et al. showed an increase of
GC B cells and TLS in HPV* head and neck squamous cell carcinoma compared to HPV- tumors,
suggesting that HPV may induce TLS formation (Ruffin et al. 2021). Using the genomic and
transcriptome data of solid tumors on TCGA, Lin et al. quantified TLS based on the 12-chemokine gene
signature and evaluated its correlation with TMB, neoantigens and driver mutations. They reported
that high TLS score positively correlated with TP53 mutation, higher TMB and increased predicted
neoantigens counts in breast cancer, albeit the correlation was low (Lin et al. 2020). Besides, mutation
in gene encoding BRCA that is involved in the detection and reparation of DNA alterations do not affect
TLS density, location and composition in TNBC tumors (C. Solinas et al. 2019). Microsatellite instability

(MSI) is the consequence of alteration of the DNA mismatch repair (MMR) system and are found in
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several types of cancers such as CRC. Mature TLS are increased in MSI positive CRC tumors. Moreover,
BRAF driver mutations were associated with higher TLS density and increased TLS maturity compared
to non-mutated BRAF (Posch et al. 2018). Eventually, in pancreatic tumor patients, only mature TLS+
patients had a significantly increased number of predicted high and low-affinity neoantigens
supporting that tumor antigens play a role in TLS maturation (J Gunderson et al. 2021). These data
suggest a possible link between TLS and expression of tumor antigens, albeit, it is not clearly
demonstrated. This may be due to the considerable diversity of antigens in the TME that can differ
between cancer types and even between patients affected by the same cancer. It is also likely that TLS

are not triggered/maintained by the same category of antigens in all patients.

It thus appear that TLS induction and/or maintenance does not depend on a single set of
triggers, but rather results from a complex signaling networks involving antigens, molecules/cytokines
and immune and stromal cells. These signals probably vary with the tumor type and tissue location

and possibly from patient to patient.

5.2.  TLS regulators:
TLS development can also be negatively regulated. Treg can interfere with lymphoid

neogenesis by dampening neutrophilic inflammation, which is critical for iBALT neogenesis and
humoral immune function (Foo et al. 2015). Indeed, in mice bearing breast tumors, Treg depletion
resulted in an increased HEV density within the tumor facilitating T cell entrance (Hindley et al. 2012).
In another model of genetically engineered mouse lung adenocarcinoma, Treg decreased
costimulatory ligand expression by DC and T cells proliferation rates, usually increased in tumor-
associated TLS (Joshi et al. 2015). IL27, a regulator of adaptive immunity may also counteract TLS
formation through its capacity to inhibit expansion of Th17 cell that are potent TLS inducers. In a model
of inflammatory arthritis, mice deficient for the IL27 receptor display increased synovial TLS formation
(Jones et al. 2015). High expression of the transcription factor forkhead box protein 1 (FoxP1) impaired
TLS formation in breast tumors and was inversely correlated with CXCL13 expression (De Silva et al.
2019). In addition, hypoxia within the TME restrains TLS formation. Lee et al. indeed showed in a mouse
model of pancreatic cancer that the deletion of hypoxia-inducible factor-1a (HIF-1a) induced CXCL13
secretion and was accompanied by a prominent influx of B cells (K. E. Lee et al. 2016). Eventually, some

driver mutations negatively correlated with TLS density such as CTNNB1 and IDH1 (Lin et al. 2020).

Collectively, these data demonstrate that TLS development in tumors is regulated by a balance

between inducing and inhibiting molecules.
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Box4: Roles of LTi and LTo in SLO neogenesis

Secondary lymphoid organs (SLO) development occurs during embryogenesis at predetermined
sites independently of antigen recognition or inflammatory signals. It results from complex interactions
between hematopoietic, mesenchymal and endothelial cells (Randall, Carragher, et Rangel-Moreno

2008; van de Pavert et Mebius 2010). SLO neogenesis can be divided in two consecutive steps:

- Induction phase. This step depends on CD45*CD4*CD3" lymphoid tissue inducer (LTi) cells
originating from the fetal liver. LTi express RORyT and membrane-bound lymphotoxin, an
heterodimer of lymphotoxin al and lymphotoxin B2 (LTa1B2) that can bind to lymphotoxin B
receptor (LTBR) expressed on stromal cells, referred to as lymphoid tissue organizer (LTo)
cells. Signaling through LTBR favors the expression of several adhesion molecules by LTos such
as VCAM1, ICAM1, and MadCAM1, which together with the homeostatic chemokines CCL19,
CCL21 and CXCL13, promotes the retention of LTi and the recruitment of immune cells leading
to the next phase. This interaction also promotes HEV formation.

- Organization phase. During this phase, there is a large influx of cells from the bloodstream
that coincides with the appearance of HEV. It is governed by chemokines, which not only
recruit T cells, B cells and DC but also contribute to their spatial organization within nascent
lymphoid tissue. CXCL13 attracts circulating CXCR5+ B cells and Tfh-like cells to what will
become the B cell area, while CCL19 and CCL21 attract naive and central memory T cells and
DC to form the T cell rich zone. LTo can also differentiate into follicular dendritic cells (FDC)
and fibroblastic reticular cells (FRC) that provide a conduit system on which T and B cells

migrate and interact with each other.

70




5.3. Key steps in TLS formation
Based on the model previously established by Buckley et al. and later by Gago de Garga et al.

(Buckley et al. 2015; Gago da Graca, van Baarsen, et Mebius 2021), TLS neogenesis can be divided in

three main steps:

e Resident stromal cell activation. Following antigen exposure, persistent inflammation
ensured by different hematopoietic cells induces local stromal cells, including fibroblasts, to
acquire lymphoid tissue-like stromal cell characteristics, such as the expression of podoplanin,
CCL19, CXCL13 and adhesion molecules ICAM1 and VCAM1 and lead to their expansion.
Primed stromal cells create then a chemokine niche that attracts and spatially organizes
hematopoietic cells.

e Recruitment of immune cells. Interactions between primed stromal cells and LTalp2+
activated immune cells, exerting LTi-like functions, results in their switch to functional LTos
secreting the homeostatic chemokines CXCL13, CCL19, CCL21 and CXCL12 that are essential
for immune cell recruitment and structuration within the TLS. In addition, local and recruited
immune cells can acquire chemoattractive properties such as activated CD8+ T cells and CD4+
T cells that can secrete important amounts of CXCL13 creating a redundant environment that
promote and sustain TLS formation, as shown in breast tumors (Gu-Trantien et al. 2017; 2013;
Noél et al. 2021). Eventually, antigen presentation by myeloid and B cells contribute to TLS
maturation with the formation of GC.

e TLS maintenance and maturation. Although LTBR signaling can be dispensable for TLS
induction, recent work demonstrated its importance in TLS maintenance and maturation.
Indeed, in the absence of this signal, TLS became disorganized (Pikor et al. 2015). In line with
that, LTal1B2+ B cells were critical for skewing immature TLS into mature TLS in a murine model
(McDonald, McDonough, et Newberry 2005). LTBR signaling is also required for HEV formation,
which is important for further TLS maturation since it constitutes the gateway for the entry of
more lymphocytes from the bloodstream (Martinet et al. 2013). A final key cell for TLS
maturation is the formation of FDC within the B cell follicles allowing the GC reaction and

antigen delivery to B cells. The progenitors of TLS FDC remain so far unknown.

We can therefore postulate that the disparity in tumor-associated TLS frequency among patients
and their heterogeneity regarding their maturation stage may depend on the nature of antigens, the

type of inflammatory molecules and activated stromal and immune cells.
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Figure 11: Model describing key steps of the tumor-associated TLS neogenesis. 1. Resident stromal cells are activated by
inflammatory stimuli, then expanded and display LTo cell characteristics. 2. Following LT-LTBR signaling, LTo-like cells produce
homeostatic cytokines allowing immune cell recruitment. HEV are formed in parallel. 3. Immune cells influx and antigen
presentation leads to TLS maturation.
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Box5: Classification of tumor antigens (Feola et al. 2020; Smith et al. 2019)

Based on the expression of parental gene, tumor antigens can generally be categorized into:

- Tumor-associated antigens (TAA) are self-proteins over-expressed in cancer cells. Upon

malignant transformation, we can observe the overexpression of normal proteins such as p53

(antigen overexpressed), expression of proteins with tissue-specific gene patterns such as

prostate-specific antigen (differentiation antigen), or the expression of proteins derived from

gene expression restricted to the testes such as MAGE family (cancer-testis antigens).

- Tumor-specific antigens (TSA) refer to a class of antigens which expression is restricted to

tumor cells and absent in healthy cells. They result from malignant mutations or the expression

of viral elements.

O

Neoantigens can emerge as a direct consequence of tumor DNA mutations (non-
synonymous single point mutations, frameshifts, insertion/deletion) in case the
corresponding mutated peptide present a high affinity for MHC-class_| or -Il molecules
and can initiate specific CD4 and/or CD8 T cell responses. This class antigens is mostly
patient-specific. Tumor with a high tumor mutational burden are most likely to
generate neoantigens.

Oncoviral antigens are proteins derived from viruses endowed with an oncogenic
transformation potential. As oncogenic viruses can drive the same kind of tumors,
such Ab can be shared between patients.

Human endogeneous retroviral elements (HERV) are fragments of genomic DNA
derived from exogenous retroviruses that have been incorporated into the genome
through evolution. Their transcription arise through epigenetic dysregulation of the
cancer genome leading to HERV-containing genomic regions expression. They

represent 8% of the human genome.
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5.4. Therapeutic manipulation for tumor-associated TLS induction
Because TLS usually associate with better patient survival and improved anti-tumor immune

responses, manipulation of TLS neogenesis is considered as a promising therapeutic strategy for cancer

patients.

Different approaches has been described in preclinical mouse models developed to induce TLS
formation. Since TLS develop in inflammatory sites, and lymphotoxin involved in SLO formation are
members of the TNF superfamily, these molecules are interesting for TLS induction. Suematsu
introduced murine LTa in a stromal cell line that they transplanted under the capsule of left kidney in
mice triggering TLS formation (Suematsu et Watanabe 2004). More recently, in a mouse model of
pancreatic cancer, poorly infiltrated by immune cells, the use of a chimeric protein composed of LIGHT
and a vascular targeting peptide (VTP) resulted in its delivery directly into the tumor and led to
intratumoral T cell infiltration, TLS formation and an enhanced responsiveness to anti-PD1/CTLA4
therapies (Johansson-Percival et al. 2017). Delivery of DC engineered to express T box transcription
factor (T-bet) into mouse sarcoma tumors enhanced lymphocyte infiltration, Th1 cell polarization and
the development of TLS that led to tumor burden reduction. T-bet expressing DC were shown to
produce TNFaq, IL12p40 and IL36y and IL36R-deficient mice lost the ability to develop TLS and to control
tumor growth, indicating a crucial role of T-bet/IL36y in therapeutic TLS induction (Weinstein et al.
2017). It was indeed found in human CRC that IL36y was highly expressed by M1-macrophages and
endothelial cells and correlated with TLS formation (Weinstein et al. 2019). Other strategies aimed to
induce HEV formation in order to favor lymphocyte entry into tumors. Therapies combining anti-
vascular endothelial growth factor receptor (VEGFR2) Ab, anti-PDL1 Ab and a LTPR agonist were found
to enhance HEV in tumors resulting in the conversion of non-immune infiltrated tumors (cold tumors)

into immune-rich neoplasia (E. Allen et al. 2017).

In humans, therapeutic vaccination using HPV16 E6/E7 antigens in patients with high-grade
cervical intraepithelial neoplasia induced increased CD8+ T cell infiltrates and TLS formation.
Transcriptomic analysis revealed an upregulation of genes associated with immune activation (CXCR3)
and effector functions (Thet and IFNB). Remarkably, T cell clonal expansion was observed in the tissue
of vaccinated patients, suggesting that the generated TLS may be a major component in the induction
of antitumor immunity (Maldonado et al. 2014). Furthermore, in PDAC tumors, which are considered
to be poorly immunogenic, vaccination with irradiated allogeneic GM-CSF-secreting pancreatic tumor
cells (GVAX) induced intratumoral TLS in 85% of patients, in association with improved antigen-specific
T cell response and patient survival. These findings support the potential role of TLS in transforming

cold tumors (non infiltrated) into infiltrated malignancies (Lutz et al. 2014).
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It is well established that immunotherapies targeting ICP/ICPL reinvigorate pre-existing
antitumor “exhausted” T cells into effector cell that kill malignant cells. Therefore, combining a
strategy to favor TLS neogenesis with anti-ICP/ICPL therapies is highly promising to increase the

response rate especially in patients with cold tumors.
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Chapter lll: Heterogeneity and functions of antibody producing cells

in breast and ovarian cancers

The last chapter of my introduction summarizes the current state of knowledge regarding the

impact of antibody-secreting cells and their produced antibodies in breast and ovarian cancers.

This section was written together with Dr Olivia Le Saux (Oncologist and PhD student in the
team working on ASC in ovarian cancer) in the form of a manuscript to be submitted shortly as a review
to the “Cancers” journal. It will cover both breast and ovarian cancers, which have been described as
being infiltrated by B cells at various stages of differentiation including ASC. Moreover, several
mechanisms underlying the pro- or anti-tumor effects of ASC and their produced antibodies have been

discovered in these cancer types.
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Abstract

Neglected for a long time in cancer, B cells and antibody secreting cells (ASC) have recently emerged
as critical actors of the tumor microenvironment with an important role in shaping the antitumor
immune response. ASC indeed exert a major influence on tumor growth, patient survival and response
to therapies. The mechanisms underlying their pro- vs anti-tumor roles are starting to be elucidated,
revealing contribution of their secreted antibodies as well as of their emerging non-canonical
functions. Here, concentrating mostly on ovarian and breast cancers, we summarize the current
knowledge on the heterogeneity of tumor-infiltrating ASC, we discuss their possible local or systemic
origin in relation to their immunoglobulin repertoire and we review the different mechanisms by which
antibody (Ab) subclasses and isoforms differentially impact tumor cells and anti-tumor immunity. We
also discuss the emerging role of cytokines and other immune modulators produced by ASC in cancer.

Finally, we propose strategies to manipulate the tumor ASC compartment to improve cancer therapies.



Introduction

B cells and antibody secreting cells (ASC) are critical effectors of the adaptive immune system.
Although their importance in infectious disease and vaccination is well recognized, their role in cancer
and response/resistance to immunotherapies have been overlooked for a long time in favor of T cells.
More than 70% of tumors exhibit B cell infiltration, accounting for up to 60% of the immune infiltrate
(Garaud et al.2019, Marsigliante et al.1999, Milne et al.2009, Chin et al.1992, Bruisset et al.2017). In a
fraction of tumors, B cells can functionally organize with other immune cells in so-called tertiary
lymphoid structures (TLS), resembling secondary lymphoid organs, with segregated B cell and T cell
zones, mature dendritic cells (DC) and specialized blood vessels. Such structures can initiate and/or
amplify powerful in situ cellular and antibody responses and are associated with better patient
prognosis and response to immune therapies (Fridman et al.2019). In most tumor types, tumor-
infiltrating (Ti) B cells mainly consist of naive and antigen-experienced memory B cells, and to a lesser
extent of ASC (Garaud et al.2019, Hu et al.2020, Kroeger et al.2016). Ti-ASC constitute a multifunctional
B cell subset that can impact tumor cells in multiple ways. Indeed, each ASC can not only produce a
huge quantity of monoclonal Immunoglobulins of a unique isotype that recognize a specific (tumor)
antigen (Ag), but can also exert non-canonical functions through the release of pro- or anti-
inflammatory cytokines and/or the expression immune checkpoint ligands able to modulate anti-
tumor immunity. In this review, we will highlight, mainly in breast and ovarian cancers (BC and OC),
the phenotypic and functional diversity of Ti ASC and how both their Ab-dependent and -independent

functions shapes antitumor immunity and impact patients prognosis.



Humoral response development and prognosis impact in breast and ovarian
cancers

ASC infiltrate breast and ovarian tumors

Antibody-secreting cells, identified using morphological features or by expression of CD38 or
CD138 through immunohistochemistry or immunofluorescence, can be detected in approximately 30%
of BC and high grade serous OC (range from 12% to 70% according to studies) and their density within
the tumor infiltrate can strikingly vary from patient to patient (1-5). Such variations can be explained
by several factors, including i) the type of tissue analyzed (e.g. ASCs were found to be increased in
ovaries and metastases compared to fallopian tubes (6)), ii) the histology and molecular classification
of the tumor (e.g. ASC infiltration is typically higher in medullary (3,5), HER2+ and triple-negative BC
compared to ER+ BC (7)), iii) tumor-specific characteristics, such as expression of tumor-associated Ags
as described in OC where ASC infiltration was positively associated with the expression of the cancer—
testis antigens NY-ESO-1, MAGEA1 and CTAG2 (1), and iv) lack of a truly specific ASC marker (CD138,
often used as a biomarker to identify ASC, can be expressed by other cells and is poorly detectable on
immature ASC, e.g. plasmablasts (PBs), which infiltrate up to 80% of tumors (4,8)). However, the
degree of ASC infiltration does not seem to vary with tumor mutation load, BRCA1/2 status and P53
mutations (9). Several general features are associated with Ti-ASC. They preferentially localize in the
tumor stroma (10,11) in the vicinity of CD8" and CD4*T cells, B cells and TLS (3,9,12). In most cancer
types, Ti ASC produce mostly 1gG antibodies (Abs), although this may vary depending on the type of
tissue (non-mucosal vs mucosal origin of the cancer tissue) (5,9,13-21). Recently, Biswas et al.,
reported intriguing results showing that ASC infiltrating OC were mainly producing IgA (22), contrasting
with other studies indicating a dominance of IgG-expressing cells (9,13). The reasons for these
discrepancies remain currently unknown but could be linked to the use of tissue from different
anatomical locations, to different treatments received by patients and/or to the possible presence of

adjacent normal mucosal tissue.
Antibodies in breast and ovarian cancer patients

Antibodies directed against a broad array of tumor- and self-Ag are frequently detected in the
serum and the tumor microenvironment (TME) of cancer patients. These Ags include aberrantly- and
over-expressed proteins, onco-viral and intracellular proteins, endogenous retro-elements, but
occasionally also neoantigens derived from tumor mutations. Early approaches to study the repertoire
of antibodies in cancer patients include serological expression cloning (SEREX) (23) and phage display
(24) methods. For example, NY-ESO-1, a well-known cancer testis antigen aberrantly expressed in

various solid tumors, including BC and OC, was discovered by SEREX based on its capacity to induce



potent humoral response in cancer patients (25). The magnitude of such antibody responses strikingly
varies according to the cancer type and from patient to patient. Profiling of serum antibody specificities
using microarrays assembling more than 8,000 proteins has indeed revealed more than 200 Ags were
targeted by IgG in OC, compared to less than 30 in pancreatic cancers, revealing their difference of
immunogenicity (26). Levels of circulating antibodies to tumor and self-Ags can have some prognostic
and diagnostic value. For instance, antibodies against mucin 1 (MUC1) can be detected in the serum
of patients at early stages of BC and OC and serve as a marker of good prognosis (27,28), whereas anti-
p53 antibodies have been associated with an unfavorable outcome in BC (29,30). Few studies have so
far investigated other antibody isotypes than IgG. Interestingly, anti-calreticulin 1gG and IgA were
reported in various solid cancers, and IgA were more often associated to breast tumor metastasis than
were IgG (31), suggesting a differential role of the 2 Ab isotypes. In BC, Ab levels to different sets of Ag
have been proposed for early detection of the disease, including the in situ stage (32). Such diagnostic
value of circulating Ab is best exemplified in paraneoplastic neurological diseases, which are rare
autoimmune diseases that develop in a fraction of cancer patients. Elevated levels of Ab to so-called
onconeural-Ag, e.g. Ags expressed physiologically by neuronal cells and aberrantly by tumor cells, are
not only used for the diagnosis of the neurological disease but can also predict the type and tissue
location of tumors, which can be indolent making it difficult to diagnose in a significant proportion of

patients (33—-35).

Circulating tumor-specific antibodies likely originate from plasma cells (PCs) residing in classical
niches, such as the bone marrow and spleen, but also from PCs present in the TME. Profiling of
supernatants of B cells isolated from lung tumors and activated in vitro and of supernatants obtained
during dissociation of breast tumors with focused sets of Ag, revealed IgG and IgA against one or
several tumor Ag in each patient, indicating local production of tumor-specific Ab in the TME (36,37).
Interestingly, while most antibody reactivities were detected in both the serum and tumor, some were
restricted to a single compartment, indicating that systemic and local Ab responses in cancer patients
are partly disconnected. It is indeed likely that the repertoire of Ab in the TME is more restricted and
focused on tumor Ag, especially in tumor with TLS, which promote Ag-driven expansion B cells and

their differentiation into PCs (38,39).
Origin of tumor-infiltrating ASC

There is increasing evidence that Ti-ASC consist not only of cells differentiated outside the TME
and attracted from blood to the tumor bed but also of cells that have locally differentiated from
recruited naive and/or memory B cells. It is now well established that PB generated in secondary

lymphoid organs (SLO) can acquire different chemokine receptors, like CXCR4, CCR9 and CCR10



allowing their migration to the bone marrow to constitute a contingent of long-lived PC and to different
effector sites including mucosal tissues. Studies in vaccination models revealed that PB can also
express CXCR3 allowing their migration to inflammatory sites in response to gradients of the
inflammatory chemokines CXCL9, CXCL10 or CXCL11 (40). In OC, Kroeger et al. indeed showed that Ti-
IgG*" ASC universally expressed CXCR3 suggesting that this chemokine receptor may contribute to their

recruitment (1).

With the discovery of TLS in certain tumors, it is now admitted that inflammation-driven
recruitment from blood does not account for all ASCs present in the TME. TLS can develop in chronic
inflammatory sites and are organized similarly to SLO, with B cell follicles adjacent to T cell rich areas
that contain mature DC and high endothelial venules. They are associated with better patient
prognosis in many solid cancers including BC and OC (41-44). Numerous evidence support that TLS are
sites where B cells differentiate into ASC in response to local presentation of tumor Ags. Indeed, in
many epithelial tumors, virtually all B-cell differentiation stages, e.g. naive B cells, activated B cells,
germinal center (GC) B cells, memory B cells, PB and terminally differentiated ASC (PC), have been
identified by flow cytometry and bulk or single transcriptome profiling (8,22,45,46), arguing for an
ongoing local humoral immune response in certain tumors. In line with this, TLS can harbor B cell
follicles with GC containing B cells expressing Ki67 and AID, revealing ongoing Ag-driven expansion,
somatic hypermutation (SHM) and class-switch recombination (36,46—48). In addition, a strong
association between the presence of TLS and elevated ASC numbers have been reported in various

solid cancers (1).

Examination of the immunoglobulin repertoire of B cells and ASC from TLS-positive tumors
revealed a more oligoclonal response compared to tumors with an unstructured immune infiltrate
(1,39,49,50). Using spatial BCR profiling, a recent study in renal carcinoma revealed clonal selection
and expansion in TLS areas and detected the presence of fully mature ASC clonotypes at distance from
TLS, indicating that SHM occurs in TLS and that mutated ASC disseminate throughout the tumors (47).
Our own study in ovarian tumors from patients with paraneoplastic cerebellar degeneration, a rare
autoimmune neurological disease associated to cancer, revealed tumor Ag deposits in B cell follicles
of TLS (51). TLS may thus allow emergence of clonally expanded tumor-Ag specific ASC. The latter have
been recently detected in several cancers, including human papillomavirus (HPV)+ head and neck (48)
and ovarian (50) cancers. Mazor et al. showed that ASC that infiltrate ovarian tumors were mutated,
clonally expanded and produced antibodies reacting against metalloproteinase (MMP) 14 - an autoAg
that is overexpressed in ovarian tumor cells —and able to bind the surface of tumor cells (50). Besides,

Meylan and collaborators observed higher proportions of IgG labeled apoptotic tumor cells in TLS*



tumors as compared to TLS tumors (47), indicating that TLS sustain the production of antibodies

reacting with tumor cells and possibly leading to their elimination.

Isotype switching to both IgG and IgA can occur in tumors (13,52,53). It requires two signals:
CD40L provided by T follicular helper (Tfh) cells and specific cytokines (produced by Tfh or surrounding
cells), which dictate the nature of the switched isotype (54,55). Three Tfh subsets can be distinguished
according to their chemokine receptor and cytokine profiles, namely CXCR3*CCR6™ IFNy-producing
Tfh1, CXCR3'CCR6" IL-4/IL-13-producing Tfh2 and CXCR3'CCR6" IL-17/IL-22-producing Tfh17 cells (56).
In breast tumors, Tfh are detected predominantly within fully developed TLS, mostly consist of Tfh1
cells and can trigger 1gG and IgA production by B cells in vitro by a process involving CD40-CD40L
interaction (57). Therefore, it is more likely that the type of intratumorally produced cytokines largely
dictates the class/subclass of antibodies expressed by newly differentiated ASC. Karagiannis and
colleagues showed in melanoma tissues that the presence of IgG4 ASC coincides with high levels of IL4
and IL10, two cytokines promoting Th2 polarization and isotype switching toward 1gG4 (58-60).
Another study in a mouse model of prostate cancer demonstrated that TGF-R signaling in B cells is
mandatory for the induction of IgA PCs with immunosuppressive properties (61). We can therefore
reasonably suppose that the Ab isotype expressed by locally generated ASCs largely depends on the

functional profile of Tth cells and reflects the cytokine TME.

Altogether, our current knowledge indicates that Ti-ASC may contain cells recruited from the
circulation — possibly including some tumor-Ag specific cells generated in SLO - and cells that have
differentiated locally in TLS from naive and/or memory B cells and that are thus likely enriched in tumor
Agspecific cells (Figure 1). A recent study further supports this hypothesis by showing that tumors from
patients with HPV-positive head and neck cancers were infiltrated by HPV-specific ASC with minimal

bystander recruitment of influenza-specific ASC (48).
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Figure 1: Possible origins of tumor infiltrating ASC. Circulating polyclonal ASC can be recruited to the tumor site in response
to inflammation, whereas oligoclonal ASC can be locally generated from naive and/or memory B cells in TLS in response to
stimulation by Ags, including tumor Ags.

ASC and Antibodies influence cancer patient survival and response to immunotherapies

Numerous studies have evaluated the association between tumor infiltration by ASC at the
time of diagnosis and patient survival after surgery (Table 1). Overall, ASC are usually associated with
a better prognosis that manifests by increased disease-free and/or overall patient survival. This
positive correlation is reinforced in case of tumor co-infiltration by CD8* T cells (1) and when tumor
cells are coated with endogenous immunoglobulins, a situation that is usually accompanied by
increased intra-epithelial T cells (22). Nonetheless, a minority of studies reported an association with
a poor prognosis (62—65). These discordant results may be linked to the phenotypic and functional
heterogeneity of the tumor ASC infiltrate as well as to methodological issues linked to the detection of
ASC, which range from a simple morphological identification, IHC/IF analysis with different markers
like CD138 and IRF4, to computational analysis of ASC gene signature score from tumor bulk RNA-seq
data using diverse algorithms. The use of CD138 as a marker of PC should indeed take into account
that other cells, including epithelial cells, can express this cluster of differentiation and could bias
prognosis studies (66). Combining this marker with a morphological identification of PCs or with
another ASC marker like the Ig Kappa light chain (IGKC) should therefore be privileged (62,67,68).

Another possibility would be that the prognosis impact of ASC may vary with their state of maturation,



as CD138 is upregulated during ASC maturation into PC but is poorly expressed at the PB stage (69).

The respective impact of PB versus PC in cancer remains so far largely unexplored.

Limited information is so far available regarding the impact of ASC according to the Ab isotype
they produce. Most studies reported in the literature have analyzed the relation between the relative
proportion in the TME of Ig subtypes and patient survival, assuming that Ig detected in the TME, at the
RNA or protein level, are produced by Ti-B cells. Overall, in most cancers, including melanoma (52,70),
lung cancer (71), bladder cancer (72) and prostate cancer (61), a high expression of IgG1 is associated
with longer survival whereas I1gG4 and IgA expressions correlate with bad outcome . However, IgA were
recently reported in OC as associated with positive impact by impairing tumor growth (22). In addition,
in BC, it was shown that NY-ESO-1, more frequently elicited IgG response, which was associated with
poorer prognosis, albeit 1gG subclasses were not identified (37). Moreover, it is difficult to interpret
these data as NY-ESO-1, per se, is associated with shorter survival and this result may only highlight
the cancer aggressiveness (73). These results highlight the need to deeply characterize the diversity of

ASC in the TME to better appreciate their impact on anti-tumor immunity and patient outcome.

Beyond their usual association with increased patient survival following surgery and
chemotherapy, ASC were recently showed to be also associated with better response to checkpoint
blockade. By comparing the transcriptome of tumors from patients treated with nivolumab (anti-PD-
1) +/- ipilimumab (anti-CTLA4), Helmink et al. documented significantly higher expression of ASC-
related genes MZB1, JCHAIN and Immunoglobulin Lambda Like polypeptide 5 (IGLL5) in patients that
responded to treatment compared to non-responsive patients (74). Patil et al. showed that PCs,
identified with a transcriptional signature including MZB1, DERL3, TNFRSF17, JSRP1, SLAMF7 and
immunoglobulin genes, predicted a better overall survival to atezolizumab (anti-PD-L1) in non-
squamous cell lung cancer independently of intra-tumoral CD8" T cells and PD-L1 expression (75). In
addition, Meylan et al. showed in clear cell renal cancers that patients with a high frequency of IgG-
labeled tumor cells had a high response rate to nivolumab +/- ipilimumab and prolonged PFS (38). The
predictive impact of ASC on immune checkpoint inhibitors may be explained in part by the activation
of Tfh, which strongly express PD1 leading to B cell activation and anti-tumor immune response, as

suggested in murine models (76,77).



Table 1: ASC impact on patient prognosis

Studies reporting a positive impact are highlighted in blue, while those documenting a negative impact are highlighted in salmon.

Author/Year

Kroeger et al. 2016

Lundgren et al. 2016

Yang et al. 2021

Biswas et al. 2021

Schmidt et al. 2012

Iglesia et al. 2014

Gentles et al.
2015
Ridolfi et al. 1977

Yeong et al. 2018

Mohammed et al.

2012

Miligy et al. 2017
Kuroda et al.

2021

Fan et al. 2011
Harris et al.
2021

Wei et al. 2016

Histological
tumor type

HGSOC

ocC

HGSOC

HGSOC

BC
ocC
BC

oC

Pan-cancer

Infiltrating
ductal

carcinoma

Triple-
negative BC
Invasive
ductal breast
cancer
Invasive BC

TNBC

BC
TNBC

BC

Number of
patients

30

209

534

1810

426

728

266

796 BC

1127 OC
192

269

468

44
114

550
69

92

Identification of ASC

CD20CD38*CD138*cytosolicCD79a* IHC
CD19*IgD'CD38* Flow Cytometry
TNFRSF17/IGJ PC gene signature

CD138 IHC
IGKC gene expression

Gene signature (CIBERSORT)

CD19*CD138* (multiplex IHC)

Internalized IgA in tumor cells

IGKC expression

1gG cluster

Plasma cell gene signature (Cibersort)

Morphological identification on
hematoxylin and

eosin stained slides

intra-tumoral CD38* IHC
stromal CD38* IHC
CD138* IHC and morphological
identification (H&E)

CD138* IHC
Stromal CD38* IHC
Intra-tumoral CD38* IHC, stromal and
intra-tumoral CD138* IHC
IGG gene cluster expression

Plasma cell signature (Cibersort)

Morphological identification (typical

"

“cart-wheel” nucleus)

Prognosis

Good

Poor
Neutral

Poor

Good (total area and

epithelial tumor islets)

Good

Good
Neutral

Good (non-luminal BC)

Good (mesenchymal and

immunoreactive molecular

subtypes)
Good (BC)
Neutral (OC)
Neutral (Medullary
carcinoma)

Good (others)

Good
Neutral

Poor

Neutral
Good

Neutral

Good

Neutral

Poor

Reference

(9)

(6)

(65)

(22)

(68)

(78)

(79)

(80)

(12)

(63)

(10)
(81)

(82)
(83)

(64)



Antibodies functions in cancer

The canonical function of PCs is to produce antibodies. Depending on their isotype, isoform
and/or Ag target, they can differentially impact tumor cells and anti-tumor immunity and may thus
account for the anti- or pro-tumor properties of tumor infiltrating ASC.

Antibody isotypes and isoforms determine their functions

Antibody Fab regions are involved in recognition and possible modulation or neutralization of
Ags on infectious particles or tumor cells, whereas antibody Fc regions can trigger a wide scope of
immune effector functions, such as complement-dependent cytotoxicity (CDC), antibody-dependent
cellular cytotoxicity (ADCC) or phagocytosis (ADCP) that can lead to tumor cell killing. It is well
documented that the latter functions contribute to the efficacy of several cancer therapeutic
monoclonal antibodies (mAbs) such as Rituximab (anti-CD20) and trastuzumab (anti-HER2). Antibody
isotypes and isoforms vary in their ability to activate or inhibit immune system components including
the formation of the complement complex or the engagement of Fc receptors (FcRs) on the surface of

effector cells (84). This section will focus on antibody functions through their Fc region (Figure 2).
Anti-tumor effects
Antibody-mediated killing of tumor cells

Mouse models and use of therapeutic monoclonal Abs (anti-HER2/neu, -EGFR) in humans have
revealed that Ab specific to tumor Ag can kill tumor cells. Whether endogenously produced antibody
contribute to tumor cell control in cancer patients remains however to be formally demonstrated.
Nonetheless, the fact that Ab from patients can exert cytotoxicity against tumor cells was established
in 1979. Wood et al. indeed showed that the serum of patients with brain tumors, but not that of
healthy volunteers, exerted significant cytotoxicity against allogeneic astrocytoma cells (85). Later,
other groups demonstrated that tumor-specific antibodies isolated from patients were effectively able
to kill neoplastic cells in vitro and in vivo (86,87). Recenly, Meylan and collaborators found an
association between IgG-stained malignant cells and apoptotic tumor cells in favor of an anti-tumor
effector activity (47). Such capacity to kill tumor cells strikingly varies depending on the Ab class and

subclass.

IgM. Secreted IgM harbor a pentameric form displaying 10 Ag-binding sites and thus constitute
the isotype with the highest valency (88). It is the first isotype produced after an initial immunological
challenge. “Natural IgM” - which are polyreactive, mostly recognize self-Ags with low affinity (89) and
are present in the circulation even without Ag challenge (90) - seem to play a crucial role in the

immunosurveillance of precancerous and cancerous cells (91). Atif et al. indeed showed that mice
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lacking a diverse natural IgM repertoire display exacerbated tumor growth and described a mechanism
by which interstitial macrophages and monocytes cleared neoantigen-expressing cells coated with
natural IgM antibodies (92). Additionally, natural or adaptive IgM able to opsonize tumor Ags can

directly kill malignant cells via the activation of the complement classical pathway (93).

IgG. There are four subclasses of 1gG (IgG1, 1gG2, IgG3, and IgG4) that differ by their Fc region
and capacity to exert a cytotoxic function. That response to mAb therapy is usually higher in patients
with Fc receptor polymorphisms that increase affinity for IgG (FcyRlla-131H/R and FcyRlIlla-158V/F)
supports the fact that the anti-tumor function of antibodies requires Fcy receptor expressing cells (94),
for instance NK cells, monocytes/macrophages and/or neutrophils. 1IgG1 and IgG3 can induce ADCC by
engaging FcyRllla on CD16+ NK cells (95) to trigger cell cytotoxicity through perforin and granzyme
release (96). Different studies proved that NK are able to induce ADCC in tumors. In a model of
HER2+/neu breast tumor xenograft, it was indeed shown that an anti-HER2/neu engineered antibody
lacking the ability to bind FcyRllla, was inefficient to prevent tumor growth, suggesting a potential role
of NK in mAb efficacy (97). Moreover, Hubert and collaborators observed formation of ADCC synapses
in immunocompetent mice bearing syngeneic breast tumor treated with an antibody directed against
Tn, a specific breast cancer Ag (98). In humans, anti-HER2 IgG1 does not only suppress HER2 signaling
in breast cancer cells but also mediates ADCC through NK cells, increasing the efficacy of HER2 therapy
(99). Besides, monocytes and macrophages can mediate ADCP of IgG1 opsonized tumor cells. By
engineering different IgG subclasses directed against a melanoma Ag, Karagiannis et al. showed that
IgG1, but not IgG4, induced phagocytosis of tumor cells by monocytes in vitro and reduced tumor
growth in vivo in a mouse model of subcutaneous human melanoma xenograft supplemented with
human immune effector cells (58). Additionally, by intravital microscopy in mice, Giil et al. were able
to visualize phagocytosis of opsonized circulating tumor cells by macrophages resulting in the
prevention of liver metastases (100). That macrophages may induce tumor cell killing through ADCC in
humans is suggested by the recent observation of Meylan and colleagues in renal cancer of the close
proximity of macrophages and apoptotic tumor cells harboring IgG deposits (47). Neutrophils are also
efficient to perform cytotoxicity in an FcyRlla (CD32a)-dependent manner (101). Intriguingly,
neutrophils use a mechanism different from that of NK cells or monocytes to kill tumor cells. In a model
of HER2/neu+ breast cancer cells opsonized by anti-HER2 IgG1 Ab, Matlung et al. indeed demonstrated
that this cytotoxicity was not dependent on lytic granule release and involved an active mechanic
destruction of the target cell plasma membrane, leading to a form of immune cell-mediated necrotic
type of cell death referred to as trogoptosis (102). This method of killing is restricted to neutrophils,
requires neutrophil/target cell conjugate formation dependent on CD11b/CD18 interaction, and is

weakened by CD47-SIRPa interactions. Another important component that can mediate tumor cell
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killing, albeit frequently neglected in the TME, is the complement system. Complement cascades can
be initiated by 3 different pathways: classical, alternative and lectin pathways. Complement activation
through the different pathwaysresults in the generation of the terminal complement complex C5b-9,
also called membrane attack complex (MAC) that elicits target cell lysis by creating transmembrane
pores (103). Deposition of MAC on tumor tissue has been described in different cancers including
breast and ovarian malignancies (104,105) suggesting that CDC is occurring in the TME. Cumulative
evidence suggests that the classical pathway, which is mainly activated by IgM or IgG-containing
immune complexes (ICs), is implicated in complement cascade initiation in the TME (106,107). Yet,
CDC has been so far mainly demonstrated for therapeutic anti-cancer mAbs. Rituximab, an anti-CD20
mAb, was capable to induce activation of the classical complement pathway on malignant B cells in
vitro and in vivo (108,109). Nevertheless, tumor cells can increase the expression of inhibitory
molecules of complement activation on their surface to escape CDC, as demonstrated in patients
whose breast cancer cells overexpress CD55 and CD59, two molecules that negatively regulate the
complement system. These patients displayed a higher rate of relapse after anti-HER2 treatment
compared to patients with lower expression (110). Inhibition of the expression of these molecules on

breast cancer cell line induces a significantly enhanced anti-HER2-induced CDC-dependent lysis (111).

Among IgG subclasses, 1gG1 and IgG3 demonstrate the highest affinity for most FcyRs and are
potent activator of ADCC, ADCP and CDC. Such cytotoxicity can induce the release of danger-associated
molecular patterns (DAMPs) and tumor Ags from necrotic tumor cells and may initiate durable
adaptive antitumor immunity, including a cytotoxic T cell response. Besides, Gordan and colleagues
revealed that a complex set of factors, including the organ environment, the level of Ag expression and
the antibody concentration, determines the activation of different FcyRs and/or the classical

complement pathway resulting in the cytotoxic IgG activity (112).

IgA. A role of IgA in tumor immunosurveillance is suggested by the fact that individuals with
IgA deficiency are at (moderate) increased risk of cancer, especially in the gastrointestinal tract
(HR=1.64) (113). The functions of IgA are highly diverse and depend on their subclass, isoform and the
nature of accessory cells expressing IgA receptors in the TME. Two IgA subclasses co-exist, IgA1 and
IgA2 that differ by the size of their hinge region, their shape and their glycosylation profile (114). In
addition, IgA can exhibit a monomeric form (mlgA) dominant in serum, a dimeric (dIgA) form
containing the J-chain and characteristics of mucosal tissues, and a secretory form (SIgA) consisting of
digA assembled to the secretory component extracted from the polymeric Ig receptor “PIgR” during
epithelial IgA transcytosis (115). Depending on their isoform and subclass, human IgA can bind with
different affinities to several specific receptors, including FcaRI/CD89 (116) and the polymeric Ig

receptor (PIgR), as well as to accessory receptors like DECTIN-1, DC-SIGN and CD71. FcaRl is expressed
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by monocytes, macrophages, kupffer cells, eosinophils, and neutrophils (117,118). Both mIgA1., and
dlgAi.; bind to FcaRl with moderate affinity, while IgAICs bind avidly. By engaging FcaRl on neutrophils,
IgA can induce effective ADCC of various tumor targets, including HER2+/neu breast cancer cells (119—
121). Importantly, while neutrophils express high affinity receptors for both IgG and IgA, IgA appears
more efficient than IgG to kill tumor cells, as shown with therapeutic antibodies in vitro and in vivo
(120-122). This may be due to a stronger ITAM signaling in neutrophils induced by IgA compared to
IgG. Indeed, whereas FcyRlla, the main FcyR expressed by neutrophils, can signal through only one
ITAM, FcaRlI can engage four ITAMs on the FcaRl-associated FcRy-chains. As demonstrated for IgG, IgA
induced neutrophil-dependent tumor cell killing likely involves a mechanism of trogocytosis that can

be potentiated by the blockade of CD47-SIRPa interaction (123).

IgE. 1gE plays a pathogenic role in allergy by triggering the rapid degranulation of FceR-
expressing cells including basophils and mast cells, and a protective effector in parasitic infections, but
their role in cancer remains poorly understood. Interestingly, omalizumab, a therapeutic mAb blocking
IgE binding to its high affinity receptor FceRI and administrated to severe cases of asthma, has been
associated with higher risk of solid cancers development, suggesting that endogenous IgE may be part
of the immunological host defense against tumors (124). Interestingly, Crawford and colleagues
reported that topical exposure to an environmental DNA-damaging xenobiotic can induce an IgE
response, depending on y6 intraepithelial T cells. This IgE response can protect against epithelial
carcinogenesis by a mechanism involving engagement of FceRI, possibly on basophils (125). Moreover,
Josephs et al., by engineering mAbs specific for folate receptors (FRa) - which are widely expressed by
human ovarian tumor cells - demonstrated the superior antitumor efficacy of IgE compared to IgG in
a syngeneic rat model of cancer (126). IgE, but not IgG, promotes MCP-1 production by monocytes
resulting in increased recruitment of macrophages and their polarization towards M1-like type cells
expressing CD80 and TNFa. Besides, genes associated with the FceR complex, including FCERI (a
subunit of the IgE receptor) and MS4A2 (B subunit of the IgE receptor), were associated to a favorable
prognosis of patients with lung cancer(127). These data support a tumor-protective role of IgE but
further studies are needed to determine whether an IgE response to tumor Ag develops in cancer

patients and can be manipulated.

Antibody can promote anti-tumor immunity by favoring antigen presentation to T cells

Ag presentation is a critical step for inducing anti-tumor immunity and usually requires
specialized Ag presenting cells (APC), notably for CD8* T cells in the case of soluble or membrane bound

Ags that require cross-presentation. Ab, able to form immune complexes (IC), change the way tumor
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Ag are captured and presented to T cells and have been shown to be instrumental for inducing

protective T cell mediated immunity.

When complexed to IgG, Ags can be internalized by APC, processed and presented on major
histocompatibility (MHC) class-Il molecules to CD4* T cells (128). Importantly, IgG can also deliver
exogenous Ags into the MHC class-I processing pathway of DC for presentation to CD8" T cells in a
process known as Ag “cross-presentation”. Ag/lgG ICs have been shown to allow cross-priming of
tumor-specific CD8* T cells able to protect against the development of colorectal cancer and lung
metastases, by a process involving the surface FcyR and cytoplasmic FcRn (neonatal Fc receptor for
IgG) of DC. FcRn ligation by IgG-IC induces IL12 production by DC allowing CD8* T cell polarization into
IFNy producing cytotoxic cells (129,130). Such process might be facilitated by TLS thanks to the

presence of a contingent of mature DC in the vicinity of T cells and of ASC producing anti-tumor Abs.

It is possible that such capacity to favor Ag presentation is not limited to 1gG. Indeed, certain
DCs can use FceRI for directing soluble Ags complexed to IgE into the cross-presentation pathway to
prime anti-tumor CD8* T cells able to eliminate cancer cells (131). An in vivo study also recently
revealed that natural IgM allows monocytes to present tumor neoantigens to CD4* T cells leading to
the emergence of activated T helper cells expressing CD40L with the capacity to license Ag-cross-
presenting Batf3+ conventional type 1 DC for induction of a cytotoxic CD8" T cell response (92).
Although FcoRl is expressed on immature DC and can internalize IgA1l or IgA2 complexes, Ag
presentation to T cells appears rather inefficient through this pathway (132). Yet, engagement of IgA
receptors on inflammatory-type DC may indirectly enhance Ag-specific CD8* T cells responses through

its capacity to activate DC as recently shown for IgA2 (133).

Thus, antibodies may play an essential role for bridging innate and adaptive immunity to

initiate or amplify efficient anti-tumor immune responses contributing in fine to tumor cell elimination.
IgA transcytosis in tumor cells may increase their sensitivity to CD8+ T lymphocytes cytotoxicity

Early studies have revealed the existence of 1gG and/or IgA deposits in/fon tumors cells in
certain tumors, including breast and ovarian primary tumors (22,72). The team of Conejo-Garcia
recently provided insights into the mechanism underlying IgA penetration in tumors cells and its
consequences. Using tumor cell lines, they showed that polyclonal IgA can be internalized by ovarian
and endometrial tumor cells after binding to the polymeric IgA receptor (PIgR) resulting in drastic
transcriptional changes in malignant cells (22,134). In ovarian tumor cells, these changes included
inhibition of the RAS pathway and upregulation of inflammatory genes, and were associated with an
increased sensitivity of tumor cells to cytolytic killing by T cells in vitro and in vivo (22). While both

irrelevant and tumor specific IgA can mediate these effects, they were more pronounced when tumor
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cells expressed the cognate Ag. Whether a similar mechanism exists for IgG is currently unknown. In
breast tumors, FcRn, an essential 1gG transporter, can be expressed in malignant epithelial cells of

mammary glands, but 1gG internalization through this receptor have never been demonstrated (135).
Pro-tumor effects
Antibodies can suppress tumor killing

18G4 is the less abundant subclass of IgG in the serum and has limited effector functions due
to its negligible binding ability to C1g and Fcy receptors compared to other IgG subclasses. There is
evidence that this IgG subclass dampens anti-tumor immunity. Karagiannis et al. indeed reported that
metastatic melanoma patients with a higher serum IgG4/total IgG ratio had significantly lower survival
rates and that tumor specific IgG4 were not only unable to activate monocytes to kill tumor cells but
also suppressed tumor specific IgG1-induced ADCP of tumor cells, indicating that IgG4 can suppress
tumor-cell killing likely by competition with 1gG1 for FcyRI binding (136). Non-tumor specific IgG4 also
exerted a partial suppressive function. In addition, Alberse et al. reported that IgG4 can interact with
IgG1 and IgE through their Fc domains, potentially influencing their antitumor effector functions (137).
Besides the identity of the Ab subclass, several post-translational modifications can drastically affect
the antitumor function of IgG. A substantial fraction of IgG in cancer patients are indeed sialylated in
their Fc part, conferring to these Abs a potential suppressive function (138). Zhang et al. provided
evidence that the cleavage of single peptide bond in the hinge region of endogenous IgG1 (sc-1gG1) by
breast cancer-associated MMP constitutes an evasion mechanism to humoral immunity in cancer.
SclgG1 are significantly higher in tumors than in normal tissues, positively correlates with adverse
clinical factors, such as frequent local metastasis to axillary lymph nodes, and display reduced Fc
immune effector functions, including ADCC (139). Such IgG alterations have also been observed for an
anti-HER2 mAb infused in patients with BC leading to a reduction of its therapeutic efficacy (140). How
the TME affects the functions of the different Ab isotypes and what are the consequences of these

modifications on tumor immune evasion needs to be analyzed.

IgA. Polymeric IgA have been involved in several inflammatory diseases, including IgA
nephropathy, since their aggregation strongly increases their affinity to FcaR1 allowing potent cell
activation and initiation of an inflammatory response. Conversely, serum migA in steady state are
endowed with powerful anti-inflammatory properties toward the immune system. IgA poorly activate
the complement pathway and have been showed to inhibit NK-dependent ADCC (141) . Moreover, in
the absence of bound Ag, migA impair IgG-mediated phagocytosis, chemotaxis, bactericidal activity,
oxidative burst activity, and cytokine release (142). Pasquier and colleagues further demonstrated that

mlgA binding to FcaRl inhibits IgG-mediated phagocytosis in human monocytes, by a process involving
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intracellular signaling through the associated FcRy adaptor that contains an inhibitory ITAM
configuration (143). Eventually, once bound to FcaRl, these Abs may induce death of activated
neutrophils instead of tumor cell trogoptosis (144). Therefore, the dual role of IgA largely depends on
their isoform, the presence or absence of target Ag and the nature of accessory cells that they can

engage.
Antigen/antibody immune complexes tumor-promoting inflammation

Tumor-promoting inflammation is the seventh hallmark of cancer and contributes to various
aspects of solid tumor development including growth and survival of cancer cells (145). Numerous
studies highlighted that 1gG-containing ICs can trigger inflammation in the TME, which in turn can
promote carcinoma development. Indeed, high levels of circulating ICs are associated with increased
tumor burden and poor prognosis in various cancers, including BC (146). Using a transgenic mouse
model of epithelial carcinogenesis, Andreu and colleagues showed a reduction of both leukocyte
recruitment and tumor growth in the absence of B cells or activating FcyR. Such experiments revealed
that IgG-mediated stimulation of mast cells and macrophages can promote, in certain settings,
inflammation and a subsequent increase of angiogenesis, survival and proliferation of tumor cells
(147). Furthermore, Ags opsonized by IgG can activate the classical complement pathway leading to
the release of the C3a and C5a anaphylatoxins, whose levels correlate with decreased effector T cell
numbers and increased tumor burden in a mouse model of OC (148). C3a and/or C5a can indeed
directly enhance tumor cell survival, proliferation and metastasis after binding to their receptors on
tumor cells. Moreover, they can recruit myeloid-derived suppressor cells, tumor-promoting
macrophages, stimulate the pro-tumorigenic properties of mast cells resulting in chronic inflammation,
suppress CD8" T cell cytotoxicity and promote formation of pro-tumoral neutrophil extracellular trap

(106).
Modulation of tumor-associated antigens by antibodies

Antibodies may also affect tumor cells, independently of the immune system, by directly
exerting an agonist or antagonist function on target Ags, like growth factors or surface receptors that
are essential for tumor cell survival, expansion or dissemination, or by directly triggering tumor cell
apoptosis upon binding to cell surface proteins. These properties are largely exploited for cancer
therapy with the success of mAbs targeting HER2, EGFR and other growth factor receptors. There is
some evidence that such Ab can naturally be generated in cancer patients. For example, natural IgM
are able to induce tumor-specific apoptosis by cross-linking of complement inhibitory proteins,
blocking growth factor receptors or by increasing the intracellular level of neutral lipids (91,149,150).

In addition, a monoclonal antibody directed against the 78kDa glucose-regulated protein (GRP78) - an
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Ag highly expressed by breast tumor cells (151) — and isolated from a gastric cancer patient (150) was
shown to be able to directly kill cancer cells by cellular lipotoxicity involving intracellular lipids,
cholesterylester and triglycerides accumulation and leading to cell apoptosis. Another example relies
to the pathologic effects of Abs that can be observed in cancer patients with a paraneoplastic
syndrome. In these rare autoimmune disease, high levels of auto-Ab directed against self-Ags
aberrantly expressed in tumor cells are usually observed. In the case of ovarian tumors with Abs to N-
methyl-D-aspartate receptor (NMDAR) (152,153), incubation of the Ab on neuronal cells has been
shown to result in the rapid internalization of the extracellular GIuN1 NMDAR subunit and decrease
of glutamatergic synaptic function, possibly explaining neurological clinical manifestations observed in
patients (154,155). A minor fraction of patients affected by lung or breast cancer, ovarian teratoma or
thymoma can develop a paraneoplastic syndrome caused by the humoral and cellular immune
response against GABA-B receptor, expressed by both neurons and tumor cells. Anti-GABA-B
autoantibody found in patients’ serum were shown to colocalize with GABA-B receptor and to disrupt
its structure resulting in seizures and changes in memory, learning and behavior in animal models

(156,157).

Overall, antibodies can have both beneficial and deleterious roles in the TME and their better
characterization and the understanding of their mode of action will be essential to manipulate them

for therapeutic purposes.
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Figure 2: Mechanisms of action of antibodies in cancer. Antibodies can use several mechanisms to suppress (1-4) or promote
(5-7) tumor growth. (1) Certain subclasses of antibodies can mediate tumor cell killing by ADCC mediated by NK cells, ADCP
by macrophages, trogoptosis by neutrophils and CDC. (2) Capture of antibody/antigen complex by DC can prime anti-tumor
immunity through antigen cross-presentation to CD8+ T cells. (3) Transcytosis of dimeric IgA in tumor cells increases their
sensitivity to CD8+ T cell mediated cytotoxicity. (4) Direct modulation of target antigen function leading to tumor cell
dysfunction/elimination. (5) Modulation of tumor antigens leading to survival/proliferation of tumor cells. (6) 1gG4, sclgG1
and IgA can suppress the effector functio@ns of cytotoxic antibody isotypes. IgG4 compete with IgG1 for FcyR binding. SclgG1
has a reduced ability to induce ADCC compared to 1gG1. IgA inhibit NK-dependent ADCC mediated by IgG1/1gG3. (7) IgG-
antigen immune complexes can induce tumor-promoting inflammation by stimulation of macrophages and mast cells and/or
by the activation of the classical complement pathway and the release of pro-inflammatory anaphylatoxins.

Antibody-independent pro- vs anti-tumor functions of antibody-producing

cells

Besides the production of antibodies, there is increasing evidence that ASC display several

non-canonical functions that can impact tumor growth and antitumor immunity.
Cytokine secretion

In addition to antibody production, accumulating evidence demonstrate that certain human
ASC subsets can produce a diverse array of cytokines or molecules endowed with either pro- or anti-
inflammatory functions. Nevertheless, the cytokine expression profile of Ti-ASC remains so far poorly
documented, possibly due to their usual low frequency and to the fact that detecting intracellular
cytokines in B cells can be technically challenging. Inflammatory bowel disease associated-ASC can
produce granzyme B (158,159), traditionally known for its perforin-dependent pro-apoptotic function
underlying the capability of cytotoxic immune cells to kill tumorigenic cells (160,161). Moreover, in
infectious disease, ASC can express the inducible Nitric Oxid Synthase (iNOS) (162), which was reported
in BC to elicit cancer progression through regulation of cell adhesion and motility (163,164). ASC can
also secrete immunosuppressive molecules such as IL-35 (165) that inhibit anti-tumor cytokines
including IFN-y (166). Interestingly, PCs in human lung cancers can express EBI3, a component of IL-27
and IL-35 heterodimers (167), and IL-10 (61,168,169) a cytokine with both tumor-promoting properties
through inhibition of tumor Ag presentation (170,171) and tumor-inhibiting activities through anti-
angiogenic functions via down-regulation of VEGF, IL-1b, TNF-a, IL-6, and MMP-9 (172)). IL-10-
expressing PB have been described in human renal cell carcinoma and appeared to be enriched in IgA
producing cells (173). IL-10* PB infiltration was associated with an up-regulation of the T cell exhaustion
marker Tim-3 and higher tumor size and stage, suggesting that they may suppress T cell immunity.
Using mouse models of prostate and liver cancers, Shalapour and colleagues showed that IL10-
producing IgA* secreting cells are induced in the TME, especially after chemotherapy, by a process
requiring TGFB-receptor signaling in B cells, and can directly suppress cytotoxic CD8* T lymphocytes in
an IL-10 dependent manner (61,168). Thus far, little is known about the specific markers that could

distinguish suppressive IL-10* ASC from their non-IL-10-producing (potentially antitumor)
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counterparts. Regulatory IL-10" ASCs producing IgM or IgG isotypes have also been described in

autoimmune and infectious diseases (61,168,174,175)

Other functions of ASC in the TME

IgA* ASCs in prostate and liver cancers also express high levels of PD-L1 on their surface
(61,168). PD-L1 neutralization did not decrease tumor burden in mice models deficient for IgA or CD8
T cells, indicating that it acts via IgA* cells and targets CD8" T cells. PD-L1 expression on ASC was
confirmed in human samples from BC (176). In infectious disease, the Fillatreau group recently
described LAG3 as another immune checkpoint expressed by regulatory ASCs (177). These cells were
a major source of IL-10 early after infection with Salmonella (177). They also express the PD-L1, PD-L2,
and CD200 (Lino et al. 2018) inhibitory receptors that are upregulated upon activation and frequently
associated with T cell. Regulatory ASCs, possibly present in tumors, may use these inhibitory receptors
as additional mechanisms to suppress an immune response in addition to secretion of IL-10 or other

suppressive cytokines.

The increased expression of immune checkpoint ligands on ASCs may suggest close
interactions between ASCs and other immune cells in the TME. Recent evidences also suggest a role
for exosome transfer in the function of Ti ASC. In OC, it has been shown that ASCs were enriched in the
mesenchymal subtype of HGSOC and that the epithelial to mesenchymal phenotypic switch of tumor
cells in vitro and in vivo, which controls tumor metastasis and patient prognosis, was mediated by the
transfer of PC—derived exosomes containing miR-330-3p into non-mesenchymal ovarian cancer cells

inducing their transition (65) (Figure 3).
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Figure 3. Non-canonical functions of antibody-secreting cells involved in tumor promotion. (1) IgA+ PC can secrete IL-10
and express the inhibitory immune check-point ligand “PD-L1” and suppress CD8+ T cell function. PC may secrete other
suppressive cytokines, like IL-35 and TGFb, involved in tumor promotion by stimulating tumor cell proliferation and/or
suppression of antitumor immunity (2) PC are able to deliver mIR-330-3p containing exosomes to tumor cells initiating an
epithelial to mesenchymal phenotypic switch and tumor dissemination.

Conclusion

In this review, we have emphasized that ASC can exhibit both beneficial and detrimental roles in the
TME. These pro- and anti-tumor functions depend not only on the class and subclass of Ab they
produce, the identity of their target Ag, the nature and functions of the accessory cells present in the
TME, but also on their non-canonical activities such as cytokine production and immune checkpoint
expression, the latter remaining to be better characterized. ASC thus emerge as critical actors of the
TME, but many questions remain to address to envisage their therapeutic manipulation. To what
extent is the ASC infiltrate fed by cells differentiated in secondary lymphoid organs vs locally in TLS,
and, in the latter case, do all ASC originate from a germinal center reaction or can they also be
generated in extrafollicular areas? Does the origin of ASC impact their functional properties and Ag
specificity? Although the diversity of Ti ASC starts to be revealed, a more comprehensive analysis of
the Ab classes (including IgE) and subclasses, isoforms and glycosylation pattern is required to better
appreciate how ASC may impact tumor immunity through Ab production. A particular attention should

be paid to the contribution of the different IgA isoforms to activation versus immune tolerance. In
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addition, because Ab-related ASC functions largely depend on engagement of Ig Fc receptors on
accessory cells, which identity will dictate Ab effector function, a comprehensive spatial and functional
characterization of cells (neutrophils, NK cells, mast cells, macrophages) expressing the different Fc
receptors should be performed to better elucidate/predict elucidate the function of ASC. Furthermore,
the presence of Ti-ASC and TLS has recently been associated to better response to immune checkpoint
inhibitors. Determining whether ASC and Ab play an active role in this response and identification of
the underlying mechanism could pave the way for defining strategies to improve efficacy of
immunotherapies. Increasing recruitment, neo-differentiation and/or function of antitumor ASC could
indeed complete the anti-cancer therapeutic arsenal. Inducing TLS could be an option since these
structures favor emergence of ASCs enriched in tumor Ag-specific cells and production of antibodies
able to bind to tumor cells. This will require a better understanding of how cancer-associated TLS are
initiated and maintained in an active form. Finally, although evidence of a detrimental effect of ASC
are still scarce in human, one therapeutic avenue in certain cancers could consist in inducing their
specific depletion. This could be achieved through proteasome inhibition with the risk of also depleting
anti-tumor ASC. Another important challenge will thus consist in identifying reliable markers able to
distinguish pro- from anti-tumoral ASC and the signals involved in their development in order to

identify the best therapeutic strategies.
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THESIS HYPOTHESIS AND OBJECTIVES

B cells are increasingly recognized as essential actors of the tumor microenvironment with
evidence that they can contribute to both anti- and pro-tumor immune responses. The tumor-
infiltrating B cell contingent contains a mixture of subsets, including ASC that can produce antibodies
of different isotypes and isoforms and also likely exert non-canonical functions through secretion of
immune-modulatory cytokines and expression of ICP ligands. The heterogeneity of ASC in cancer, in
particular in BC, and the impact of the different subpopulations on clinical outcome is however yet to
be elucidated. In addition, antibody response have been described both at early (in situ) and late
(invasive) stage of breast tumor progression although poorly characterized. Thus, we hypothesize that
the ASC compartment evolves during tumor development, which may contribute to the immune
escape of malignant cells and that the pro- vs anti-tumor role of ASC and produced antibodies depends

on their phenotypic and functional diversity.

Besides, B cells can also functionally organize with T cells to form TLS, which are generally
associated with better patient prognosis and increased responses to immunotherapies targeting
inhibitory immune checkpoints. TLS develop only in a faction of cancer patients and are sites of
oligloclonal T and B cell responses. Therefore, we postulate that TLS are privileged sites for induction
and/or amplification of anti-tumor immune response and may develop preferentially in the most
immunogenic tumors. Yet, the nature of the antigens that drive such TLS remain poorly documented.
Different classes of tumor antigens can indeed be evaluated including those resulting from mutations

(neoantigens), cancer-testis antigens and HERV.

A better understanding of ASC diversity, their mechanism of action and TLS drivers could allow

the development of new immunotherapeutic strategies.
In this context, my thesis project had 2 main objectives:

i) deeply characterize the diversity of ASC infiltrating human breast tumors regarding
their state of maturation and the isotypes and isoforms of produced antibodies at
different stages of tumor development, identify the proteins targeted by I1gG and IgA
in the circulation and the tumor microenvironment and define the respective impact
of 1gG- vs IgA-ASC on tumor progression and clinical outcome

i) study the link between TLS and tumor antigenicity and the quality of the anti-tumor

immune response in breast cancer.

113



To deeply characterize tumor ASC heterogeneity, we exploited fresh and/or fixed tumor
samples from patients with an in situ or invasive breast carcinoma and used different complementary
techniques, including multicolor flow cytometry, multiplex immunofluorescence tissue staining (multi-
IF), whole peptide arrays for profiling antibody specificities and differential gene expression profiling.
The respective impact of tumor infiltrating IgG vs IgA ASC on patient survival was determined using the
breast cancer dataset of the TCGA as well as an in-house assembled TNBC cohort. The link between
TLS, tumor antigenicity and the quality of immune response was performed with samples from the
TNBC cohorts, by combining multi-IF staining to stratify patients according to their TLS density, whole
exome sequencing (WES) and MHC-peptide affinity prediction algorithms to quantify the tumor
mutational burden and candidate T cell neoepitopes, and RNA-seq to identify tumor-associated

antigens and to assess anti-tumor immune response in TLS-enriched patients.
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Abstract

Antibody-secreting cells (ASC) emerge as critical actors of the tumor microenvironment of
breast cancers, but their impact on patient outcome remains controversial and their diversity is still
poorly understood. Here, using samples from retrospective and prospective cohorts of patients and by
combining flow cytometry and multi-immunofluorescence tissue staining, we show that ASC account
for about 8% of B cells infiltrating invasive breast tumors, consist of cells at different maturation stages,
producing not only IgG but also IgA1 and IgA2 in monomeric and dimeric forms. We also demonstrate
a drastic remodeling of the ASC compartment between in situ and invasive breast carcinomas,
manifested by an overdominance of IgA ASC over IgG ASC in all early-stage tumors, versus only 15% of
invasive tumors, and a drop of the proportion of IgA2 producing cells in advanced tumors. Ab specificity
profiling using an overlapping peptide array covering the whole proteome revealed that several
hundred of proteins are targeted by IgG and IgA in each patient, with an increased number of serum
IgA reactivities in cancer patients compared to healthy individuals. Furthermore, the antibody
response in tumor and serum are partly disconnected, notably for IgA, and the 2 isotypes appear to
target largely non-overlapping sets of antigens, involved in distinct immune and molecular pathways.
Finally, using a cohort of triple negative breast cancers and the TCGA database, we demonstrate that
IgA-ASC and IgG ASC are both associated with better patient prognosis but typified distinct tumor
immune microenvironment. Indeed, comparison of IgA-rich only tumors with their counterpart
revealed increased expression of genes associated to mast cells and neutrophils in IgA-rich tumors,
while IgG-rich only were enriched in genes of activated adaptive immune cells. Overall, our results
extend our understanding of ASC heterogeneity in tumors, reveal a drastic change of the local antibody
response during breast tumor progression and demonstrate that IgA and IgG ASC play complementary,

yet distinct, positive roles on patient survival.



Introduction

Breast cancer (BC) is a highly complex disease not only due to the existence of various
histological and molecular subtypes, but also because of complex immune cell networks operating
inside the tumor microenvironment. BC patient prognosis strongly relies on the cellular composition,
density, local structuration and function of tumor-infiltrating (Ti) immune cells (1). As in many other
malignancies, a high density of cytotoxic CD8* T cells and Th1 cells is associated with a favorable clinical
outcome in terms of overall and disease-free patient survival (2). In contrast, the role played by B cells
and the antibody response in solid cancers, and in BC in particular, remains still poorly understood. In
BC, as in many other malignancies, tumor infiltration by B cells is usually predictive of a favorable
clinical outcome (3—6), especially when they functionally organized with T cells in so-called tertiary
lymphoid structures (TLS) (7—9). Such TLS were also recently associated with an increased response
rate to immunotherapies targeting inhibitory immune checkpoints (10-12). Breast tumor-infiltrating
(Ti) B cells has been shown to mainly consist of naive and memory B cells, and to a much lesser extent

of antibody-secreting cells (ASC) (13,14).

The role played by ASC in solid cancers, and in BC in particular, remains controversial and still
poorly understood. Several studies reported that an increased ASC density/gene signature score was
either neutral for prognosis or was associated with reduced patient survival (3,15,16), while other
reports documented an exact opposite positive clinical impact (17-20). Besides differences in the
methodologies of types of patient cohorts, these discrepant results may be linked to the heterogeneity
of the Ti-ASC contingent with existence of phenotypically and functionally distinct subsets. It is indeed
likely that the class and subclass of antibodies produced by ASC as well as the identity of the targeted
antigens (Ag) critically condition their local functions. Both IgG and IgA recognizing tumor antigens
were reported in breast tumors (21). Antibody (Ab) isotypes exert different functions depending on
the affinity of their Fc region for receptors expressed on accessory cells and for components of the
complement system. These strongly condition their capacity to i) kill tumor cells (22) ii) sensitize
malignant cells to the cytotoxic action of CD8+ T cells (CTL) (23,24), iii) promote dendritic (DC)
mediated Ag cross-presentation to CD8+ T cells (25), iv) activate or suppress Ag presenting cells
(Pasquier et al.2005) and v) trigger local tumor-promoting inflammation (26). Besides these canonical
functions, ASC are also an important source of cytokines and can express inhibitory immune checkpoint
ligand (ICPL). In this respect, Shalapour et al. have recently identified a suppressive role of IgA ASC on
CD8+ T cell-mediated anti-tumor immunity that relies on expression of PDL1 and production of IL10

(27).



There is thus increasing evidence that ASC are critical actors of the tumor immune
microenvironment but the cellular and molecular basis of their pro- versus anti-tumoral roles remains
incompletely understood. The present study was aimed to disentangle the heterogeneity of the ASC
compartment in breast tumors and its evolution during cancer progression, the diversity of locally

produced antibodies, and the respective impact of IgA vs IgG ASC on patient outcome .

Material and methods

Patient cohorts

For the prospective cohort of patients used for flow cytometry, IHC/multi-IF tissue
immunofluorescence and Ig titration, fresh and fixed tissue specimen were collected from 92 primary
breast cancer patients diagnosed and treated at the Centre Léon Bérard (CLB) between 2012 and 2018.
Inclusion criteria included a size estimated at diagnosis greater than 2.5 cm and an SBR grade of I-llI
and included all histological subtypes. The characteristics of patients are provided in supplementary
table S1. All samples were prepared from surgical pieces by a pathologist and provided by the CLB
tissue bank within the frame of a protocol approved by the Institutional review board and ethics
committee (L-06-36 and L-11-26) and following patients' written informed consent, in accordance with
the Declaration of Helsinki. A series of 15 ductal in situ carcinomas was also used for
immunofluorescence tumor tissue staining and their characteristics are described in supplementary

table S2.

Two retrospective cohorts of patients were also used. The PACSO08 trial (28) included, between
October 2007 and September 2010, 592 patients with triple negative (TNBC, ER-PR-HER2-) breast
cancer and 170 patients with luminal (ER+PR-HER2-) tumors and aimed to compare two different
adjuvant chemotherapies but did not reveal major differences between the two arms of the study. All
tumors were thus considered equally and the impact of IgG and IgA ASC on patient survival was
determined by IHC staining of formalin-fixed paraffin-embedded (FFPE) Tissue MicroArrays. An
additional cohort of patients was specifically assembled for the present study and exclusively included
untreated TNBC patients, diagnosed at the CLB between 2005 and 2013, with a tumor size >10mm and

with available FFPE surgical tumor tissue (Supplementary fig. 7).
Preparation of tumor cell suspensions and supernatants

Tumor pieces were first mechanically dissociated into small fragments, with 1 mL of RPMI 1640
supplemented with antibiotics per 500 mg of tumor, and tissue supernatant was collected, clarified by
centrifugation and 0.22 um filtered to obtain Soluble Tumor Medium (STM) containing the soluble

factors of the tumor microenvironment. Tumor fragments were then incubated for 45 minutes at 37°C



with an enzymatic cocktail of collagenase IA (1 pg/mL, Sigma) or collagenase IV (6.9mg/mL, Gibco) and
DNase | (250 pg/mL, Sigma) in medium with antibiotics under gentle magnetic shaking. Digested
samples were filtered using a 70 um cell-strainer, washed and resuspended in RPMI 1640 medium

supplemented with 10% Fetal Calf Serum (FCS) until use for further analysis.
Flow Cytometry

Single cell suspensions from primary breast tumors were incubated with various combinations
of fluorescently labeled Ab for 30 minutes at 4°C in PBS 10% FCS 0.5 mmol/L EDTA. Cells were then
fixed in PBS 4% formalin for 20 minutes at 4°C until analysis. In addition to cell surface staining, an
intracellular staining was performed for Foxp3, Ki67, 1gG, IgA and IgM using a fixation/permeabilization
kit (Thermofisher, Saint Aubin, France) right before analysis on the flow cytometer. Antibodies and
viability dyes are listed in supplementary table S3. Appropriate fluorescence minus one (FMQO) controls
were used in each experiment. Analysis of stained cells was performed using an LSR Fortessa cell

analyzer (BD Biosciences) and data were processed using the FlowJo Software (Tree Star).
IF and IHC staining of FFPE sections

Four-colors IF staining. After deparaffinization and antigen retrieval, 4 um-thick FFPE tissue
sections were incubated with various combinations of up to 3 primary antibodies (Supplementary table
S4) for 2 hours at RT, washed and then incubated with Alexa-Fluor (-488, -555 and -647, ThermoFischer
Scientific, Saint Aubin, France) coupled secondary Abs specific for primary Ab species and/or
subclasses. DAPI was then added to stain nuclei and slides were mounted with Prolong Gold Medium
(ThermoFischer Scientific). Multi-IF staining was performed manually except for pan-CK/IgG/IgA and
CD3/CD20/PNAd, which were performed on the Discovery XT autostainer (Roche Ventana, Meylan,
France). Stained slides were scanned with the Panoramic Scan Il device (3D Histech, Sysmex, Villepinte,

France).

Automated seven-colors multiplex IF staining. After deparaffinization, rehydration and antigen
retrieval, FFPE tumor sections were sequentially stained with each primary antibody (Supplementary
Table S4), followed by OPAL-HRP secondary antibody incubation and then revealed with tyramide
signal amplification and OPAL fluorophores (Akoya Biosciences) and the same cycle was reproduced
until staining with the last Ab of the panel. The sections were then counterstained with spectral DAPI
(Akoya Biosciences) and mounted with a coverslip. Whole slides were imaged at a 20x magnification
using the Vectra Polaris multispectral scanner (Akoya Biosciences) and digital images were visualized
with the Phenochart viewer (Akoya Biosciences) and unmixed using the spectral library from the

software.



Analysis of multi-IF digital images. The tumor area was first annotated on an HPS colored
section of each tumor by a trained pathologist and annotations were transferred to multi-IF digital
images for immune cell quantification. IgA and IgG ASC were quantified in the stroma versus the tumor
area of 30 patients using the Halo software (Indica Labs) using the CK/IgG/IgA staining. More than 10
square regions of 1 mm2, representing about one-tenth of the entire tissue section, were defined and
tissue segmentation was performed according to CK staining (Supplementary Fig.2A). A machine
learning algorithm was then set up to exclude artifacts and necrosis or fibrous areas, and to identify
IgG and IgA ASC based on a strong intracytoplasmic staining. Cells positive for pan-CK or displaying a
membrane 1gG or IgA staining were not counted. The density of each cell phenotype was then
calculated and expressed as the number of cells per mm? of stroma or tumor tissue. For the TNNC
cohort (n=120), a manual semi-quantitative scoring of 1gG and IgA-ASC was performed independently
by 3 persons using a 4-point scale allowing to categorize samples as IgA/GHi or IgA/GLo. For panels
involving IgA subclasses, Ig-J chain and PC transcription factors, a manual quantification was performed

for IgA1, IgA2, IgA+Igl+, IgA+lgl-, Blimpl+ and/or IRF4+ cells using representative regions.

TLS were identified as structures harboring dense and segregated B and T cell areas. To
qguantified them, we first manually annotated B cell follicles, defined as dense CD20+ cell aggregates
with few T cells, and quantify their surface using Halo. TLS-B follicle density was then calculated as the
% of the total tumor surface occupied by all annotated B cell follicles (e.g. Surface TLS-B Foll / Total

Surface x 100.

IHC. Single IHC staining of 4 um thick plain or TMA (PACS08 cohort) tumor sections was
performed with Ab (Sup. Table 1) to IgA, 1gG, and CD20 (DAKO) using a Discovery XT autostainer (Roche
Ventana). Sections were deparaffinized, heated in an antigen retrieval solution, incubated with the
primary antibody for 30 to 60 minutes, and were then revealed with a biotinylated secondary Ab bound
to streptavidin peroxydase conjugate (Ultratech HRP DAB kit, Coulter Immunotech) followed by DAB
substrate. Sections were then counterstained with hematoxylin and mounted. For TMA, a trained
pathologist manually counted the number of positive cells per spot and the mean value of the three

independent spots per patient was calculated.



Quantification and analysis of immunoglobulins

ELISA and multiplex Ab quantification. Ab classes were quantified in STM from breast tumors
with IgA, 1gG, and IgM ELISA kits from Invitrogen (ThermoFischer Scientific) according to the
manufacturer’s instructions. The four subclasses of IgG were measured in the same fluids with the Bio-

Plex Pro™ Human Isotyping Panel (Bio-Rad).

Western Blot. Soluble tumor milieu, previously titrated by ELISA for their IgA content, were
loaded at an equivalent IgA quantity on Mini-PROTEAN TGX Precast 4%—-15% Gels (Bio-Rad) and
transferred after migration to a Trans-Blot Turbo Mini PVDF membrane (Bio-Rad). IgA were detected
using a goat anti-human IgA (1/2 000, Southern Biotech). Serum IgA and colostrum IgA (Sigma-Aldrich,
I'lsle d’Abeau, France), and recombinant dimeric IgA (a kind gift of S. Paul, IMAP Saint Etienne) were
used as positive controls. Membranes were then incubated with a rabbit anti-goat antibody for IgA
(1/5000, DAKO) followed by Luminata™ Crescendo Reagent (Millipore), and revealed on the chemidoc-
MP.

Fluorescent ELISPOT. 1gG, IgA, and IgM producing cells were quantified with a three-color
fluorospot kit (Immunospot©, Cellular Technology Limited, Cleveland, USA). Serial 2-fold dilutions of
cells (starting at 4.105 cells per well) prepared from breast tumors were incubated in already coated
ELISPOT plates overnight without any stimulus. The remaining steps were performed according to the

manufacturer’s instructions and spots were counted using the ImmunoSpot® S6 ULTRA-V.
Antibody profiling by peptide arrays

IgG and IgA antibodies present in STM (n=72) and matched patient serum (n=53) and in a series
of sera from healthy donors (n=23) were profiled for their antigen specificity in an unbiased way using
overlapping peptide arrays. The 1st step was performed only on STM and involved a whole-proteome
peptide arrays that was designed based on 20,246 protein sequences obtained from the Universal
Protein Resource (UniProt) downloaded on April 12, 2013. The sequences were tiled as overlapping
16-mer linear peptides at a 2 amino acid tiling interval and then randomly distributed on the array
leading to >5.5 million peptides. Samples were diluted 1:100 in binding buffer (0.01M Tris-Cl, pH 7.4,
1% alkali-soluble casein (Novagen, EMD chemicals, San Diego, CA), 0.05% Tween-20) and bound to
arrays overnight at 4 °C. After sample binding, the arrays were washed 3x in wash buffer (1x TBS, 0.05%
Tween-20), 10 min per wash. IgG, IgM and IgA detection was performed by incubation for 3h at RT
with Alexa Fluor® 647-conjugated goat anti-human IgG secondary antibody (Jackson
ImmunoResearch), Cy3-conjugated goat anti-human IgM secondary antibody (Jackson
ImmunoResearch), and goat anti-IgA secondary antibody. After washing and dying, fluorescent signal

of the secondary antibody was detected by scanning at 635 nm at 2 um resolution and 15% PMT gain,



using an MS200 microarray scanner (Roche NimbleGen). All analyses were performed in the R
statistical programming environment (www.cran.r-proje ct.org) using an R package “RNGdat”. Briefly,
raw array signal intensities were spatially corrected via a 2-dimensional loess smoother (15) and
background was corrected by deconvolution (16). A 1-sided Kolmogorov-Smirnov test was used to
assess whether the signal within an 8-mer sliding window centered on a specific probe was above the
sampled background. For each sample, any signal above the means of all peptide signals + 3 SD was
considered significant and the peptide probe was highlighted as Ab reactive. An epitope was defined
as 22 contiguous probes with significant reactivity. For the 2nd step, a focused peptide arrays was
designed by aggregating all significant epitopes found during the whole proteome analysis and tiled
up- and downstream 10 amino acids with 16-mer linear peptides at a 2 amino acid tiling interval. This

array was used to profile all STM and serum samples.
Gene expression analysis in the TCGA

Patient data from the TCGA BRCA project was obtained from the GDC portal repository
(https://portal.gdc.cancer.gov/). We downloaded the HTSeq-FPKM files and transformed the
transcript-level data into gene level data by summarizing alternative transcripts. FPKM were then
transformed to TPM. Samples from FFPE tumor tissue, normal tissue or metastatic lesions, as well as
entities with warnings were removed. One sample for each patient was selected in accordance with

GDC recommendations (https://confluence.broadinstitute.org/display/GDAC/FAQ#FAQ). After such

filtration, a cohort of 938 patients was formed. IGHA and IGHG expressions were calculated as a sum
of expression values for the IGHA1 and IGHA2 genes, and for IGHG1, IGHG2, IGHG3, and IGHG4 genes,
respectively. Kaplan-Meier (KM) plotter tool was utilized to generate survival plots. The statistical
comparison of the survival curves was done using the log-rank test. Multivariable analysis was
performed with Cox proportional hazard regression. The R package MCP-counter was applied to
produce the absolute abundance scores of major immune cells (B_lineage, NK, monocytic_lineage,
mDC, CD8_T and neutrophil) and of a published TLS gene signature (Cabrita et al.2020). We also
constructed signatures for Plasma cells (HSP90B1, 1GJ, MZB1, PRDM1, PRDX4, SSR4, TNFRSF17, XBP1,
IGF1) and mast cells (MS4A2, GATA2) using hallmark genes, that we validated on publicly available
RNAseq and single-cell datasets (Zilionis et al.2019). Forest plots were obtained using R packages and
represent for the univariate and multivariate analysis the hazard ratios and their 95% Cl. Boxes
represent hazard ratios and are inversely proportional to the width of the ClI, horizontal lines are 95%

ClL.



Nanostring nCounter mRNA analysis

Based on digital images of IgG-IgA-Ck-DAPI multi-IF staining of the TNBC cohort (n=120), 6
IgAHi-IgGLo and 6 TNBC samples were selected and RNA was extracted from 2-10 5um-thick FFPE slides
using the Qiagen 100% RNeasy FFPE kit according to the manufacturer’s protocol. We then used the
PanCancer immune Profiling kit from Nanostring technologies. to simultaneously quantify 770
immune-related genes. Briefly, 100 ng of purified RNA was added to 3uL of reporter CodeeSet and 2L
Capture ProbeSet, as recommended (Nanonstring technologies) and samples were processed on an
nCounter platform (BioGenet, Lyon Sud, Lyon, France). Data were normalized using housekeeping
genes (full gene list and controls available on manufacturer’s website). Differentially expressed genes
between IgA-dominant tumors and IgG-dominant tumors were identified using the DESeq2 package in

R.



Results

Invasive breast tumors are infiltrated by B cells at different stages of differentiation including 1gG

and IgA producing plasmablasts and plasma cells

Flow cytometry analysis of cells prepared from freshly resected invasive breast tumors (n=42)
by mechanical dissociation and enzymatic digestion revealed that B cells were detected in all patients,
albeit at highly variable frequencies among CD45+ cells, with a median value of 8% (Fig 1A,
Supplementary data Fig.1A). On the basis of surface expression of CD20, CD38, IgD and IgM, three
major B cell subpopulations were identified among CD19+ B cells: memory B cells (CD20+D38-IgD-),
naive B cells (CD20+CD38-IgD+IgM+) and antibody-secreting cells (ASC) (CD20-CD38hi) (Fig.1B), which
accounted on average for about 6.2%, 2.7% and 0.9 % of the total immune infiltrate, respectively
(Fig.1C). As expected, the vast majority of ASC expressed high level of CD27 (Fig.1B). A minor
population of CD20posCD38int cells was also detected in some tumors and consisted of germinal
center (GC)-like B cells (IgD-IlgM-) and IgD+lgM+ cells, most likely corresponding to pre-GC B cells
and/or transitional (Ti) B cells (Fig.1C, Supplementary data Fig.1B). As terminally differentiated ASC can
downregulate CD19 expression, we also analyzed CD38Hi cells among total CD45+ cells. Both CD19+
and CD19- CD27+CD38Hi ASC were detected in most tumors and their density was significantly
correlated (r=0,68, p <0.0001), CD19+ ASC being usually the dominant population. Although CD138 is
affected by the enzymes used for cell preparation (data not shown), this ASC marker was still detected
on 30-40% of CD27+CD38Hi cells. Analysis of Ki67 expression revealed that roughly half of the ASC
expressed Ki67 on average, indicating that they still proliferate and thus correspond to plasmablasts

(PB) (Supplementary data Fig.1C).

Analysis of IgG, IgA and IgM expression revealed that in most patients the tumor ASC
compartment consisted of a majority of 1gG- and IgA-producing cells but few IgM-producing cells
(Fig.1E, Supplementary data Fig. 1F), with an overdominance of IgG ASC except in 15% of patients,
where IgA ASC outnumbered IgG ASC (Fig.1F-G, Supplementary data Fig. 1D) Intriguingly, isotype
repartition was different in the ASC and the memory B cell compartments of the same patient (Fig.1F).
A 3-colors Ig fluorescent ELISPOT confirmed tumor infiltration by ASC producing IgG and to a lesser
extend IgA (Fig.1F). ELISA quantification of the different Ig isotypes in tumor supernatants obtained
during mechanical tumor dissociation revealed higher concentrations of 1gG followed by IgA and IgM

(Supplementary data Fig. 1E), confirming local production of Ab.



Collectively, these findings demonstrate breast tumor infiltration by B cells at different stages
of differentiation including a heterogeneous ASC population consisting of both PB and PC producing

mainly IgG and IgA antibodies.

A B c

=
,* ,T_ 'IIL > ? .
= = 100 [ g
8,3 R 10 = L ._"-g s g a0
R : i 1y
b * e o ] A s Le
Wiabiitymy & 1 ﬁ. FEL"?“—* - TipreCG %
[ Y Tl ] g
; X an Lemo w1 = e g
e | B S :
=l #am Lo = . comm s o+ & s
LCD1% 4 CO9+ calls M — - co 4o+ -
gD + 4 4+
gM o+ + He 4
D e L E o cans IghlgG calls F G s
1 ] ) ¥ -G g g 3
ﬁl '.u o .. . & B " wl e
i ., | e _ 2
SLBS . — coxt — Ligs—w —igh—» @ g g #
i S # ol £ 01]8%
E 289, spaarman = () 68 - [ T ﬁ 3
. I pea o H " L) 0.01 A—w—
F . . o L .
s - Bl s
(%) - o
oo I = afde & b 4
] £ t . =
aan H]
" D RsC man Ci . ) Patients
CO18* ASC among CO45° gl e I HD ¢

Figure 1: Invasive breast tumors are infiltrated by a heterogeneous population of antibody-secreting cells. A Illustration
of FCM gating strategy of cell suspensions obtained with enzymatic digestion of fresh human invasive breast tumors to
identify CD19+B cells among viable CD45+ cells (Left). Graph representing CD19+B cells frequency among CD45+ immune
infiltrate (n=42). Due to logarithmic scale, null values were arbitrary replaced by 0.01 (Right). B Illustration of FCM gating
strategy allowing to distinguish the different B cell maturation stages among viable CD45+CD19+ cell, e.g. Naive B cells
(CD38-IgD+IgM+), GC B cells (CD38+IgD-), memory B cells (CD38-IgD-), ASC (CD38HiCD20-) (Left). lllustration of histograms
depicting CD27 expression by different B cells populations (Right). C Percentage among viable CD45+ cells of each B cell
subset in all analyzed invasive breast tumors. Due to logarithmic scale, null values were arbitrary replaced by 0.001 (Left).
Pie chart depicting the median of percentage of each B cell subset that infiltrate tumors (Right). D lllustration of FCM gating
strategy to identify CD19+ and CD19- ASC (Left). lllustration of histograms depicting CD27 expression on CD19+ and CD19-
ASC. E lllustration of FCM gating strategy to analyze expression of IgG and IgA on CD38Hi ASC (Top left). Illustration of
histogram depicting IgM on IgG-IgA- CD38Hi ASC (Top right). Graph representing the percentage among CD38Hi cells of
each subtype of ASC on tumors with functional IgG staining. ND: Non determined gated as I1gG-IgA-IgM- (n=19) (Bottom).
F Bar graphs representing the percentage of each isotype produced by ASC (top) and memory B cells (bottom) in the same
tumors. G IgA/IgG CD38Hi cells ratios calculated using the percentages of each subset determined by FCM. Due to
logarithmic scale, null values were arbitrary replaced by 0.01. H Representative image of a fluorescent ELISPOT assay
performed with cells isolated from breast tumors and allowing to visualize 1gG (Red), IgA (Green), and IgM (Blue)-secreting
cells as spot-forming cells.

IgG and IgA ASC preferentially localize in the tumor stroma and are increased in TLS-containing

tumors

To get insight into the density and location of ASC in tumors, we performed multi-IF staining
of tumor tissue sections (Fig. 2A-C). IgG and IgA co-staining with IRF4 and Blimp1, the 2 master
transcription factors of ASCs, showed that almost all IgHi cells expressed IRF4 and/or Blimp1 with little
if any double negative cells, indicating that they correspond to tumor infiltrating ASC. Interestingly,

89.5% of IgG ASCs and 77.7% of IgA ASCs express IRF4 with no detectable levels of Blimp1, suggesting



they might be at an early stage of maturation (Fig.2A). Contrary to healthy breast tissues that are
exclusively infiltrated by IgA and few IgM ASC (Fig.2B), invasive tumors exhibited a majority of IgG and
IgA ASCs, as well as very few IgM-secreting cells (Fig.2D, Supplementary Fig.2B). Segmentation of the
tumor vs stromal areas using the CK tumor marker and cell phenotyping (Supplementary Fig.2A)
revealed that these ASCs were preferentially located in the tumor stroma, but some also infiltrate
tumor islets and are found in close contact with tumor cells (Fig.2D). Calculation of the IgA to I1gG cell
density ratio revealed a dominance of IgG ASC in all but 3 tumors (20%), which on the opposite were
IgA ASC high (Fig.2E). It is worth noting that a diffuse IgG and/or IgA positive staining was also detected

in a fraction of CK+ cells (Supplementary Fig.2C), suggesting the existence of Ab deposits in tumor cells.

To determine whether ASC infiltration varies according to the tumor subtypes, we used
samples from the UNICANCER-PACS08 multi-centric phase-Ill trial that included 308 triple negative
(TN) and 95 luminal breast tumors. IHC staining of Tissue Micro Arrays (TMA) for CD20, 1gG and IgA
(Supplementary data Fig.2D) revealed heterogeneous infiltration by B cells, IgG-ASC and IgA-ASC and
statically significant higher densities of ASC in TN tumors compared to their luminal counterpart
(Supplementary data Fig.2E). We then focused on TN tumors to study the link between ASC infiltration
and lymphocyte organization in TLS by multi-IF staining of whole tissue sections for IgG-IgA-CK and
CD3-CD20-HEV. Analysis of a retrospective cohort of 120 patients revealed that >80% of patients had
at least one TLS-B cell follicle and that a third of those harbored TLS with a characteristic morphology
of germinal center (GC) (Supplementary data Fig. 2G). Importantly, a statistically significant association
is observed between the density of TLS, as measured by the % of the tumor area occupied by B cell
follicles, and that of IgG (p= 0.0062) and IgA (p < 0.0001) ASC (Fig.2G, Fig.2H). Computational analysis
of breast tumor samples from the TCGA databases revealed a significant positive correlation between
IGHG of IGHA mRNA levels and the expression score of a commonly-used TLS gene signature (Fig. 2I),

further supporting the link between presence of TLS and ASC infiltration.

To further explore the link between presence of TLS and ASC infiltration, we examined T
follicular helper cells (Tfh) in our tumor samples by flow cytometry. Tfh, identified as CD4+CXCR5+ T
cells, accounted on average for about 30% of CD4+ T cells (range 7.9%-52.5%), consisted mostly of
CXCR3+CCR6- Tfh1-like cells (range 68.7%-97.8%) and contained a minor fraction of PD1HilCOS+ cells,
a phenotype usually ascribed to GC-Tfh (Supplementary data Fig. 2l). Importantly, Tfh frequency
positively correlated with the density of TLS determined by IF staining and both metrics also correlated
with the density of ASC (Fig.2]). Overall, these data highlight a close association between the presence

of TLS and the density of tumor-infiltrating ASC.
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Figure 2: 1gG- and IgA-ASC infiltrate mainly the stroma and correlate with TLS density. A Representative images of
IRF4/Blimp1/1gG or IgA staining on FFPE tissue sections showing infiltration of breast tumors by cells with typical morphology
of ASC expressing IRF4 and/or Blimp1 (Left). Percentage among IgG- and IgA-ASC of IRF4+Blimp1-, IRF4+Blimp1+, IRF4-Blimp1-
and IRF4-Blimpl- expressing cells (n=7) (Right). B lllustration of a pan-CK/IgG/IgA IF staining of a tumor-distant normal
mammary tissue area showing IgA ASC beneath the ductal epithelium. C Representative images of pan-CK/IgG/IgA IF staining
on FFPE tissue section showing breast tumor infiltration by IgG- and IgA-ASC in the stroma (squarel) and in close contact with
tumor cells (square2). D Graphs depicting the density of IgG-ASC (left) and IgA-ASC (right) in tumor VS stroma areas in invasive
breast tumors (n=15) using the Halo software. Due to logarithmic scale, null values were arbitrary replaced by 0.1. E Graph
depicting IgA-ASC/IgG-ASC ratios determined by quantification of IgG-ASC and IgA-ASC cells on FFPE sections of invasive ductal
carcinomas (n=15) using the Halo software (Left). Due to logarithmic scale, null values were arbitrary replaced by 0.01. F
Representative images of pan-CK/IgG/IgA representing 1gG-ASC dominant (left), IgA-ASC dominant (center) and mixed IgG and
IgA-ASC tumors (right). G Representative multiplexed immunofluorescent staining of TLS, 1gG- and IgA-ASC on FFPE sections
of invasive breast tumors. Tumor-infiltrating lymphocytes were revealed by CD20 (Red), CD3 (Green), IgA ASC (Yellow) and I1gG
ASC (Orange). Tumor cells were revealed by panCK (White). H Graphs depicting the density of I1gG- (left) and IgA-ASC (right)
determined semi-quantitatively in B-cell follicles high VS low densities determined by manual annotation on Halo software.
Due to logarithmic scale, null values were arbitrary replaced by 0.0001. | Correlation graph between TLS gene signature score
and IGHG (left) and IGHA (right) on breast cancer cohort of TCGA database. J Correlation plot using bubble representation
depicting correlations between TLS density determined by IF and T and B cell subsets determined by flow cytometry for the
same patients (n=24).



ASCs from in situ carcinomas strikingly differ from those of invasive carcinomas by over-

representation of IgA-producing cells and higher proportion of IgA2

To get insight into the evolution of the ASC compartment during tumor development, we
compared non-tumor tissue (NTT), ductal carcinoma in situ (DCIS) and invasive breast tumors (IBC) for
IgG- and IgA- ASC densities and IgA isoforms and subclasses expression using multi-IF tissue staining.
IgG- and IgA- ASC were detected in most DCIS samples, exclusively localized within immune cell
aggregates surrounding tumor ducts, and their density was higher in high grade compared to low grade
DCIS (Fig.3A). The stage of maturation of ASC, as can be judged by IRF4/Blimp1 expression, appeared
similar between DCIS and IBC, while a higher proportion of Blimpl+ ASC was seen in NTT, reflecting
increased infiltration by mature plasma cells (Supplementary data Fig.3A & 3B). Interestingly, in all
DCIS samples, IgA ASC by far outnumbered 1gG ASC (IgA/IgG ratio range from 1.6 to 21.8 with a mean
of 9.7) highly dominant profile (Fig. 3B), a profile that is only occasionally observed in IBC, suggesting

a potential differential role of IgG and IgA ASCs during breast cancer progression.

Because IgA functions strikingly differ between IgA subclasses and isoforms, due to their
capacity to engage specific and accessory receptors with differential affinities, we quantified IgA1 and
IgA2 ASC as well as IgA ASC expressing the IgJ chain that is necessary for the assembly of dimeric IgA.
Multi-IF staining showed that while IgA ASCin NTT and DCIS consisted of IgA1 and IgA2 producing cells
in virtually equal proportions, IgA1 ASC dominated in invasive breast tumors (Fig. 3C). This finding in
IBC was confirmed by flow cytometry analysis of fresh tumor cell suspension (Fig. 3D) and similar
results were found in memory B cell compartment (Supplementary data Fig.3C). Consistently, analysis
of the TCGA dataset showed a higher expression of IGHA1 than IGHA2 in breast tumors
(Supplementary data Fig. 3D). We then assessed expression of the Ig) chain in IgA ASC by IF tissue
staining as an indicator of their capacity to produce digA. Whereas >85% of IgA ASC expressed IgJ in
NTT on average, this proportion dropped to roughly 30% in DCIS and IBC (Fig. 3E) revealing a drastic
evolution of the IgA ASC compartment and suggesting production of both migA and dIgA in the
cancerous tissue with a dominance of the former isoform. Western blot analysis of the molecular
weight of IgA indeed revealed the presence of both migA (150kd) and dIgA (300kd), but no secretory
IgA, in the tumor of most patients. digA accounted for 10 to 55% of total IgA, proportions that are

usually higher than in matched patient serum samples (Fig. 3F).



Altogether, these data show that the ASC compartment significantly differs between DCIS and
IBC with an inversion of the IgA to IgG ratio and a decrease of IgA2 producing cells among IgA ASC in

advanced tumors.
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Figure 3: Ductal carcinoma in situ displayed a dominance of IgA-ASC dominance over IgG-ASC
compared to invasive breast tumors. A Representative illustration of pan-CK/IgG/IgA staining of low-
grade VS high-grade DCIS showing IgA (white arrows) and 1gG (red arrows) ASC located exclusively in the
peri-tumor stroma next to tumor cells (left). Graphs depicting the number of IgG- and IgA-ASC per mm?2
of tissue in low (n=5) VS high (n=10)-grade DCIS. Due to logarithmic scale, null values were arbitrary
replaced by 0.1 (right). B Graph representing IgA-ASC/ IgG-ASC ratios in DCIS samples (n=14). Due to
logarithmic scale, null values were arbitrary replaced by 0.1 (left). Pie charts showing IgA-ASC dominant
tumors over 1gG-ASC (dark gray) in DCIS and IBC (right). C Representative image of IgA1/IgA2
immunofluorescence staining (left). Graph representing the percentages of IgA1+ ASC among IgA-ASC
in non-tumor tissue (n=4), DCIS (n=7) and IBC (n=7). D lllustration of the strategy to analyze by flow
cytometry IgA2 and IgA2-ASC on viable CD45+CD38Hi cells (left). Bar plot depicting the percentages of
IgA1-ASC among IgA-ASC in IBC patients (n=3) (right). E Representatives images of IgA/Ig) staining in
NTT, DCIS and IBC (left). Graph depicting the percentages of IgJ+ cells among IgA+ASC in NTT (n=5), DCIS
(n =4) and IBC (n=5). F Western-blot analysis of patient’s tumor supernatants (n=5) and matched sera
(n=3) to distinguish monomeric (150kDa) from dimeric IgA (300kDa) based on their molecular weight
(left). Graph representing the percentages of monomeric IgA among IgA in tumor supernatants and sera.
NTT= Non-tumor tissue. DCIS = Ductal carcinoma in situ. IBC = Invasive breast carcinoma.



IgG and IgA target mostly different proteins involved in distinct pathways

To examine the repertoire of antibodies produced in breast cancer patients, we
comprehensively profiled 1gG and IgA reactivity using overlapping peptide arrays. A series of 71 STM
was first profiled with an array covering the whole proteome and all detected IgG and IgA positive
protein regions were then tiled and included in a focused array to subsequently analyze simultaneously
both STM (n=71) and matched patient sera when they were available (n=52). A series of sera from
healthy donors (HD) was also included as controls (Supplementary data Fig. 4A). Several hundreds of
protein and epitope reactivities were detected for each patient in both the STM and serum (Fig. 4A,
supplementary data Fig 4B) and for >90% of these proteins, only a single peptide region, referred to as
an epitope thereafter was targeted (Supplementary data Fig.4C). Overall, we observed a higher
number of proteins targeted by IgG compared to IgA in both cancer patients and HD, except for lobular
cancers where a substantial fraction of patients presented an elevated ratio of IgA to 1gG reactivities
number, differentiating them from patients with a ductal carcinoma (Supplementary Fig.4D). While
the number of IgG protein reactivities per patient was comparable in STM and serum and was in the
same range as that observed in HD, the number of IgA targets in the serum of cancer patients was
higher than that of STM and HD’ serum (Fig. 4A) indicating a cancer driven systemic IgA response.
Unexpectedly, only a minor fraction of IgG/IgA target proteins was recognized by both isotypes in both

BC patients and HD (Fig.4B), indicating that IgG and IgA mostly target different protein antigens.

We then compared IgG and IgA reactivities in the serum VS STM of cancer patients. While roughly 70%
of all detected IgG protein reactivities were present in both the serum and STM, this frequency
dropped to less than 30% for IgA (Fig. 4C), indicating that the systemic and tumor IgA responses are
partly disconnected. Compared to IgG and IgA specificities present in serum and STM, those found
exclusively in one or the other compartment displayed an increased counts of reactivities, which are
absent from healthy donors and detected in only one patient (private reactivities) (Fig.4D,

Supplementary data Fig.4E).

In order to get insight into the type proteins targeted by IgG vs IgA in cancer patients, we
focused on proteins with no IgG/IgA reactivity detected in HD and performed pathways analysis for
proteins with specific IgG/IgA detected in at least 2 patients (Supplementary data Fig.4F). While some
common pathways were found, such as ATPase and GTPase activities, proteins inducing 1gG vs IgA Ab
were involved in separate biological pathways. IgG-targeted proteins were mainly involved in cell
metabolism pathways, while those recognized by IgA related to the mammary gland, carcinogenesis
and immune cells like Tfth, memory B cell and basophils, further supporting that IgG and IgA target

distinct sets of proteins (Fig.4E).
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Figure 4: 1gG and IgA antibodies target proteins involved in distinct pathways. A Graph depicting the number of targeted
proteins per patient for both IgG (left) and IgA (right) in the sera of HD, BC and STM of patients. B Graph representing the mean
proportion of 1gG, IgA and shared IgG and IgA reactivities in HD and BC patients. C Bar plots showing the repartition of IgG (left)
and IgA (right) reactivities proportions per patient present in STM, sera and in both fluids. D Cumulative number in all patients
of targeted proteins present VS absent from HD for IgG (top) and IgA (bottom) in patients’ sera, STM and both fluids. E Pathway
enrichment analysis (hallmark sets and Gene Ontology) of 1gG reactivities (left) VS IgA reactivities (right). F More frequent
targeted proteins among patients for IgG and/or IgA in STM and/or serum.

Finally, we identified the proteins with 1gG and/or IgA reactivities that were the more shared
between cancer patients and which prevalence in patients was at least twice that observed in HD
serum (Supplementary data. Fig. 4G). Strikingly, we observed similar frequencies between the serum
and STM for IgG, whereas, IgA response in the TME was uncoupled from systemic response. Among
these proteins, there is one cancer testis antigen named “KNL1” and other proteins already described
in cancer, albeit not breast malignancies such as: MUC19, NPC1, PREX1. The whole list is in

supplementary table 3.



IGHA and IGHG expression level differentially impact patient prognosis and associate with distinct

immune environment

In order to evaluate the possible differential impact of IgG and IgA ASC on patient survival, we
used the invasive breast carcinoma dataset from the TCGA. Patients with high expression of a plasma-
cell gene signature had a statistically significant better progression free survival (p= 0.0016) (Fig. 5A).
Considering that the plasma cell gene signature nicely correlated with the expression of the IgG and
IgA heavy chain genes (IGHG1-4, IGHA1-2) (Supplementary data Fig.5A), we analyzed their impact on
survival. IGHA and, to a lesser extent, IGHG expression was associated with better relapse-free survival
(Fig. 5B), but only IGHA expression retained a significant impact on overall survival (Supplementary
data Fig. 5B). Multivariate analysis considering classical clinical data showed that IGHA expression
emerged as an independent prognostic marker in addition to the tumor stage (Fig.5C). A tendency for
IGHG, albeit not significant, was also observed (Supplementary data Fig.5C). Patients were then
categorized according to the combined expression IGHG and IGHA genes, resulting in 4 groups.
Patients that were high for both IGH isotypes had the best prognosis, followed by IGHA-Hi only
patients, whereas those with a low expression of both IGHG and IGHA or a high expression of only
IGHG had a reduced progression free and overall survival (Fig. 5D and Supplementary data Fig.5D).
Intriguingly, whereas 3 out of the 4 groups had comparable proportions of the different tumor
histological and molecular subtypes, the IGHA-Hi only group was strongly enriched in luminal A tumors
(85%, p<0.0001, Fig. 5E) and contained an increased proportion of lobular tumors (<0.0001)
(Supplementary Fig.5E), suggesting that the latter tumors favor emergence of an IgA-dominant ASC

compartment.

To infer the immune microenvironment of the 4 categories of tumors and get insight into the
possible mechanism associated with IgG versus IgA clinical impact, we used the MCP Counter algorithm
(29) to estimate the abundance of different immune cell types from transcriptomic profiles. A
supervised hierarchical clustering revealed the G-Hi_A-Hi group had increased expression scores for
most of the analyzed cell types - including B cells, CD8 T cells, monocytes/macrophages and dendritic
cells — and for TLS (Fig.5F), possibly explaining its good prognosis. A univariate logistic regression
further revealed a strong association of mast cell and neutrophil gene signature scores with G-Lo_A-Hi
tumors compared to G-Hi_A-Lo tumors, which conversely were associated with monocytic and B cell
lineage gene expression (Fig. 5G). These associations remained statistically significant in a multivariate
analysis (Supplementary Fig. 5F). Furthermore, a positive correlation was found between IGHA, but
not IGHG, expression and neutrophil and mast cell gene signature scores (Supplementary Fig.5G & 5H).
Moreover, the level of mast cell gene expression is higher in luminal A tumors than in other molecular

subtypes, as already described by other studies (30) (Supplementary Fig. 51).
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Figure 5: IGHA -IGHG ~ breast tumors are associated with favorable prognosis and are enriched in innate immune cell gene

signatures. A-B Kaplan-Meier analysis of the prognosis impact in the breast carcinoma cohort of TCGA database of A plasma cell gene
signature B IGHG representing the sum of IGHG1, IGHG2, IGHG3 and IGHG4 genes (left) and IGHA representing the sum of IGHA1 and
IGHA2 genes (right). High and low levels of expression was determined using the median. Statistical significance was evaluated by the
log-rank test. C Multivariate Cox analysis showing the effect of breast cancers prognostic factors on IGHA prognostic value. D Kaplan-
Meier survival curves display PFI for IGHG and IGHA on TCGA database. Data were divided into four groups based on IGHG and IGHA level
of expression. E. Graph depicting the repartition of breast cancer molecular subtypes in the four categories defined in D. F Supervised
heatmap displaying levels of expression on immune cell gene signature scores in the four categories defined in D G Graph depicting the
association of each immune gene signature with the studied groups: IGHA " -IGHG™"
univariate logistic regression.

Low

and IGHA"-IGHG"". Analysis was performed using

In conclusion, IGHA expression in tumors correlated with increased patient survival
independently of IGHG expression and each Ab isotype typified a distinct tumor immune

microenvironment.



IgA ASC ameliorate TNBC prognosis and coincides with mast cell and neutrophil infiltration

To confirm and extend the results obtained with the TCGA, we measured the impact of IgG
versus IgA ASC density (assessed on TMA) on patient prognosis using the PACS08 cohort. No
association with survival was observed (data not shown). To avoid the possible sampling bias linked to
TMA and because we showed that ASC infiltration is higher in TNBC than in luminal tumors, we
performed the same analysis with a retrospective series of 120 untreated TNBC stained for IgG and IgA
on whole-sections. Patients with high 1gG-ASC tumor infiltration tended to have prolonged survival but
this did not reach statistical significance (Fig.6A, Supplementary data Fig.6A). In contrast, a significantly
increased progression free survival (p =0.0036) was observed for IgA ASC-high patients (Fig.6B,

Supplementary data fig. 6B), indicating that IgA ASC associate with a better prognosis in TNBC.

To compare the immune microenvironment of IgG ASC rich tumors from that of their IgA rich
counterpart we profiled the RNA of a series of A-Hi and G-Hi only tumors using the 770 genes
NanoString immune-oncology panel. Differential gene expression analysis revealed an upregulation of
cancer-testis antigens and genes associated with adaptive immune cells and their activation in tumors
dominated by IgG-ASC. In contrast, tumors categorized as IgG-Low and IgA-High displayed increased
expression of genes related to innate immune cells and their chemoattraction, including mast cell
(FCER1, MS4A2, CCL14) and neutrophil (MME, CEACAM6, CXCL14) genes (Fig.6C, Supplementary
Fig.6C). 7-colors immunofluorescent staining of tumor tissue sections revealed the presence of mast
cells (MS4A2) in regions highly infiltrated by IgA-ASC (Fig.6D). In these tumors, close contacts between
neutrophils and IgA-labeled tumor cells can be observed, with evidence of CK in neutrophils
(CD66b+/CK+) (Fig.6E), reminiscent of membrane tumor exchange occurring during Ab-dependent

tumor cell trogocytosis by neutrophils (31).

The results revealed that high densities of IgA ASC correlated with increase TNBC patient

survival and tumor infiltration by mast cells and neutrophils.
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Figure 6: IgA-ASC dominant triple-negative breast tumors are associated with favorable prognosis and with innate immune
response A-B Kaplan-Meier analysis of the prognosis impact in TNBC cohort (n=120) of A IgG-ASC density and B IgA-ASC density.
ASC densities were determined semi-quantitatively using pan-CK/IgG/IgA staining on FFPE section. Statistical significance was
evaluated by the log-rank test. C Volcano plot depiction of DEG between IgG-ASC dominant (n=4) VS IgA-ASC dominant tumors
(n=6). Gene expression was determined using Nanostring technology and Pan-cancer immune profile panel (770 genes + 10
added genes) D Representative multiplexed immunofluorescent staining of IgG/IgA/CD66b/MS4A2/CD68/pan-CK to visualize
1gG-ASC (orange), IgA-ASC (yellow), neutrophil (green), mast cell (cyan), macrophage (red) and tumor cell (white). White arrows
show the presence of mast cells in IgA-ASC enriched regions. E Representative multiplexed immunofluorescent staining showing
close contact between a neutrophil (white dashed line) and an IgA-labeled tumor cell (yellow dashed line). Red arrow shows
the presence of cytokeratin fragments on neutrophil.



Discussion

A flurry of recent studies in human cancers have shown that ASC and humoral immune
responses are key contributors in controlling tumor growth. IHC/multi-IF and bulk tumor transcriptome
analysis have indeed revealed that elevated tumor infiltration by ASC densities correlates with longer
survival in multiple cancer types (1), although opposite associations have also been reported (3,27).
This might be explained by our current poor understanding of the phenotypic and functional
heterogeneity of tumor-infiltrating ASC and its possible evolution during cancer progression. Here,
using samples from retrospective and prospective cohorts of patients and by combining multiplex FCM,
IF tissue staining and Ab specificity profiling, we show that ASC infiltrating invasive breast cancers
consists of cells at different maturation stages, producing not only I1gG but also monomeric or dimeric
IgA1/IgA2 that target a set of antigens largely different from that of IgG. We also reveal for the first
time a drastic change of the ASC compartment between in situ carcinomas and invasive carcinomas
with an over dominance of IgA-ASC in all early tumors to a dominance of IgG-ASC in advanced tumors
associated with a drop of the proportion of IgA2 producing cells. Finally, we demonstrated that tumor
infiltration by 1gG ASC and IgA ASC are both positively associated with better patient survival but

typified different tumor immune microenvironments.

Our flow cytometry analysis of single cell suspensions prepared from invasive breast tumors
showed that B cells accounted for about 10% of immune cells and consisted mostly of memory and
naive B cells, as well as ASC, in line with previous observations (13,14) . Some breast tumors were also
infiltrated by a small fraction of GC B cells and by CD38"IgM*IgD* cells, which could not be further
deconvoluted due their scarcity but likely correspond to transitional and/or pre-GC B cells. ASC were
identified as CD19*CD20°CD38" cells, expressed surface CD27 and intracytoplasmic Ig as expected and
accounted for about 8% of tumor infiltrating immune cells. Interesting, they contained 10 to 34 % of
KI67+ cells indicating that they consisted on proliferating plasmablats and plasma cells. We also
describe for the first time breast tumor infiltration by a population of CD19° ASC in most patients, albeit
their frequency was 2-3 fold lower than that of conventional CD19* ASC. Loss of the B cell lineage CD19
marker has been usually observed upon terminal differentiation/maturation of ASC (32). CD19" ASC
have been described as non-cycling long-lived PC in bone marrow of healthy individuals (33,34) but are
also detectable in inflamed tissues (35). Whether CD19" ASC originate from CD19* ASC or from separate
precursors remains unknown; however, some published data suggested that CD19* ASC differentiate
into CD19"ASC during childhood, and once the pool of CD19 cells is established, this differentiation is
inhibited (35). Therefore, both subsets are observed in breast tumors suggesting that CD19* ASC would
stem from recent local antigen stimulation, whereas CD19" ASC might not be antigen-specific and

infiltrate tumors in response to inflammatory signals.



The function of ASC is in a large part dictated by their subclass of Ab owing to their different
tumor cell killing abilities via activation of the complement pathway or triggering of the cytotoxic
and/or phagocytic potential of accessory cells through Fc receptors. Our flow cytometry, multi-IF and
ELISPOT data revealed that the ASC contingent in invasive breast tumors consisted mostly of IgG-, and
to alesser extend of IgA-, producing cells with few IgM and no IgD ASC. Interestingly, this isotype profile
appeared disconnected from that of the memory B cell compartment, which showed an increase in
IgM-expressing cells. It was demonstrated that the switch to IgG or IgA mediated selection into ASC
fate rather than memory B cells (36,37), which may explain the higher proportion of IgM-expressing
memory B cells compared to IgM ASC. The fact that a fraction of the ASC appeared IgG'IgA’lgM" by flow
cytometry may be due to the presence IgE producing cells and/or, more likely, to the technical issues
in measuring intracytoplasmic Ig, especially IgG, in tumor single cell suspensions. Multi-IF tissue
staining revealed that IgG and IgA ASC, identified by their high intracytoplasmic Ig content, typical
morphology and expression of IRF4 and/or Blimp1, the 2 key transcription factors required for ASC
generation and antibody production (38), mostly localized in the tumor stroma within the immune
infiltrate. Interestingly, about 15-20% of these ASC were also present in close contact with tumor cells,
suggesting the possible existence of niches favoring ASC attraction and survival. Finally, our Flow
cytometry and multi-IF data both revealed a dominance of IgG-ASC except in 15-20% of patients, where
IgA ASC outnumbered IgG ASC, reminiscent of recent published results in TNBC (16). This contrasts
with ovarian and endometrial tumors, which are usually enriched in IgA PB and PC (23,24). Altogether,
these data indicate the presence of an inter-patient heterogeneity regarding ASC isotypes, which may
be the consequence of distinct tumor microenvironments leading potentially to different prognosis
impacts. We also report that more than 80% of ASC express exclusively IRF4 consistent with an early
stage of maturation, which is discordant with the fact that up to 34% of ASC express Ki67. Blimp1l
expression were detected in a few cells that could result from a lack of multi-IF technique sensitivity
particularly when considering that the difference in Blimp1 expression between PB and PC is about
fivefold (39). Other groups showed the presence of both ASC subsets at varying proportions (13,23,40).
This, together with fact that our flow cytometry data revealed the presence of B cells at all stages of
differentiation suggest a local differentiation of ASC. This is supported by i) multi-IF detection of TLS
harboring GC with the presence of ASC inside these structures, ii) TLS correlation with ASC, GC B cells
and Tfh (CXCR5+), and iii) the presence of PD1MICOS* Tfh, similar to GC Tfh found in SLO, consistent
with a recent study in breast cancer (41). Collectively, these data showed that TLS are sites for ASC

generation, which was demonstrated recently in renal carcinoma (42).

One of the most striking observation of the present study is the drastic change of the ASC

compartment between in situ and invasive breast carcinomas. DCIS is a non-invasive and poorly



evolutive form of breast cancer characterized by the confinement of proliferating malignant cells in
the mammary ducts. Compared to their invasive counterparts, DCIS usually present a more active
immune infiltrate (43,44) frequently organized in TLS, known to favor Th1l and cytotoxic CD8+ T cell
immunity (41,45) suggesting more efficient tumor immune surveillance . Strikingly, all DCIS tumors
displayed a high predominance of IgA ASC over IgG ASC while less than 20% of IBC tumors did so. It is
most likely that this imbalance in ASC populations is the consequence of tumor development and is
not due to the persistence of normal mammary tissue resident IgA ASC lining the duct epithelium (46).
Indeed, IgA ASC almost exclusively localized in the immune stroma surrounding malignant lesions and
their density was significantly increased in high-grade compared to low-grade tumors, suggesting a
recruitment from the periphery in response to inflammation and/or a local generation following tumor
antigen stimulation in TLS. Although IgA were believed for a long time to have mostly anti-
inflammatory properties, their capacity to induce phagocytosis by monocyte/macrophage and to
trigger more efficiently than IgG (47) tumor cell killing by trogoptosis via neutrophils (31), which are
known to infiltrate DCIS (44), argue for a role of IgA inimmune surveillance of early tumors. IgA consists
of 2 sublasses, IgA1l and IgA2, which differ by their tissue distribution, hinge region and Fc
glycosylations conferring them different capacities to bind Ag and distinct affinities for Fc receptors
(48). We observed an increased proportion of IgA2 cells among ASC in DCIS and non tumoral tissue
compared to IBC. Interestingly, IgA2 has a superior capacity to elicit ADCC by neutrophils upon CD89
engagement compared to IgAl (49), suggesting that a more efficient IgA-mediated tumor cell killing
may occur at the in situ versus invasive stage of breast cancer. Besides, IgA exist as several molecular
isoforms, mostly monomers and dimers, which can exert pro- or anti-inflammatory functions through
their capacity to engage distinct receptors or to trigger opposite signaling pathways after binding to
CD89 (50). Using multi-IF tissue staining, we show that while most IgA ASC in NTT co-expressed the J
chain, necessary for IgA dimer assembly, a substantial fraction of ASC in DCIS and IBC did not,
suggesting a shift toward production of monomeric IgA during cancer development. This also provide
further evidence that IgA ASC in DCIS differ from those present in normal ducts. In addition, western
blot analysis of a series of invasive breast tumor supernatants demonstrated the presence of both IgA
isoforms with a usual dominance of monomeric IgA (70%), whereas IgA in the serum of matched
patients were mostly monomeric, as expected. Engagement of FcaRl by monomeric IgA has been
shown to suppress production of pro-inflammatory cytokines and to induce IL10 expression in human
monocytes and monocyte-derived DC (51,52), suggesting that this IgA isoform may contribute to
immune escape. Collectively, our data demonstrate a strong molecular diversity of IgA produced in
tumors that evolves during tumor progression with an increased proportion of monomeric IgAl in

advanced breast tumors, which may explain decreased tumor immune control.



In parallel, we analyzed the antigens targeted by IgG and IgA in breast cancer patients using an
overlapping peptide array. This was performed first with a whole-proteome array to identify all peptide
reactivities in STM and then with a focused array covering all protein regions with positive hits from
step 1 to compare STM, matched patient serum samples and serum from healthy donors. To our
knowledge, this is the first study of such magnitude for comparing IgG and IgA reactivities, that goes
far beyond the few reports documenting Ab recativities against a limited set of proteins (21,53).
Although the analysis was limited to small size linear epitopes, several hundreds of protein reactivities
were detected in each patient, in both the STM and serum, with usually a single region with contiguous
positive peptides - e.g. an “epitope” — for most proteins. Importantly, a higher number of proteins
appear targeted by IgG compared to IgA. This may reflect the lower IgA titers in STM and sera
compared to 1gG (Supplementary figure 1E), differences in the detection threshold between the two
isotypes, an increased recognition of linear epitopes by IgG, or a more restrained IgA repertoire. This
latter possibility is consistent with the study of Garaud et al. showing that the quantity of IgA, but not
IgG, Ab reactive to breast tumor-associated antigens is linked to the presence of TLS (21). Another
striking observation was that only a minor faction of all detected proteins was recognized both by IgG
and IgA, indicating that the 2 Ab isotypes target poorly overlapping sets of Ag. Interestingly, while the
mean number of proteins targeted by IgG in the serum was similar between cancer patients and HD,
the number of IgA reactivities was significantly higher in cancer patients, indicating a cancer-driven
systemic IgA response. This may be linked to the fact that breast tumors develop in a mucosal site,
known to bias B cell responses towards IgA. Another major finding of this analysis is that while most
IgG reactivities were found both in tumor and sera, a major proportion of IgA reactivities was only
detected in serum, indicating that the systemic and tumor IgA responses are partly disconnected in
cancer patients. Besides revealing a distinct distribution of IgG and IgA ASC, this could also be explained
by a different capacity of the 2 Ab isotypes to diffuse from the serum to the tumor. Indeed, the
neonatal Fc receptor FcRn is highly expressed in endothelial and epithelial cells of the mammary glands
and has the ability to deliver serum IgG across cellular barriers to tissues (54). In contrast, there is not
such a route by which circulating IgA can reach mucosal sites (55). A large majority of proteins targeted
by IgG and/or IgA is predicted to have an intracellular location, consistent with numerous studies of
circulating IgG in cancer patients (56). Such Ab may be generated following tumor cell death and
release of their intracellular content and, in the case of IgG, could possibly promote anti-tumor
immunity by favoring tumor Ag cross-presentation to CD8+ T cells (25). Interestingly, cancer cells can
externalize certain intracellular proteins, referred to as “eProt”, making them accessible to
autoantibodies (57) and conferring them new properties related to cell signaling and invasion (58).
Importantly, we detected, exclusively in cancer patients, 1gG and IgA against the known eProts

nucleolin, estrogen receptor and GRP94 (59). To get insight of the type of Ag targeted by IgG vs IgA in



cancer patients, we first performed a pathway analysis with the proteins for which Ab were detected
in patients but not in HD. Both sets of proteins had in common the ATPase and GTPAse pathways that
are crucial for cancer cell survival and growth (e.g replication, transcription). Interestingly, unlike 1gG,
IgA also targeted proteins related to mammary gland development, carcinogenesis and breast cancer
invasiveness, as well as proteins associated to immune cell infiltration. This may result from
abnormalities of the clearance of dead epithelial and immune cells in tumor bed that lead to the
release of intracellular molecules triggering an immune response. Thus, even though the identity of
the proteins targeted by IgG and/or IgA is significantly different from one patient to another, some of
these proteins have in common to be involved in processes relevant to cancer. We further identified
the top most frequent antigens recognized by I1gG and/or IgA in cancer patients and which prevalence
was at least 2-fold higher than in HD. 33 proteins were identified with these criteria, with usually the
presence of specific IgG and IgA in both the tumor and serum, although the prevalence of IgA was
usually lower than that of IgG especially in the tumor. Unexpectedly, none of these proteins has been
so far associated to breast cancers except the cancer testis Ag “KNL1” (60). Consistent with the study
of Garaud et al., no antibody reactivity was found against MUC1, but IgG and IgA against another MUC
family member, MUC19 was detected in 30-50% of patients (21). Altogether, our findings revealed that

IgG and IgA recognized different set of antigens involved in distinct pathways.

Tumor infiltration by ASC at the time of cancer diagnosis is usually associated with better
patient overall and disease-free survival in most cancer types (19). In breast cancer however, the
impact of ASC infiltration, measured by CD138 IHC staining or by the expression score of a PC gene
signature or even the sole Ig kappa light chain, remains controversial (3,17,19). In addition, very few
studies have so far addressed the possible differential contribution of ASC according to the
class/subclass of Ab they produce. Elevated mRNA levels of the IgG1 heavy chain (IGHG1) among all
IGH transcripts was associated with longer survival in melanoma, non-papillary bladder cancer and
KRAS-mutated lung cancer, while on the opposite, a high IGHA/IGH ratio correlated with shorter
survival in 2 out of the 3 cancers (61,62), suggesting opposite functions for IgG and IgA ASC. The
deleterious role of IgA ASC is indeed corroborated by studies in mouse models of prostate cancer and
hepatocellular carcinomas where they suppressed CD8+ T cells via PD-L1 and IL-10 (27,63). Yet, recent
studies in ovarian and endometrial tumors revealed that IgA can also promote immunity by sensitizing
malignant cells to T cell mediated killing after binding to the poly-Ig receptor and transcytosis (23,24).
To address the respective roles of IgG and IgA ASC, we used the TCGA, which assembles RNA and
clinical data from 939 sporadic breast cancers, as well as an in-house constituted cohort of 120 TNBC.
We showed that patients with high mRNA levels of IGHA, IGHG or both isotypes, and patients with high

densities of 1gG or IgA ASC, assessed by multi-IF tissue staining, had increased survival compared to



their low counterpart, indicating that both types of ASC might be beneficial. However, analysis of
immune gene signatures from the various subgroups in the TCGA revealed that IGHG"-IGHA" tumors
were highly infiltrated by various immune cell subsets, including CD8+ T cells, and possibly contained
TLS, 2 features known to be associated with increased patient survival (8), complicating data
interpretation. Interestingly, while far less immune infiltrated, IGHG*-IGHA™, but not IGHG"-IGHA",
tumors were associated with a good patient survival, comparable to that of IGHG"-IGHA" patients,
suggesting a beneficial role of IgA ASC independently of IgG ASC. Interestingly, the IGHG"-IGHA" group
was substantially enriched in luminal A tumors and lobular tumors. Together with the fact that
significantly more IgA reactivities than IgG reactivities were detected in lobular tumors compared to
ductal carcinomas, these data indicate that the molecular and histological features of the tumor may
influence the TME leading to the recruitment or generation of ASC producing distinct Ab isotypes.
Altogether, these data indicate that IgA ASC, and to lesser extend, IgG ASC are associated with

increased survival of patients with TNBC or non-TNBC tumors.

Importantly, I1gG ASC and IgA ASC rich tumors appear to strikingly differ in their immune
microenvironment. Indeed differential gene expression analysis between 1gG-IgA" and 1gGH-IgA'°
tumors from both the TCGA and TNBC cohort revealed that IgG-ASC enriched tumors were associated
with overexpression of Cancer Testis associated genes and genes related to activated adaptive immune
cells suggesting the development of a specific immune response triggered by tumor antigens. In
contrast, IgA-ASC dominant tumors exhibited increased expression of genes related to innate immune
cells including mast cells and neutrophils. Such a link between mast cells, neutrophils and IgA ASC is
supported by some evidence from the literature. Mast cells can indeed interact with B cells through
CD40-CD40L together and trigger their differentiation into IgA-secreting plasma cells via production of
IL6 and TGFp (64,65). Mast cells constitute an important source of cytokines and chemokines including
CXCL8, a potent chemoattractant of neutrophils (66). Besides, consistent with the strong association
between IGHG“-IGHA" and luminal and lobular breast tumor type, it was demonstrated that
significantly higher numbers of mast cells were associated with luminal and lobular breast tumors. To
support that, mast cell can stimulate estrogen receptor activity in breast malignant cells promoting the
luminal phenotype (30,67). Preliminary multi-IF data further revealed mast cells near IgA-ASC rich
areas. In addition, neutrophils were observed in close contact with IgA-stained tumor cells, with signs
of membrane mixing between the 2 cell types, a finding reminiscent of neutrophil mediated
trogoptosis of Ab-loaded tumor cells (31,68). Whether such a mechanism is operative in in situ and/or
invasive tumors and accounts for the beneficial impact of IgA ASC on patient survival remains to be

determined.



Overall, the present study demonstrated that breast tumors are infiltrated by a considerable
heterogeneous pool of ASC that may have differential impact on prognosis. This diversity depends on
the stage of cancer progression, molecular and histological types of tumor as well as antigenic
stimulation and infiltrating immune cells. Finally, further studies should be performed to better
understand what can favor IgA- VS IgG-dominant tumors and their consequences on the quality of the

immune response.
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Supplementary figure 1: Invasive breast tumors are infiltrated by a heterogeneous population of antibody-secreting cells. A
Graph representing CD19+ B cell number per mg of tissue (n=42). Due to logarithmic scale, null values were arbitrary replaced by

1 (Right). B Graph representing the number per mg of each CD19+B cell subsets C Illustration of the flow cytometry gating strategy
Int

to determine Ki67 and CD138 levels of expression on CD20°CD38 (naive and memory B cell), CD20°CD38 (GC, pre-GC and Ti-B
cell) and cp20cD38™ (ASC) (left). Graph representing the percentages of ASC depending on Ki67 and CD138 expression (n = 6)

(right). D Graph depicting the percentage among CD45+ cells of each isotype on CD19" and CD19 ASC compartments. E FCM
gating strategy to analyze IgG, IgA and IgM E Illustration of FCM gating strategy to analyze expression of IgG, IgA and IgM on
memory B cells (left). Graph representing the percentage among B cells the percentage of each memory B cell subtype. Due to
logarithmic scale, null values were arbitrary replaced by 1 (n=42) (right). F I1gG, I1gA and IgM quantification by ELISA in n = 72 soluble
tumor medium (STM obtained during mechanical dissociation of fresh breast tumors.
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Supplementary figure 2: Mainly 1gG- and IgA-secreting cells infiltrate breast tumors and their density is associated with that of TLS.
A lllustration of the strategy used to quantify 1gG and IgA-ASC in IBC based on pan-CK/IgG/IgA staining using the HALO digital image
analysis software. B Representative image of pan-CK/IgM IF staining showing low infiltration of IBC by IgM-ASC. C Representative
images of pan-CK/IgG/IgA staining showing co-staining of CK with either IgA (top) or IgG (bottom). D lllustration of the staining of

CD20° B cells, 1gG ASC and IgA ASC on TMA of the PACS08 Unicancer cohort using single color IHC. E Graphs representing the frequency

of CD20" B cells, 1gG and IgA-secreting cells in TNBC VS luminal molecular subtypes. F lllustration of the strategy used to quantify B-
cell follicle density in TN tumors based on CD20/CD3/DAPI IF staining using the HALO software. G Pie Chart showing the distribution
of TNBC patients according to their TLS status. H lllustration of FCM gating strategy on cell suspensions prepared by enzymatic

digestion of fresh invasive breast tumors to identify Tfh subsets among memory CD4" T cells. I lllustration of FCM gating strategy to
identify Tfh states of activation among CXCRS5 " Tfh cells.
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Supplementary figure 3: In situ breast tumors exhibited an elevated IgA- to 1gG-ASC ratio. A Representative images of
IRF4/Blimp1/ IgA staining on FFPE tissue sections NTT and DCIS. B Percentage of IgG- and/or IgA-ASC depending in Blimp1 or IRF4
expression in NTT (n=5) and DCIS (n=4). C Relative abundance of if IGHA1 and IGHA2 on the basis of TCGA transcriptional analysis
(n=939). D lllustration of the strategy to analyze by flow cytometry IgAl and IgA2- memory B cells on viable CD45+CD38Hi cells
(left). Bar plot depicting the percentages of IgAl-expressing B memory cells among IgA-memory B cells in IBC patients (n=8) (right).
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Supplementary figure 4: 1gG- and IgA antibody profiling using peptide array. A Study design to perform antibody profiling (left).
Illustration of IgA and IgG positive signals in STM and serum for the same patient. P78358 uniprot code for NY-ESO1. B Box plot
depicting the number of targeted epitopes for 1gG, IgA and common to IgG and IgA in BC-sera (left), BC-STM (Middle) and HD-ser
(right). C Graph representing the percentages of proteins with more than one peptide region recognized for I1gG and IgA in the
different fluids. D Scatter plot showing the ratio of IgA to IgG reactivities counts exclusively found in STM in ductal (IDC) VS lobular
(ILC) invasive carcinoma (left). Pie chart depicting the percentage of IgA> I1gG VS IgA < IgG reactivity counts in IDC and ILC (right). E
Bar plots representing the percentage of private (present in one patient) VS shared (present in >1 patient) specificities for each
isotype in each compartment. F Strategy adopted for pathways analysis. G Strategy adopted to determine a list for the top most
frequent recognized proteins among patients.
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Figure 5: IGHA™-IGHG"" breast tumors are associated with favorable prognosis and are enriched in innate immune cell gene
signatures. A Correlation plot between plasma cell gene signature and IGHG (top) and IGHA (bottom). B Kaplan-Meier analysis of
the overall survival in the breast carcinoma cohort of TCGA database of IGHG representing the sum of IGHG1, IGHG2, IGHG3 and
IGHG4 gene expression (left) and IGHA representing the sum of IGHA1 and IGHA2 gene expression (right). High and low levels of
expression was determined using the median. Statistical significance was evaluated by the log-rank test. C Multivariate Cox analysis
showing the effect of breast cancers prognostic factors on IGHG prognostic value. D Kaplan-Meier survival curves display OS for
IGHG and IGHA on BC cohort of TCGA database. Data were divided into four groups based on IGHG and IGHA level of expression. E.
Graph depicting the repartition of the four categories based on IGHG and IGHA depending on breast cancer histological types. F

Graph depicting the association of each immune gene signature with the studied groups: IGHA™-IGHG™" and IGHA""-IGHG"" .
Analysis was performed using multivariate logistic regression. G Correlation plots between neutrophil gene signature and IGHG (top)
and IGHA (bottom) level of expression. H Correlation plots between mast cell gene signature score and IGHG (top) and IGHA (bottom)
level of expression. | Box plot representing mast cell gene signature score in different breast tumor molecular subtypes.
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Supplementary figure 6: IgA-ASC dominant TN breast tumors are associated with favorable prognosis and with innate immune
response A-B Kaplan-Meier analysis of overall survival in TNBC cohort (n=120) of A IgG-ASC density and B IgA-ASC density. ASC
densities were determined semi-quantitatively using pan-CK/IgG/IgA staining on FFPE section. Statistical significance was
evaluated by the log-rank test. D Supervised heatmap representing significantly upregulated genes in IgA-dominant tumors (n=6)
et in IgG-dominant tumors (n=4).
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Supplementary figure 7: Retrospective and prospective cohorts used for flow cytometry, multi-IF staining,
ELISA, antibody profiling and transcriptomic analysis for the present study
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Supplementary table S1: Characteristics of
the prospective cohorts of breast cancer
patients used for flow cytometry, ELISA
and tissue multi-IF analysis
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Supplementary table S2:
Characteristics of the in situ
ductal carcinoma samples used
for immunofluorescence studies.



Antigen targeted| Conjugate | Dilution [incubation temperature]  Staining Clone Company
CCRB F'E-ﬂr? 120 ir Surface 11A%9 BD
CD138 PE 1/10 3r Surface 44F9 Miltenyi
CD19 PE-CF594 1/50 4 Surface HIB19 BD
CDi9 APC 110 4" Surface HIB19 BD
cn20 APC 'I.,I"'Iﬂ 4" Surface La7 BD
C020 BBS15 1/100 4" surface ZHT Bl
Cho27 BYVT11 1/25 4 Surface 0323 Biolegend
cCD27 Bv421 1/25 4 Surface 0323 Biolegend
cD3 BYT11 1/25 4* Surface UCHT1 BD
CD38 PerCP-Cy5;5 1/25 4 Surface HITZ BD
cog APCef780 110 4% Surface RPA-T4 eBiosciences
CDas AFTO0 125 4° Surface HI30 BD
COA5RA BVES0 1/25 4 Surface HI100 Biolegend
CRTHZ PerCP-Cy5;5 1/20 ar Surface AMI1G BD
CXCR3 VioBrightFITC | 1/50 E Y i Surface REA232 Miltenyi
CXCRS PE/Dazrzle-594 | 1/10 LT Surface 125204 Biolegend
FoxP3 EfBED 1/20 4 Intraceliular FCHOT Invitrogen
1005 Vioblue 1/10 4 Surface REA192 Miltenyi
Surface &
IgA FITC 1/200 4 intracellular Polyclonal Southern Biotech
Surface &
lgal FITC 1725 q° intraceflular B350684 Southern Biotech
B Surface &
lga2 PE 1/25 4" intracellular ASE0402 Southern Biotech
rgl:r BVE10 110 4 Surface AG-2 BD
Surface &
g PE 1/20 4" intraceflular G18-145 BD
B Surface &
Ighit Bva21 1/25 q* intracellular MHM-E8 Biolegend
KiG? BVGOS 1/100 4" Intracedlular Ki-67 Biolegend
PD1 PE 1/20 4" Surface FD1.3.1.3 Miltenyi
Zombie Aqua AF430 1/400 4" Surface Biolegend
Zombie NIR APCHT 1/2000 4° Surface Biolegend
fombie Yellow BYVST0 1,400 4" Surface Biolegend
Supplementary table S3: Antibodies used for flow cytometry staining
Antigen targeted Species Clone Dilution Company
Blimp1 Rat lgG2a 603 1,/400
CD20 Mouse IgG2a LG 1,600 DAKD
CD3 Rabbit Polyclonal 1,100 DAKD
CDe6h Mouse |gh G10FS 1/200 BD
CDea Mouse IgiG3 Pa-M1 1/80 DAKD
K Mouse IgG1 AE1/AE3 1/100 DAKD
Igh Rabbit Polyclonal 1,/4000 DAKD
Izal Mouse IgG1 BI506B4 1/50 Abcam
lgh2 Rabbit RM125 1/100 Abcam
g Rabbit Polyclonal 1/5000 DAKD
IT;J Rabbit Polyclonal 1,200 Atlas antibodies
Ighi Rabbit Polyclonal 1/300 DAKD
IRF4 Mouse IgG Mumlp 1/30 DAKO
Kie7 Mouse Igia2 MIB-1 1/100 DAKD
MSAA2 Rabbit Palyclonal 1200 Atlas antibodies
PHAd Rat BD biosciences

Supplementary table S4: Antibodies used for multi-IF staining
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CACMAIDE TRLIE FALSE 1% L% 13% 43% 3a% 1%
EWHID FALLE FALLE 3% 1E% 15% 5% TN Sk
DRALAL Fauss Fauss 1% E% 15% 11% 13% 13%
AGL FALTE FALLE % a5 % 23% 0% 0%
MOORL Fapce Fapce 6% T 13% 3% 35% 5%
SYME] EALSE EALSE ook . T D% u% A%
UPE1 FaLSE FaLsE Mm% ng 13% 3% 49% 43%
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SRACA [FTET) (e k. % o3 % 15% Frk ]
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CRAPKL Fapce Fapce 33% 10% A% A% 13% 2%
osT FaLsE FaLsE 3% 13% ir) 3% a5% 3%
HIFIC FAILSE FAILSE 3% 11% o) EL] 43% 2%
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2. Complementary results:

2.1. ASC at different stages of maturation infiltrate tumors
As already showed in our previous data (Figure 2 of ASC in breast tumors paper), we developed

multiplex IF tissue staining involving Ab to IRF4 and Blimp1 to study ASC maturation state. Because this
technique is likely not sensitive enough to detect low level of Blimp1 expression, we constructed a flow
cytometry panel that includes Ab to IRF4, Blimp1 as well as the proliferation marker Ki67, with the aim
to distinguish plasmablasts (Ki67*IRF4*Blimp1'*) from plasma cells (Ki67 IRF4*Blimp1*) (Odendahl et
al.2005). In tonsils, multi-IF staining revealed that most ASC were IRF4* (white arrow) and Blimp1- with
a few detectable Blimp1* ASC (green arrow) (Figure 13A). In contrast, flow cytometry analysis of tonsil
cell suspensions showed that most ASCs expressed both transcription factors and that a minor fraction
of them expressed Ki67 (Figure 13B). In both ovarian and colorectal tumors, 3 major populations of
CD19*CD38" cells can be identified, e.g. IRF4*Blimp1- cells likely corresponding to nascent ASCs,
IRF4*Blimp1* cells and IRF4 Blimp1* cells (Figure 13C-D). There was also a significant proportion of cells
expressing Ki67 indicating that some ASC are proliferating (Figure 13D). In addition, a fraction of CD38™
GC-like B cells, likely containing GC B cells, express highly Ki67 and were IRF4"Blimp1* indicating their
commitment to the ASC differentiation pathway. Overall, these results indicate that the ASC
compartment present in ovarian and colorectal tumors is heterogeneous and composed of distinct
stages of maturation. Such staining could not so far be performed on breast tumors due to absence of

eligible samples in the last couple of months.
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Figurel3: ASC are present in tumors at different stages of differentiation. A Representative image of a tonsil FFPE section
stained by multi-IF with Ab to 1gG (Red), Blimpl (Green), IRF4 (white) and counterstained with DAPI. IRF4+ ASC and
Blimp1+ASC were highlighted with white and green arrows, respectively. B-D Cell suspensions obtained by enzymatic
digestion of a fresh human tonsil (B), ovarian tumor (C) and colorectal tumor (n=1) were characterized by FCM with Ab to
CD19, CD38 (surface staining) and Ab to Blimp1, IRF4 and Ki67 (intra-cytoplamsic/nuclear staining). lllustration of the gating
strategy (left) and dotplots showing IRF4 vs Blimp1 expression on three populations of viable CD45+CD19+ cells: CD38low
(containing naive and memory B cells), CD38int (containing GC B cells) and CD38Hi (ASC). Representative overlayed
histograms depicting Ki67 expression by the different populations (Right).
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2.2, Breast tumors-infiltrating Tfh are composed of different subsets
We assessed by flow cytometry the composition of CD4* T cell subpopulations on cell suspensions

obtained after dissociation and enzymatic digestion of fresh breast tumors (n = 10). Among CD45" live
cells, memory CD4*T cells were identified as CD45* CD3" CD4* CD45RA cells and further separated into
Foxp3+ regulatory T cells and Foxp3- effector T cells (Figure 14A). Based on chemokine receptors
expression, four Th subsets were identified e.g. Th1 (CXCR3*CCR6'CXCR57), Th17 (CXCR3"CCR6*CXCR5"
), Th1/17 (CXCR3*CCR6*CXCR5") and Tfh (CXCR5*) cells. T follicular regulatory (Tfr) could also be
distinguished based on FoxP3 and CXCR5 co-expression. Thl predominated in most tumors with a
mean of 78% and ranging from 58% to 99.2%. Th17, Th1/17, Tth and Treg subsets were observed at
much less proportions (Figure 14B). Next, we evaluated the percentage of each Tfh subset and Tfr
within CD4*CD45RA" T cells. Most tumors exhibited a high proportion of Tfhl (mean = 22.6%, min =
5.2%, max = 40.7%), followed by Tfr (mean = 7%, min = 0.07%, max = 15.8%), Tfh1/17 (mean = 3.12%,
min = 0.3%, max = 9%) and finally Tfh17 (mean =0.35%, min = 0%, max = 0.8%) (Figure 14C). We
observed a strong correlation between CXCR5+ Tfh population and Tfr subset (r=0.87, p = 0.001)
(Figure 14D). Interestingly, the distribution of T cell subsets based on their profile of chemokine
receptors expression in CXCR5- Th cells mirrored that of CXCR5+ Tfh (Figure 14E). Tfh can display
different states of activation that determine their function and several subsets have been identified in
breast tumors according to PD1 and ICOS expression (Gu-Trantien et al.2017, Noél et al.2021). In our
dataset, 3 populations of CXCR5+ Tfh can be distinguished according to PD1 expression: PD1Y cells,
PD1'" cells and PD1" cells (Figure 14F), the latter containing a substantial proportion of cells expressing
ICOS (Figure 14G) and thus likely corresponding to GC-Tfh. Together, these data demonstrate that
CXCR5+ Tfh infiltrating breast tumors are phenotypically heterogeneous suggesting that they display

distinct functions.
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Figure14: Heterogeneous population of T follicular helper cells (Tfh) infiltrate breast tumors. A lllustration of FCM gating strategy
of cell suspensions obtained with enzymatic digestion of fresh human invasive breast tumors to identify Tfh subsets among memory

CD4+T cells. B Scatter plot depicting frequency of T helper cell subsets among memory cD4’ T cells (n=10). Only statistically

significant associations are shown. C Scatter plot depicting the frequency of Tfh subsets among memory cD4" T cells (n=10). Only
statistically significant associations are shown. D Stacked bars showing the percentage of Th subsets regarding their CXCR3 and/or

CCR6 expression in CXCRS' and CXCRS Th populations. E Correlation of Tfh with T follicular regulatory cells (Tfr). F Illustration of
FCM gating strategy to identify Tfh states of activation among CXCR5" Tfh cells. G Scatter plot showing the frequency of ICOS

expression depending on PD1 level in CXCR5' Th population (n=6). Only statistically significant associations are shown.
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3. TLS association with tumor antigens and the quality of the immune response
TLS are present in tumors at variable proportions and have been associated with a more favorable

patients’ prognosis and increased responses to therapies (Sautes-Fridman et al. 2020). Recently,
several studies reported that TLS convey different prognostic significance according to their spatial
distribution and maturation state. TLS, particularly those harboring GC, correlate with Th1, Tfh, T-cell
activation and cytotoxic gene signature in malignancies indicating that TLS shape the anti-tumor
immune response (Noél et al. 2021). Furthermore, they constitute privileged sites of interactions
between T and B cells favoring oligoclonal responses (Coronella et al. 2002; Cipponi et al. 2012; Meylan
et al. 2022). However, the nature of the Ags that drive or amplify such immune responses in TLS are
not yet defined. It may be hypothesized that TLS preferentially develop in the most immunogenic
tumors, e.g. those harboring high loads of mutation-derived neoantigens and/or overexpressing other

types of tumor antigens like cancer testis Ags, differentiation Ags or retroviral endogenous elements.

To study the link between TLS and expression of tumor antigens and the quality of the immune
response, we first established a retrospective cohort of non-treated TNBC patients (n=120) with
available FFPE tumor samples. We performed a multi-IF/IHC staining on FFPE sections of all patients
to determine their TLS status. In parallel, we generated whole exome sequencing (WES) and RNA
sequencing (RNAseq) data from the patients with available frozen tumor material (n=45) to determine
the tumor mutational burden (TMB), predict candidate neoantigens and measure expression of tumor
associated Ags including HERVs and rely these different metrics to the presence of TLS. RNAseq data
were also used to identify differentially expressed genes and pathways between TLS-Hi and TLS-Lo
patients in order to gain insight into the favorable outcome of these structures. Eventually, we aimed
to define a robust TLS gene signature in order to evaluate the link of TLS with expression of tumor

antigens using public databases.
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3.1. Link between TLS, mutational burden, neoantigens, CTA and HERV
TLS stratification and impact on patient survival.

We stained FFPE tumor sections from our TNBC cohort (n=120) (see manuscript in preparation
for detail on its clinical characteristics) with a multi-IF panel containing Ab to CD3, CD20, IgG, IgA and
CK and used digital images to visualize and manually annotate TLS, based on the existence of
segregated dense T cell aggregates and B cell aggregates/follicles (Figure 15A). IgG and IgA ASC were
usually detected in the vicinity of these TLS. Some patients contained B cell follicles with a GC as judged
i) by their higher CD20 intensity compared to surrounding B cells (Figure 15A) and ii) the presence of
proliferating (Ki67+) cells and CD4*PD1" cells (e.g. Tfh) in the same area of a serial section stained for
CD4, CD8, PD1, Ki67 and CK (Figure 15B). Most patients (83%) exhibited at least one TLS and one fourth
harbored TLS-containing GC (Figure 15C). Kaplan Meyer curves showed that patients with GC positive
or negative TLS had prolonged OS (although not reaching statistical significance) and significantly
increased PFS, with a tendency for a better impact of TLS with GC (Figure 15D). We next quantified the
density of TLS by calculating the percentage of tumor surface occupied by B cell follicles, based on the
total tumor surface and B cell follicle surface measured using the Halo software (Figure 15E).
Categorization of patients as TLS" and TLS'*®¥ using the median of the afore-mentioned metric (Figure
15F) revealed a strong positive association of TLS density with overall survival (OS) (p=0.0034) and

disease-free survival (DFS) (p=0.0043) (Figure 15G).
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Figure 15: Tertiary lymphoid structures density correlates with better prognosis in TNBC patients. A-B Representative
multiplexed immunofluorescent staining of tumor-associated TLS on FFPE sections of TNBC patients. A Tumor-infiltrating
lymphocytes were revealed by CD20 (Red), CD3 (Green), IgA ASC (Yellow) and 1gG ASC (Orange). Tumor cells were revealed
by panCK (White). B Germinal centers were identified by the presence of T follicular helper CD4+PD1Hi (Cyan) cells, and
proliferating GC-B cells Ki67+ (Red) cells. C Pie chart showing the distribution of TNBC patients according to their TLS status.
D Overall survival (OS) and disease-free survival (DFS) analysis based on TLS status (n=118). Log-rank test was used for OS
analysis. E Illustration of the strategy used to quantify B-cell follicle density in TN tumors based on CD20/CD3/DAPI IF
staining using the HALO software. F Scatter plot representing B cell follicle densities for each patient used as a metric for
TLS density. The median was selected to determine TLS High VS TLS Low patients. G Overall survival (OS) analysis derived
from stratification of TNBC patients based on the median of TLS densities (n=118). Log-rank test was used for OS analysis.

We also quantified (in a qualitative manner) the density of the other cell types in the “TLS”
multi-IF panel in order to analyze the association between TLS and T and B cells, as well as DC-LAMP+
mature DC that are commonly used in other tumor types as surrogates of TLS presence (Figure 16A).
As expected, tumor with high densities of CD3+ T cells, CD20+ B cells or DC-LAMP+ DC displayed higher
densities of TLS (Figure 16B). Moreover, B cell infiltration positively correlated with a better OS
(p=0.015) and DFS, although the latter association was not statistically significant (p=0.16) (Figure 16C).
Finally, we also observed a tendency for a positive impact of CD3+ T cells and DC-Lamp+ DC (Figure
16D, figure 16E). Altogether, these data demonstrate that TLS are preferentially present in tumors
highly infiltrated by B cells, T cells and mature DC and that the density of B cell follicles better predicts

patient survival than that of T cell zone and mature DC.
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Figure 16: Tertiary lymphoid structures density are associated with immune infiltrate. A Semi-quantitative analysis of CD3+,
CD20+ and DC-Lamp+ cells. Dashed lines represent the selected threshold to stratify patients in high and low. B Bar plot
comparing the frequency B follicle density in high VS low CD3+, CD20+ and DC-Lamp+ cells. C OS and DFS analysis derived
from stratification of TNBC patients based on high VS low CD20 densities (n =118). D OS and DFS analysis derived from
stratification of TNBC patients based on high VS low CD20 densities (n =99). E OS and DFS analysis derived from stratification
of TNBC patients based on high VS low CD20 densities (n = 86). Log-rank test was used for OS and DFS analysis
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Link between TLS, TMB and number of putative T cell neoepitopes

In order to evaluate a potential link between TLS and antigenicity, we profiled the TMB and
neoantigen load in TNBC patients with available frozen tumor samples and matched PBMC (n = 45) by
combining WES, RNAseq and computational analysis. The WES data were obtained using genomic DNA
extracted from frozen tissue samples and patient-matched peripheral blood mononuclear cells and
were analyzed to identify somatic mutations using Mutatec2. HLA alleles were predicted for each
patient from RNA-seq data using Optitype. Finally, NetMHCpan4.0 was employed to predict affinity of
mutated peptides to MHC-class | molecules and identify candidate CD8+ T cell neoepitopes (Figure
17A). We did not perform the same analysis for class Il neoepitopes since most current publicly
available algorithms cannot reliably predict peptide affinity to MHC class-Il alleles. TLS densities
determined by multi-IF on FFPE and frozen sections, TMB and class | neoepitopes numbers are shown
for each patient in figures 17B and 17C. TLS densities determined from FFPE vs frozen tissue sections
did not correlate, likely due to the small size of frozen sections compared to their FFPE counterparts
and to the general bad quality of the staining for frozen samples, which complicated reliable
identification and annotation of B cell follicles (data not shown). Therefore, we decided to use TLS

densities determined on FFPE sections for further analysis.

As expected, the TMB and number of predicted class | neoepitopes was highly variable
between patients but both metrics were positively correlated (r = 0.79, p <0.0001) (Figure 17D). To
investigate whether tumor antigenicity depended on tumor intrinsic molecular subtypes, we used the
PAMS50 tool and observed that 55% of tumors displayed a basal-like subtype (Figure 17E). TMB and
class | neoepitopes number were increased in basal-like tumors compared to other subtypes indicating
a higher antigenicity (Figure 17F). No significant correlation was observed between TLS density and
either the TMB or number of predicted neoepitopes, although some patients with a high % of B cell
follicles had an elevated TMB and a high number of putative CD8 epitopes (Figure 17G). However,
because i) tumor cellularity, estimated by a bio-pathologist on hematoxylin & eosin (HE) stained slide,
positively correlated with TMB (r =0.56, p = 0.0003) (Figure 17H) and number of predicted neoepitopes
(data not shown), and ii) about half of the TLS-Hi tumors have a low tumor cell purity (Figure 171), we
cannot exclude a technical bias, which could be bypassed by performing WES on laser micro-dissected
tumor islets. Because TLS density (FFPE) and TMB/neoepitopes (Frozen) were not defined using the
same block, we also calculated a TLS enrichment score using a 7-hallmark TLS gene signature (CXCL13,
CXCR5, CCL19, CCL21, CCR7, SELL, LAMP3) (Cabrita et al. 2020) from frozen RNA-seq data. As showed
in figure 17J, no correlation was found between the TLS gene signature score and either the TMB or

number or putative neoepitopes.
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Figure 17: Tertiary lymphoid structures density is not linked with tumor mutational burden (TMB) and class | neoepitopes.
A Integrative genomics and bioinformatics approach for the identification of neoantigens in TNBC patients (n = 45). B Bar
plots representing TLS density determined by IF on FFPE and frozen sections, C Bar plots depicting TMB and class |
neoepitopes number among TNBC patients. D Correlation plot between TMB and class | neoepitopes (n=37). E Pie chart
depicting the distribution of molecular subtypes according to PAM50 technique (n=45). F Bar plots comparing TMB and
number of class | neoepitopes between basal and other TNBC molecular subtypes (n=37). G Correlation plot between TMB
and tumor cell fraction (n=37). H Correlation plot between TLS density and tumor cell fraction (n=37). | Correlation plot
betwwen TLS density (determined by IF on FFPE section) and TMB (left) and class | neoepitopes (right). J Correlation plot
between TLS gene signature score (determined on frozen section) and TMB (left) and class | neoepitopes (right)
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Link between TLS and other classes of tumor Ags

Next, we sought to assess the link between TLS and tumor-associated antigens, namely
endogenous retroviral elements (HERV) and cancer-testis antigens (CTA). For this purpose, we
stratified patients into TLS™ (n = 10) vs TLS*¥ (n=17) by removing patients with intermediate TLS
densities (Figure 18A) and performed a differential gene expression analysis between the two patients
categories focusing on HERV gene families and CTA genes. Volcano plots revealed significant
upregulation of 31 HERV genes and 10 CTA genes in TLS-Hi tumors, while only 5 HERV genes and 1 CTA
gene were downregulated (Figure 18 B-C). Furthermore, supervised patient clustering showed that
TLS-Hi patients usually overexpressed several HERV or CTA, including 3 patients that overexpressed
most HERV genes (yellow rectangles) and 2 patients that upregulated 5-8 out of the 10 CTA genes (red
rectangle) (Figure 18D). Quite interestingly, virtually all TLS-Hi patients displayed increased expression
of HERV and/or CTA genes, indicating a link between these classes of tumor Ags and TLS development

or maintenance.

Collectively, these data indicate that depending on patients, TLS may be associated to

neoantigens, CTA or HERV but probably not all classes of tumor antigens in the same patient.
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Figure 18: Link between TLS and other tumor antigens classes. A Scatter plot representing high VS low TLS density groups
determined by IF on FFPE sections (n=27). B Volcano plot depiction of differential expression of CTA genes stratified on high
VS low TLS density. C Volcano plot depiction of differential expression of HERV genes stratified on high VS low TLS density. D
Heatmap of specifically up and downregulated HERV and CTA genes in TLS high patients.
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3.2. Lymphocyte organization in TLS correlate with signs of an efficient anti-
tumor response
We then used RNAseq data to infer the quality of the immune response associated with the

presence of an organized immune infiltrate in TNBC patients. To do so, we first selected tumor samples
with a similarly high T and B cell infiltrate and stratified them according to the density of B cell follicles
determined by multi-IF analysis of FFPE tumor sections (Figure 19A, figure 19B). To avoid false TLS-Low
tumors (due to sampling issues) we also took into account the multi-IF data on frozen sections that
were prepared from a different tumor block. We ended up with 13 TLS" and 8 TLS"** tumors matched
for their immune infiltrate (Figure 19C). Remarkably, despite the small size of the cohort, organization
of the immune infiltrate in TLS was strongly associated to a better OS (p = 0.0052) and DFS (p = 0.0032)

(Figure 19D), revealing the mere importance of TLS over the density of immune cells.

TMBC patients
(m=45)
Remove TIL™ cases
CD3+C0D20 score <3

A B C
ot o B cell foll. Density (FFPE)

Structured

Highly infiltrated tumors
M=34

Remowve underbelly l

% E Tolides deradly (FFPE)

27 patients

l
_ L
TLS High TLS low
MN=13 N=14

Rérrose Dumcsrs TLS"l

Hon siructhured

on frozen sections

TLS low
N=8
D
05_B cell foll. Density (FFPE) DF5_B cell foll. Density (FFPE)
16| H-Rh
2 L) High
g\;: o é o)
= ® |
F |
E gl Logeank i E :.'s! Logrank
atal -Rdde s ....' =0
mpaL__ - ey — |___._____ i ’ =
Timg [pears| I Tirmn ynars;

H
b ol wa i Mo v
I ' i .

Figure 19: Structured immune infiltrate is strongly associated with a favorable outcome A Used strategy for patients’
selection and stratification. TLS low group is similarly infiltrated to B follicle density high group. Patients with high B follicle
density on frozen section and low density on FFPE section were eliminated to prevent false-negative cases. B
Representative immunofluorescence images showing organized immune infiltrate in TLS (top) VS non-organized immune
infiltrate (bottom). C Scatter plot representing high VS low B follicle density groups determined for RNAseq analysis
(n=21). D OS and DFS analysis of TNBC patients based on high VS low B follicle densities (n=21). Log-rank test was used
for DFS analysis.
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Differential gene expression analysis revealed 128 upregulated and 12 downregulated genes in
TLS-Hi tumors compared to TLS-Low tumors (Figure 20A). Significantly higher expression of lymphoid
chemokines (CXCL13, CCL19, LTA, orange arrows), T/B cell homing receptors (CCR7, SELL, green arrows)
and B cell related genes (MS4A1, PAX5, IL21R blue arrows) was observed in TLS™ patients. Genes
involved in Thl-oriented immune response and cytotoxicity such as IFNG, CXCR3, CXCL9 and GZMB
(red arrows) also characterized breast tumors with a high TLS density. Similar trends were found for
genes encoding immune checkpoint molecules, including /ICOS, PDCD1, CTLA4, TIGIT and LAG3 (grey
arrows) (Figure 20B). Interestingly, many transcripts of heavy and light chains immunoglobulin (lg)
genes were upregulated in TLS™ patients (Table 20C), suggesting an oligoclonal B cell expansion. Gene
set enrichment analysis revealed a variety of pathways in patients with high TLS density including those
related to T-cell activation, differentiation and regulation, to Th1 cytotoxicity, cell killing and humoral
immune response as top hits. Down-regulated genes were involved mainly in hypoxia pathways as well
as oncogene/tumor suppressor pathways; P53 and CTNNB1 (Figure 20D). Overall, these findings
demonstrate that the structuration of the immune infiltrate is associated with an upregulation of genes
involved in lymphocyte migration, Th-1 oriented immune response, cytotoxicity and humoral immune

response.
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Figure 20: TLS-enriched tumors are associated with immunoglobulin genes, Thl-oriented immune response and cytotoxicity. A

Volcano plot depicting differential expression genes between TLSHi and TLSLOW patients. Threshold p <0.01, fold-change > 2. We found
128 genes upregulated and 12 genes downregulated. B Supervised heatmap of up and down regulated genes in TLS Hi patients.

Dashed line separate TLSHi VS TLSLow tumors. C List of immunoglobulin genes found after DEG analysis. 15 upregulated and O

' i I
downregulated in TLSH'tumors. D Pathway enrichment analysis (hallmark sets and Gene Ontology) of DEGs between TLSHI and TLS "
patients. We found 396 upregulated pathways & 66 downregulated pathways.
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3.3. Towards defining a robust TLS gene signature in TNBC
In order to further evaluate the relationship between TLS density and expression of tumor

antigens using publicly available breast cancer databases, and possibly datasets from other tumor
types, we aimed to develop a home-made TLS gene signature based on our matched RNA-seq/multi-
IF TNBC dataset, that we expect to be more reliable than the signatures published so far. Based on the
upregulated genes identified in TLS" tumors(Figure 20B), we constituted combinations of 20 genes
that we correlated with the density of B cell follicles (repeated 1000 times) to select to most correlated
set of genes and then the most frequent genes in the different combinations (Figure 21A). The 9-genes
signature that emerged included TNFRSF9, ATF6B and SSTR3 that are known to play an important role
in T cell activation, cytotoxicity and adhesion, respectively. The remaining genes included among
others the CTA MAGEA2 and CSAG1 (Figure 21B). We found that our developed TLS gene signature
correlated better with B cell follicle densities (r = 0.73, p = 0.00023) than the compendium of TLS-
hallmark genes constructed by Cabrita et al. (r = 0.43, p = 0.051) (Figure 21C). Given the fact that our
gene signature included two CTA, making it probably TNBC specific, we tried to exclude all CTA genes
to define a more broadly applicable gene signature using the same approach (Figure 21A). We ended-
up with a 3-genes signature involving ATF6B, ADD2 and ZBED2 that correlated with TLS density quite
well (r=0.68, p = 0.00094) (Figure 21D), albeit less than the 9-genes signatures. Finally, we evaluated
the prognostic impact of these 2 TLS-gene signatures on TNBC patients of the TCGA cohort (n=195)
(Figure 21F & 21G). High 9-gene TLS signature score tended to be associated with a better PFS and OS,
although it did not reach significance, while the 3-gene TLS signature score correlated with a favorable
outcome. Validation of the 2 gene signatures has to be performed with an independent TNBC data set

and will extended to other types of cancers, including melanoma and ovarian cancers.
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Figure 21: Tumor-associated TLS gene signature development. A Strategy utilized to identify TLS gene signature. B

Heatmap of our built 9-gene TLS signature in tumors TLS" VS TLS™. C Correlation plot between B follicle densities of patients
and our developed 9-gene TLS signature. D Correlation plot between B follicle densities and TLS-hallmark gene based
signature. E Correlation plot between B follicle densities of patients and our developed 3-gene TLS signature (without CTA).
F-G Kaplan-Meier analysis of the prognostic impact of F 9-gene TLS signature score and G 3-gene TLS gene signature score
on TNBC cohort of TCGA (n = 195). The median was used as a cut-off of high and low score. Statistical significance was
evaluated by the log-rank test.
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1. IgG-dominant VS IgA ASC-dominant tumors are characterized by distinct immune
microenvironments
We observed an interpatient heterogeneity regarding 1gG and IgA ASC densities in breast

tumors with a dominance of IgG ASC in most IBC cases, whereas a minor fraction of tumors were mainly
infiltrated by IgA ASC. This could be linked to: 1) the nature of chemokine gradients in the TME that
may drive a preferential recruitment of one or the other ASC population from blood and/or 2) the local

factors that can condition isotype switching towards IgG vs IgA within TLS.

Both 1gG and IgA ASC express CXCR4 allowing their migration to the bone marrow.
Nevertheless, they also display distinct chemokine receptors. Whereas IgG ASC express CXCR3 (Lacotte
et al. 2013; Chihara et al. 2013; Marques et al. 2011), IgA ASC upregulate CCR10 and/or CCR9 (Kunkel
et Butcher 2003). Furthermore, Kroeger et al. showed that IgG PC infiltrating human ovarian tumors
universally expressed CXCR3, suggesting that these cells might migrate from the periphery to the
inflamed tissue in response to CXCL9, CXCL10, CXCL11, which are chemokines that are usually detected
in cancer tissues (Kroeger, Milne, et Nelson 2016). CXCR3 ligands are also involved in the recruitment
of activated Th1 cells, CTL and NK cells, and may thus be instrumental for assembling an anti-tumor
immune microenvironment (Tokunaga et al. 2018). Differential gene expression analysis using the
Nanostring technology between IgG and IgA ASC dominant tumors showed an upregulation of CXCR3
gene expression in IgG-rich tumors, albeit this did not reach statistical significance (log2 fold-change =
0.9, Adj p= 0.3). Besides, this analysis revealed an upregulation of CCL28 expression in IgA ASC rich
tumors. CCL28, which is CCR10 ligand, has been described as a potent and selective chemoattractant
of IgA ASC in diverse mucosal tissues, including mammary glands, indicating that this chemokine may
be involved in IgA ASC recruitment (Lazarus et al. 2003; Wilson et Butcher 2004). According to Gong et
al., CCL28 expression was associated to better patient survival only in luminal like BC cases (Gong et al.
2019), strengthening the link that we found between IgA-enriched tumors, the luminal tumor subtype

and favorable outcome of patients (Figure 5).

Besides local chemokines that might determine which ASC of specific isotype is recruited in
tumors, we cannot exclude that local factors can orientate Ig class switch recombination of activated
B cells in TLS. Immunoglobulin CSR is initiated by AID in activated B cells (Muramatsu et al. 2000).
Interestingly, numerous studies observed AID expression in GC B cells of tumor-associated TLS
indicating that an ongoing Ig CSR occurs (Coronella et al. 2002; Germain et al. 2014; J. S. Nielsen et al.
2012; Montfort et al. 2017; Cipponi et al. 2012). Besides, CSR requires the CD40L signal provided by
Tfh and specific cytokines (Aversa et al. 1994; Coffman, Lebman, et Rothman 1993). Indeed, others and
ourselves identified a heterogeneous population of Tfh infiltrating breast tumors including those highly

expressing both PD1 and ICOS corresponding to GC Tfh (Noél et al. 2021) (Figure 14). Eventually,
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cytokines produced locally may influence AID expression and Ig switch: IL10 and/or 1L21 have been
found to be switch factors for the in vitro production of IgG1 and IgG3, whereas TGF-f triggers a switch
to IgA (Pene et al. 2004; Zan et al. 1998). The DEG based on RNA profiling using Nanostring technology
was not enough informative to know what could explain the dominance of one or the other ASC
population. This is likely due to the small number of patients (6 IgA-dominant tumors VS 4 IgG-
dominant tumors) and an insufficient sensitivity of the technique. It would be interesting to rely IgA vs
IgG expression to the type of cytokines and chemokines using the TCGA database. We will also evaluate
cytokine and chemokine titers in tumor supernatants of a cohort of breast cancer patients with

available flow cytometry data regarding ASC isotypes.

Importantly, we demonstrated that IgG and IgA ASC-enriched tumors greatly differ in their
immune microenvironments. Our analysis of the breast cancer cohort of the TCGA RNAseq databasis
showed that IGHG-Lo_IGHA-Hi tumors were enriched in neutrophils, mast cells and the luminal
molecular subtype while the IGHG-Hi_IGHA-Lo tumor category was associated with higher expression
of monocytic lineage related genes. Xu et al. demonstrated that human tonsillar macrophages can
drive the differentiation of B cells into plasma cells through the secretion of CXCL10 that amplifies the
production of IL6 by B cells leading to PC differentiation, which indicate that tumor-associated
monocytes can locally drive B cell differentiation (Xu et al. 2012). Strikingly, Martin and colleagues
identified in a fraction of Crohn disease patients a cellular module called GIMATS referring to the
presence of 1gG PC, Inflammatory Mononuclear phagocytes, Activated T cells and Stromal cells.
Activated DC were also detected in these patients within lymphoid aggregates, indicating their
potential role in activation, expansion and differentiation of T and B cells. Furthermore, they
demonstrated that GIMATS module organization was initiated by activated stromal cells that strongly
produce CCL2 and CCL7 leading to circulating CCR2+ monocytes attraction and their differentiation
into inflammatory macrophages (Martin et al. 2019). Interestingly, our RNA profiling using Nanostring
technology revealed an upregulation of CCR2 in IgG ASC rich tumors, in addition to genes reflecting
the presence of activated T cells, plasma cells (CD27, CD38, TNFRSF17) and germinal center formation
(POU2AF1). It is thus likely that a subset of breast tumors enriched in IgG ASC also exhibit the GIMATS
cellular module, driven by similar mechanisms and leading to inflammation. Although this
microenvironment is pathogenic in Crohn patients through the promotion of inflammation and
autoimmune response, it could be beneficial in cancer patients via the local generation of tumor

antigen specificimmune effectors.
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2. TLS link with tumor immunogenicity and their impact on the development of anti-
tumor immune response

2.1. TLS are present in a high proportion of TN breast tumors and their density
positively correlates with increased patient survival
Previous studies reported the presence of TLS in 38% to 90% of patients with breast cancer

(Figenschau et al. 2015; X. Liu et al. 2017; Buisseret, Garaud, et al. 2017; Sofopoulos et al. 2019), with
an increased incidence in TNBC and HER2-enriched tumors compared to other tumor molecular
subtypes (Buisseret, Garaud, et al. 2017; Sofopoulos et al. 2019). There is currently no standardized
approach for TLS detection and quantification. While Figenschau et al. used hematoxylin-colored slides
to detect TLS with evidence of GC and then confirmed existence of segregated T and B cell zones by
IHC (Figenschau et al. 2015), Martinet et al. quantified HEV as a surrogate metric of TLS density
(Martinet et al. 2011). In lung tumors, density of mature DC-Lamp+ dendritic cells has been
demonstrated to nicely correlate with TLS (Dieu-Nosjean et al. 2008). Not surprisingly, CD3/CD20 dual
IHC staining appears more accurate than HE to identify TLS in tumors (Buisseret, Desmedt, et al. 2017).
We thus privileged this strategy to detect TLS in our TNBC cohort using a 7-colors multi-IF staining
involving CD3 and CD20 Abs and calculated the % of tumor surface occupied by dense B cell aggregates
(e.g. follicles) as a metric of TLS density. Quantification of B cell follicles instead of the entire TLS B and
T cell zone was preferred due to the difficulty to delineate with precisions the frontiers of the entire
TLS. Presence of at least one TLS was detected in roughly 80% of TN breast tumors and about one third
of TLS+ tumors harbored active TLS with a GC. TLS were mostly confined to peritumoral but were also
occasionally detected in the tumor core, in accordance with the literature (X. Liu et al. 2017,
Sofopoulos et al. 2019). Importantly, high B cell follicle densities significantly correlated with a more
favorable prognosis in terms of overall and disease-free survival, with a tendency for a better impact
of GC-containing TLS. To our knowledge, only one study found a negative impact of TLS in breast
tumors (Sofopoulos et al. 2019). In addition to the fact that the authors excluded intratumoral TLS,
patients were only categorized according to the sole presence or absence of TLS leading to unbalanced
groups (98 TLS+ vs 14 TLS-). In line with previous observations, we found that TLS density is strongly
associated with that of T cells and B cells (Martinet et al. 2011; Buisseret, Garaud, et al. 2017).
Importantly, whereas B cell follicle density also correlated with tumor infiltration by mature DC-LAMP+
DC, only the former metric was associated with patient survival (data not shown). Together, these data
indicate that B cell follicle density can be calculated as a proxy of TLS density by digital images analysis
and has predict the prognosis of TNBC cancer patients with better accuracy than T cells and mature

dendritic cells.
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2.2. TLS formation/maintenance may be triggered by diverse classes of tumor
antigens
Based on genomic data obtained from 45 frozen tumors of TNBC patients and the corresponding

TLS density quantified on FFPE section, we evaluated the link between TLS and tumor immunogenicity.
We confirmed that the TMB and neoepitopes load were increased in basal-like tumors compared to
other subtypes (Haricharan et al. 2014). Unexpectedly, we did however not observe any significant
correlation between TLS density, TMB and MHC-class-l neoantigen counts. This is consistent with
recent observations made in melanoma patients (Cabrita et al. 2020). Karn et al. reported a strong
inverse correlation between immune T and B cell infiltration and TMB in the TNBC patients from the
TCGA database, but TLS were not explored in this study (Karn et al. 2017). In contrast, Lin et al. found
a positive correlation between the 12-chemokine TLS gene signature score (Coppola et al. 2011) and
neoantigen load in breast cancer, albeit the correlation coefficient was very low (r=0.12, p <0.001). It
should be however mentioned that relying TLS to TMB/neoepitopes is technically challenging as higher
mutation loads are usually detected in samples with the highest tumor cell purities, while tumors
highly infiltrated by immune cells organized in TLS have by definition a lower tumor cell purity than
their TLS-negative counterparts. Such possible bias could be bypassed by performing WES on laser
micro-dissected tumor islets. Furthermore, we have to acknowledge that TLS quantification and WES
were performed on different tumor blocks, which may introduce a bias given the considerable tumor
heterogeneity and non-homogeneous distribution of TLS inside tumors. Yet, using RNAseq and WES
data performed on the same tumor blocks, we found no correlation between a published TLS gene
signature and neither the TMB nor number of predicated T cell neoepitopes. Although, we could
establish a bona fide correlation between TLS and tumor mutations, we observed, however that two
out of the 5 tumors with very high B follicle densities had an elevated number of putative T cell
neoepitopes. This indicates that in some, but not all patients, neoantigen load may play a role in the
formation and/or maintenance of TLS. This observation led us to investigate other tumor-associated

antigens, including HERV and CTA.

Different CTA have been shown to be expressed in cancers and are considered as interesting
targets to trigger anti-tumor immune responses. Analysis of DEG between TLS-Hi vs TLS-Lo TNBC
tumors revealed significant overexpression of 10 CTA family members in TLS" patients. 6 out of the 10
patients with TLS™ tumors indeed overexpressed at least 1 CTA and 4 of them at least 2. Most of
overexpressed CTA have been already described in breast tumors, such as CTAG1 that is expressed in
62% of patients (Taylor et al. 2007) and melanoma-associated antigen-A (MAGE-A) family members
which are overexpressed in about 50% of TNBC (H. Wang et al. 2016). The only CTA that was found
downregulated in TLSY tumors, ACTLS, was reported as markedly upregulated in TNBC patients

compared to other subtypes (S. Fan et al. 2021). The overexpression of this CTA was associated with
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increased infection rate in colorectal cancer patients, which suggest that ACTL8 may suppress immune
response (Han et al. 2019). T cells and antibodies directed against CTA are detectable in cancer
patients, indicating that the aberrant expression of these antigens in tumor cells can result in the
induction of adaptive immune responses (Mischo et al. 2006; Groeper et al. 2007; Gnjatic et al. 2003).
Garaud et al. further reported that CTAG1B, which we found upregulated in TLS" TN breast tumors,
was one of the most frequently tumor antigen targeted by antibodies in both the serum and tumor of
breast cancer patients (Garaud et al. 2018). Altogether, our data showing that about half of the TLS-Hi
tumors overexpressed one or several CTA combined with the fact that CTA can elicit Ab response inside
tumors, argues that this class of tumor Ag is associated with TLS formation and/or maintenance, at

least in some patients.

As HERV genes are silenced by epigenetic mechanisms in the majority of healthy tissues but can
be overexpressed in tumors, they are considered as a new class of tumor antigens (Szpakowski et al.
2009). HERV-specific IgG, Th1 cells and cytotoxic CD8+ T cells have indeed been detected in breast
cancer patients (Wang-Johanning et al. 2008). These antigens are therefore of major interest for the
development of cancer vaccines. In line with that, our team recently identified a series of MHC-class-I
epitopes from HERV with shared expression between patients and showed that these peptides can
induce cytotoxic CD8+ T cells able to lyse patient-derived tumor organoids (Bonaventura et al.,, s. d.).
Although the link between HERV and the induction of an efficient adaptive immune response is
emerging, whether HERV expression may contribute to TLS formation and/or maintenance and thus
favor the generation of anti-tumor effectors remains unexplored. We demonstrated for the first time
that a majority of TLS" tumors overexpressed one to several (up to 16) viral retroelements, including
a majority of HERV, compared to their TLS' counterpart, indicating a close positive association
between expression of these genes and the density of TLS. Interestingly, a different set of viral
elements (up to 5) appeared upregulated in a minor faction of TLS' tumors, suggesting that not all
endogenous retroelements are associated with TLS. Remarkably, virtually all tumors that were TLS high
overexpressed one to several HERV and/or CTA, suggesting a primary role of these 2 classes of Ags in
TLS development and/or maintenance. Yet, patients overexpressing several HERV are different from
those overexpressing 2 or more CTA, indicating that the type of tumor antigens associated to TLS may
differs from patient to patient. Together, these data indicate that TLS may mostly develop in tumors
with high Ag loads, with a primary role of germ line encoded tumor Ag and endogenous viral

retroelements in most patient and an apparent limited contribution of mutation-derived neoantigens.
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2.3. TLSis a privileged site for the development of an efficient anti-tumor
immune response
In this study, we demonstrated that the structuration of the immune infiltrate was associated with

better outcome despite the small number of patients. The spatial organization of TLS is essential to
enhance interactions between different immune cells in order to effectively develop anti-tumor
response, which explains the positive prognosis impact of structured over non-structured immune

infiltrates.

Previous findings showed that an elevated TLS density in breast tumors correlated with an
upregulation of genes involved in Thl and cytotoxicity pathways (Martinet et al. 2011; Noél et al.
2021). Goc et al. found that a high density of mature DC, a specific marker of TLS in lung tumors,
correlated with a strong infiltration of effector-memory CD8+ T cells (Goc et al. 2014). In addition, TLS
have been associated with increased TCR clonality of T cells (Zhu et al. 2015). The analysis of
microdissected TLS versus non-TLS tumor regions revealed an oligoclonal amplification in TLS (Ukita
s. d.). Similarly, we reported a higher expression of genes involved in T-cell homing, activation and
differentiation, Thl-oriented immune response, cytotoxicity. Furthermore, genes reflecting an
ongoing humoral immune response were increased in TLS-enriched tumors. This includes CXCL13,
CCR7 and SELL (coding for CD62L) important chemokine and receptors for B cell recruitment in tumors.
In addition, genes coding for heavy and light chains of Ig were found exclusively upregulated in TLS"
tumors suggesting an oligoclonal B cell expansion only in tumors with high TLS density. Higher clonality
of memory B cells and ASC was detected in TLS regions indicating that SHM occurs within these

structures (Coronella et al. 2002; Montfort et al. 2017; Meylan et al. 2022).

We also observed upregulated genes of Tfh cells (CXCL13, IL21R, PCDC1, ICOS), which are
specialized CD4+ T cells that play an important role in B-cell differentiation within GC (Noél et al. 2021).
Using multi-IF technique, we detected the presence of Tfh in GC as CD4+ T cells highly expressing PD1
(Figure 15B). We also identified by flow cytometry a heterogeneous population of CXCR5+ Tfh
infiltrating breast tumors (Figure 14). Three subsets of Tfh Tfh1, Tfh2 and Tfh17 defined according to
the expression of the CCR6 and CXCR3 chemokine receptors; Tfh1l cells are CXCR3+CCR6- cells, Tfh2
cells are CXCR3'CCR6™ cells, Tfh17 are CXCR3"CCR6" cells whereas Tfh1/17 are CXCR3*CCR6" cells
(Morita et al. 2011). Tfhl was the dominant Tfh subset in our tumors. Consistently, analysis of
cytokines secreted in breast tumor supernatants revealed that tumor-infiltrating functional Tfh
produced higher amounts of IFNy indicating that IFNy-secreting Tfh may correspond to Tfh1 (Noél et
al. 2021). We also detected Tfr at a significant proportion. Li et al. found that Tfr infiltrating ovarian
tumors expressed high levels of IL10 and TGF that suppress the activation of CD8+ T cells (L. Li, Ma,

et Xu 2019). In breast tumors, significantly higher Tfh/Tfr ratio was observed in TLS-containing GC
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compared to those without. Tfr were able to inhibit Tfh activities in TGFB-dependent mechanism
highlighting the role played by Tfr in controlling Tfh-dependent B cell differentiation in TLS (Noél et al.
2021). Tfh subset can be further divided based on the level of expression of PD1 and ICOS. Tfh that
express higher PD1 and ICOS have been shown to correlate with a functional Tfh defined as GC Tfh (L.
A.Vella et al. 2019). We detected this subpopulation in breast tumors as CXCR5*PD1™COS'™, Strikingly,
this subset was located within TLS and was the only one capable to provide help to B cells for IgG and
IgA production ex vivo illustrating the presence of functional Tfh in tumor-associated TLS (Noél et al.
2021). Breast tumors are mostly infiltrated of Tfh1 with a significant fraction of functional Tfh indicating

an ongoing effective humoral response in germinal centers.

Genes downregulated in TLS" tumors were involved in hypoxia pathway. Interestingly, a hypoxic
TME was reported to restrain TLS formation. Pancreas-specific hypoxia-inducible factor 1a (HIF1a)
detection increased CXCL13 secretion and B cell infiltration (K. E. Lee et al. 2016). We also found an
overexpression of the targets of CTNNB1 (encoding for f1-catenin) pathway, whose mutation was

negatively correlated with high TLS scoring (Lin et al. 2020).

Overall, our findings strengthen previous observations that showed that tumor-associated TLS are
sites for the generation of tumor antigen-specific humoral and cellular immune response. We also
highlight some pathways involved in blocking TLS formation, which paves the way for the discovery of
new therapeutic targets. Nevertheless, further analysis are ongoing on this dataset to get a better

understanding of new underlying immune and non-immune mechanisms related to TLS.

2.4. Towards defining a robust TLS gene signature
We also aimed to exploit our matched multi-IF and RNAseq data of TNBC tumors to build a robust

TLS gene signature in breast cancer to validate our observations on the relationship between TLS and
tumor antigen expression in public cancer databases. Unlike the strategies used for already published
TLS gene signatures (Coppola et al. 2011; Cabrita et al. 2020), we restricted our analysis only to tumors
highly infiltrated by T and B cells in order to define a gene signature accounting for organization of the
immune infiltrate in TLS and not just increased immune cell infiltration. Starting from the genes
overexpressed in TLS" tumors, we randomly pooled down 20 genes and calculated a ssGSEA score to
perform a correlation with the density of B cell follicles and repeated the process 1,000 times. The
most frequent genes in the top 10% gene sets presenting a significant correlation with TLS were then
selected. This yields a 9-genes signature that contained immune (TNFRSF9, CTRC) and non-immune
(ATF6B, CCND2, GJB7, TTC24, SSTR3) genes, as well as two CTA (MAGEA2 and CSAG1), known to be
highly expressed in breast cancer (Taylor et al. 2007; H. Wang et al. 2016). Interestingly, some, but not
all, of these genes have already been linked to TLS. TNFRSF9 encodes CD137, a TNFR-superfamily

member expressed by activated T cells and with costimulatory functions. CD137 engagement by its
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ligand triggers T cell proliferation and survival, and enhances their effector functions. A recent study
reported that CD137*CD8" T cells found within TLS were associated with a better response to anti-PD1
therapy suggesting that CD137 expression is tightly linked to efficient anti-tumor immunity within TLS
(Zizzari et al. 2022). ATF6B is a transcription factor located within the endoplasmic reticulum (ER) and
that can be cleaved in response to ER stress. In an ATF6B-deficient murine model of parasitic infection,
an impairment of IFNy production by CD8+ T cell-mediated was observed, suggesting a role for ATF63
in the activation and functions of CD8+ T cells (Yamamoto et Takeda 2012). Eventually, CCND2,
encoding cyclin D2, was recently described as highly expressed in lung tumors enriched in B cells, CD8+
T cells and Tfh, e.g. likely to TLS-enriched tumors. Moreover, this gene is associated with good patient
prognosis and its upregulation enhances T cell resistance to tumor-cell mediated apoptosis (Tian et al.
2021). This 9-genes TLS signature nicely correlated with the density of B follicles (r=0,73) and with the
previously published TLS gene signature of Cabrita et al., although the 2 signatures have no gene in
common. After validation with an independent cohort of breast cancer patients and cross-comparison
with the different published signatures, this signature will be used to interrogate public databases to
further explore the link between TLS, expression of different types of tumor Ags, patient survival and
responses to therapies. It should also constitute a valuable tool to stratify patients according to their
immune contexture. In addition, we will also determine whether this signature can be extended to
ovarian and melanoma tumors, for which we have already generated matched multi-IF and RNAseq
datasets. In this respect, it may be necessary to remove from the signature the two CTA that are quite

specific of breast tumors.

188



189



CONCLUSION AND
PERSPECTIVES



191



The present study brings new insight into the heterogeneity and critical role of B cells and ASC
in the TME of breast cancer. We demonstrated that tumor-infiltrating ASC consist of both plasmablasts
and plasma cells originating at least in part from TLS, localize in the stroma and the tumor bed, and
can produce IgG but also monomeric and dimeric IgA that recognize largely non-overlapping sets of
antigens. We also showed for the first time that the ASC compartment drastically evolves during cancer

progression in terms and critically influence clinical patient outcome with a protective role of IgA ASC.

Nevertheless, there are several points in this study that need to be deepened. It would be
indeed interesting to assess the role of IgM ASC, albeit they are present in much less proportion in
breast tumors compared to IgG and IgA ASC. In addition, the examination of IgG subclasses is of utmost
importance because they differ in their capacity to exert cytotoxic functions and may thus have
differential clinical impacts. In models other than cancer, it is admitted that the state of maturation of
ASC affects their functions, including antibody production, cytokine secretion and ICPL expression.
Thus, we can examine ICP/ICPL expression profile on different tumor-associated ASC subsets using
flow cytometry. Moreover, we may consider sorting tumor-associated ASC to perform single-cell RNA
sequencing allowing the characterization of ASC maturation diversity and potentially study the link of
different ASC subsets with ICP/ICPL, cytokine and chemokine expression. Also, our antibody profiling
approach generated a huge amount of data that we are still analyzing. One of the limitations is that
we detected linear epitopes indicating that we need to determine if these observations could be

applied to conformational epitopes.

Strikingly, we showed a drastic change of the composition of the ASC compartment between
pre-invasive and invasive tumors moving from IgA ASC-dominant to IgG ASC-dominant tumors
suggesting a protective role of IgA ASC. To understand what could distinguish these two stages of
progression in terms of immune microenvironment, we performed recently an RNA profiling using

Nanostring technology to compare DCIS and IBC tumors and the analysis is still ongoing.

Unlike previous studies, we observed that IgA ASC, irrespective of IgG ASC, are associated with
good prognosis in IBC patients strengthening their anti-tumor role. Nevertheless, we still need to
answer critical questions that will help to decipher underlying mechanisms: how ASC of specific isotype
are recruited and/or induced? Do they directly influence patients’ survival, or is it related to the other
immune cells present in the microenvironment? Do they communicate with other cells (e.g. immune,
stromal, immune cells) by close contact or by secreting molecules (e.g. antibody, cytokine, exosome...),
which may affect their functions? What would be the consequences of these interactions? The
development of new technologies that combine spatial transcriptomics and proteomics and in vitro

experiments could help addressing these questions.
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On the other hand, we confirmed that TLS induce and/or amplify anti-tumor adaptive immune
response since their presence is associated with CTA, Th1, cytotoxicity, antigen presentation and ICP.
Furthermore, we highlight new pathways that may prevent TLS formation, although it needs to be
confirmed by in vivo experiments. This may explain the variable proportion of TLS among cancer
patients and can lead in the long term to improve therapeutic strategies promoting TLS induction. We
also demonstrated a link between the density of TLS and tumor cell antigenicity; however, we showed
that the type of tumor antigen that correlates with TLS varies from one patient to another. We did not
observe a correlation between TLS and neoantigens, although this can be due to technical issue
(sampling bias). Nevertheless, we showed an upregulation of CTA and HERV antigens in TLS-enriched
tumors. Recent publications support the fact that HERV expression in tumor cells induce an efficient
anti-tumor cellular and humoral immune response. Our results suggest that HERV may induce or
sustain TLS, which constitutes the site where the antitumor immune response may be locally amplified.
HERV are currently considered as relevant targets for innovative cancer vaccines, especially for tumors
with low to intermediate TMB. It would be interesting to examine tumor tissues post-HERV vaccination

to observe a potential formation of TLS.

The small number of patients in our cohort makes it impossible to conclude about a potential
link between TLS and tumor immunogenicity. Thus, we are currently working on the construction of a
robust home-made TLS gene signature that we still need to validate on an independent cohort of
breast cancer with available RNA seq and multi-IF data. This will allow to explore public databases
(TCGA, METABRIC, other databases) for associations of TLS with HERV and other tumor antigens

classes.
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Immunotherapy has been a revolution in cancer management in the metastatic setting. This has led to a prompt
evaluation of such therapies in earlier stages. This article discusses the still limited amount of data finding the
rationale to assess such therapy in this setting and reviews preclinical and clinical data available. Overall,
neoadjuvant immunotherapy is a promising approach for the treatment of cancers and the rationale supporting

its use is strong. Neoadjuvant immunotherapy resulted, in the majority of clinical trials, in improved pathologic
complete response rates with a favorable toxicity profile and no delay in surgery. Various regimens were
effective: inhibitory immune check-point blockers (IICPB) alone, combination of PD-1 and CTLA-4 inhibitors,
combination of chemotherapy (CT) and IICPB, phased CT and IICPB (either IICPB before CT or IICPB after CT).
Yet the question whether neoadjuvant immunotherapy will benefit to patients in terms of disease-free and, ul-
timately, overall survival remains unknown.

1. Introduction

Neoadjuvant therapy refers to a systemic treatment administered
prior to local treatment (surgery or radiotherapy) for any type of cancer.
Neoadjuvant therapy usually takes the form of chemotherapy, but
endocrine therapy or targeted therapies have also been described as
alternatives in some cancers such as breast cancer (Cortazar et al., 2014;
Spring et al., 2016). Neoadjuvant therapy has the purpose of down-
staging tumor size allowing less extensive surgery or resectability in
order to achieve local control, identifying sensitivity to systemic treat-
ment, improve the pathological response rate and preventing early
metastatic risk (Cortazar et al., 2014; Li et al., 2018; Petrelli et al., 2014).

Immunotherapy and especially inhibitory immune check-point
blockers (IICPB) have drastically transformed the landscape of cancer.
IICPB restore anti-tumor functions of T cells via blockade of negative
regulatory signals such as PD1/PD-L1 and CTLA-4. Conceptually, CTLA4
blockade primarily acts at sites of priming in which CD28-positive cos-
timulation is involved (e.g., tumor draining lymph nodes) whereas PD-
1/PD-L1 blockade primarily acts in inflamed peripheral tissues (e.g.,
tumor)5. Checkpoint inhibition was shown to be associated with
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significantly prolonged survival and long-lasting disease control for
metastatic cancers. Consequently, [ICPB emerged as front-line options
for various cancers such as metastatic melanoma, lung cancer, renal
clear cell carcinoma, bladder or urothelial cancers, Hodgkin’s lym-
phoma and head and neck cancers. Currently, many trials are ongoing in
the neoadjuvant setting due to the major impact of immunotherapy in
the metastatic setting. Yet, few data are available in the literature on the
rationale for using immunotherapy in the neoadjuvant setting and only
preliminary efficacy results were published with no FDA approval yet.

The present review highlights available data on immunotherapy in
the neoadjuvant setting, the rationale supporting the use of neoadjuvant
immunotherapeutic approaches, the potential advantages and limits of
this approach, available clinical data, and implications for future man-
agement of cancers.

2. Material and methods
2.1. Trial selection

In June 2019, all reports on immune checkpoint inhibitors in the
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neoadjuvant setting were identified. The research was performed using
Text Words “Avelumab”, “Pembrolizumab”, “Ipilimumab”, “Trem-
elimumab”, “Atezolizumab”, “Durvalumab”, “Nivolumab”, “immuno-
therapy”, “CTLA-4 inhibitor”, “PD-1 inhibitor”, “PD-L1 inhibitor”,
“neoadjuvant” and “preoperative”. Resources used for this research
included the electronic database Pubmed, relevant articles retrieved
from references, personal data and abstracts presented at the American
Society of Clinical Oncology (ASCO), the American Association for
Cancer Research (AACR), the European Society for Medical Oncology
(ESMO) congresses and the San Antonio Breast Cancer Symposium.
Included reports were published in English.

3. Rationale supporting the use of immunotherapeutic
approaches in the early stages of cancer

3.1. Mechanistic arguments

From a mechanistic point of view, the availability of neoantigens for
cross priming, the possibility of lymphatic migration of antigen-
presenting cells (APC), the interaction between APC and naive T cells
in lymph nodes, the lymphatic recirculation of effector cells and the
presence of tumor-infiltrating lymphocytes (TILs) are necessary to
initiate an immune response. In case of lymphadenectomy or tumor
resection, this immune response might be jeopardized (Melero et al.,
2016). On the other hand, tumor cells can release immunosuppressive
factors modulating immune cells to become tolerogenic. Tolerogenic
APC and regulatory cells use lymphatics and blood flow respectively to
migrate into the tumor and lymph nodes can act as a tumor- immune
tolerogenic interface. These arguments are in favor of the use of IICPB in
the neoadjuvant setting.

Moreover, until recently, IICPB were mostly evaluated in heavily
pretreated patients or in patients with advanced disease, e.g. with an
immune system already compromised by tumor progression (Bindea
et al., 2013) and/or previous regimens of chemotherapy (Verma et al.,
2016). It was shown in melanoma and renal cell carcinomas that the host
immune response strikingly differ between earlier stages with micro
metastatic disease and more advanced stages with measurable disease
(Tarhini and Igbal, 2010). For instance, healthy donors or patients free
of disease following therapy tended to present tumor antigen specific
mixed Th1/Th2 type or Thl-type polarized immune response while
patients with advanced renal cell carcinoma or melanoma displayed
increased tumor antigen-specific Th2-type polarization (Bindea et al.,
2013; Tatsumi et al., 2002; Tatsumi et al., 2003).

Therefore, it may be more efficient to prescribe this type of anti-
cancer drug earlier in the history of the disease when an anti-tumor
immune response (Th1) can still be amplified/restored.

3.2. Impact of surgery on the inmune system

Surgery may have an impact on the immune system. Indeed, in breast
cancer patients, Péguillet and colleagues reported that the number of
effector CD4+ blood T cells decreases (P < 0.017) after primary surgery.
In addition, the total number of CD4+ blood T cells was not modified by
adjuvant therapy but significantly increased during neoadjuvant
chemotherapy (Péguillet et al., 2014). IICPB treatment aims to restore
the functions of tumor effector T cells. Tumor removal will induce a
decrease of intratumoral antigen-experienced effector T cells that can
circulate between blood, tissue and secondary lymphoid organs.
Therefore, prescribing I[ICPB after surgery may not be relevant.

3.3. Prognostic impact of PD-L1 expression

A meta-analysis of 61 studies showed that PD-L1 overexpression can
predict a poor overall survival (OS) (HR = 1.58, 95 % CI = 1.38-1.81, P
< .000) and disease- and progression-free survival (DFS/PFS) (HR =
1.72, 95 % CI = 1.26-2.33, P = .001) in various solid tumors (Wang
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et al., 2017). PD-L1 expression was also shown to be associated with a
higher risk of recurrence in surgically resected non-small cell lung
cancer (Owonikoko et al., 2015), in human urothelial cancers (Naka-
nishi et al., 2007) and in hepatocellular carcinoma (Gao et al., 2009).
Furthermore, multivariate analysis indicated that tumor-associated
PD-L1 was a more significant prognostic factor than WHO grade for
postoperative recurrence in human urothelial cancers (Wei et al., 2018).

As most tumors expressing immune co-inhibitory molecules such as
PD-L1 exhibit a poor prognosis and a higher risk of relapse following
surgery, neoadjuvant immunotherapeutic strategies could be beneficial
in combination with surgery in order to decrease relapse risk.

3.4. Presumed efficacy

For metastatic disease, ORR is higher with immunotherapy
compared to chemotherapy in various immunogenic cancers such as
melanoma or lung cancer, which are the two cancers in which immu-
notherapy has first proven its efficacy. In lung cancer, in a phase III trial
comparing pembrolizumab to platinum-based chemotherapy in front-
line, ORRs for pembrolizumab and platinum-doublet chemotherapy
were 45 % and 28 %, respectively and the time to response was equal in
both arms and estimated at 2.2 months (Reck et al., 2016). In combi-
nation with standard first-line therapy (carboplatin and pemetrexed),
pembrolizumab showed an ORR of 55 % vs 29 % with chemotherapy
alone. In melanoma, dacarbazine (standard first-line chemotherapy
until recently) was compared to nivolumab (Robert et al., 2015a) and to
dacarbazine + ipilimumab (Robert et al., 2011). In the first trial, nivo-
lumab achieved an ORR of 40 % versus 13.9 % with dacarbazine alone
(Robert et al., 2015a). Complete response rate (CRR) was 7.6 % in the
experimental arm versus 1.0 % in the comparative standard arm (Robert
et al., 2015a). In the second trial, ipilimumab + dacarbazine resulted in
an ORR of 15.2 % versus 10.3 % and a CRR of 1.6 % vs 0.8 % (Robert
et al., 2011). In the phase III KEYNOTE-006 trial which compared
pembrolizumab (anti-PD-1) to ipilimumab (anti-CTLA-4), ORR was 37
% vs 13 % respectively and CRR was 12 % vs 5% respectively (Robert
et al.,, 2015b). In the CheckMate 067 trial, nivolumab + ipilimumab
followed by nivolumab was compared to nivolumab alone and to ipili-
mumab alone. ORR were 58, 44, and 19 %, respectively. The CRR were
19, 16, and 5%, respectively (Larkin et al., 2015).

In these pivotal trials, immunotherapy resulted in an improvement of
the ORR and the CRR suggesting an increased depth of response that
could be interesting in the neoadjuvant setting for resectability and
preservation of function. Yet, whether these results in the advanced
setting can be extrapolated to the neoadjuvant setting is unknown.

3.5. Safety profile

Another potential advantage of IICPB in the neoadjuvant setting is its
intrinsic safety profile. Neoadjuvant therapy-related adverse events may
affect post-operative morbidity and/or mortality and/or delay surgery,
thus jeopardizing surgery efficacy. As IICPB are generally well-tolerated,
they are particularly interesting in the neoadjuvant setting. IICPB are
associated with peculiar adverse events (AEs) commonly defined as
immune-related AEs (irAEs). IrAEs are usually mild to moderate in
severity and reversible when they are rapidly detected and when
immunosuppressive and/or immunomodulatory strategies are promptly
initiated (Puzanov et al., 2017). A meta-analysis of twenty randomized
trials with 10,794 patients reported that treatment discontinuations and
grade 3-5 (G3-5) AEs were less frequent for programmed-death-1
(PD-1) or PD-ligand-1 (PD-L1) inhibitors and
cytotoxic-T-lymphocyte-associated-antigen-4 (CTLA-4) inhibitors than
for standard cytotoxic chemotherapy (Man et al., 2018).

3.6. Preclinical data

In two mouse models of spontaneous metastatic mammary tumors
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(orthotopic 4T1.2 and E0771 tumors)24, Liu et al. demonstrated that the
proportion of long-term mice survivors was more important in mice
receiving neoadjuvant immunotherapy compared to adjuvant immu-
notherapy. Four different immunotherapies were assessed: complete
depletion of regulatory T cells with an anti-CD25, anti-PD-1 alone and
anti-PD-1 in  combination with anti-CD137. Neoadjuvant
immunotherapy-treated mice displayed significantly longer survival
compared with those that received adjuvant immunotherapy. For
instance, in the neoadjuvant T regulatory-depleted group (Treg), almost
all mice (19/20) displayed long-term survival compared with the adju-
vant Treg-depleted mice group in which only 5 out of 20 mice displayed
long-term survival. In both 4T1.2 and E0771 tumor models, the efficacy
of neoadjuvant therapy was dependent on interferon gamma (IFNy) as
there were no long-term survivors when it was neutralized. All three
immune cell types, CD8, CD4, and NK cells, were also required. After
neoadjuvant immunotherapy, an increase in tumor specific CD8 + T
cells was detected. They displayed an effector/memory phenotype
(CD44+ CD62L—), were proliferative and produced IFNy. It is note-
worthy that neoadjuvant immunotherapy given only 2 days before
surgery still had a beneficial impact in this preclinical study.

Similarly, in the murine B16F10 melanoma model, neoadjuvant
vaccination provided superior protection against tumor relapse
following surgery compared with adjuvant vaccination (Grinshtein
et al., 2009).

4. First clinical data

Efficacy results, tolerance and impact on surgery of the main clinical
trials evaluating immune checkpoint inhibitors in the neoadjuvant
setting are reported in Table 1.

In conclusion, neoadjuvant immunotherapy resulted, in the majority
of clinical trials, in improved pathologic complete response rates with a
favorable toxicity profile and no delay in surgery. Various regimens
were effective: IICPB alone, combination of PD-1 and CTLA-4 inhibitors,
combination of chemotherapy (CT) and IICPB, phased CT and IICPB
(either IICPB before CT or IICPB after CT). The majority of novel trials
evaluating neoadjuvant immunotherapy in solid cancers use patholog-
ical response as a surrogate endpoint for survival which is interesting
because gives access to earlier results. Yet the question whether neo-
adjuvant immunotherapy will benefit to patients in terms of disease-free
and, ultimately, overall survival remains unknown and we lack suffi-
ciently validated association with OS in the era of immunotherapy.
Concerns were raised from one study evaluating nivolumab mono-
therapy which was stopped prematurely due to rapid progression.
Finally, two trials, in glioblastoma and melanoma, compared neo-
adjuvant IICPB versus neo and adjuvant IICPB and reported similar re-
sults suggesting that neoadjuvant may be more efficient than adjuvant
immunotherapy which confirms preclinical data.

5. Neoadjuvant immunotherapy as a platform for identification
of efficacy and resistance biomarkers and for drug development

IICPB are not effective in all cancers nor on all patients, even with
immunogenic tumors (Topalian et al., 2016). Predictive biomarkers of
efficacy are urgently needed. Neoadjuvant immunotherapy offers the
possibility of immune cells monitoring and identification of underlying
response or resistance mechanisms given the access to blood, to tumor
and even to fecal samples prior and post therapy. Understanding resis-
tance mechanisms will help us design next generation trials. Charac-
teristics of the immune system evaluated in neoadjuvant trials testing
IICPB and predictive factors of efficacy and toxicity are reported in
Table 2.
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6. Limits
6.1. Atypical and unconventional responses

In most studies, tumor response is evaluated at week 8 or 12, yet
pseudo progression on immunotherapy can occur at this point (Wolchok
et al., 2009). Activation/restimulation of T cell mediated immunity may
initially delay tumor regression and appearance of new lesions along
with progression of existent lesions may precede objective tumor
response. Pseudo progression can occur early (<12weeks) but can also
be delayed (> 12weeks)50. This might have an impact on the time of
surgery as one of the objectives of neoadjuvant therapy is to render
operable an otherwise inoperable disease. Hyper progression disease,
defined as a rapid progression after initiation of anti-PD1 and
anti-PD-L1, was also reported (Champiat et al., 2017; Saada-Bouzid
etal., 2017). Atypical responses are not so rare and approximately 15 %
of patients experience such responses (Hodi et al., 2016). Moreover, the
expression of antigens by tumor cells is not homogeneous and immu-
nologic heterogeneity within the tumor was described (Miller, 1982).
Intratumor heterogeneity influenced immune evasion (Caswell and
Swanton, 2017). This principle was first shown in patients presenting
responding lesions and progressive lesions at the same time under
high-dose IL-2 therapy (Topalian, 2014). Responding lesions showed
brisk CD8 + T cells infiltration while progressive lesions showed poor
lymphocyte infiltration. Unconventional dissociated responses were
reported in patients treated with anti- PD1, anti-PDL1 and anti-CTLA-4.
In a French retrospective analysis of all consecutive patients treated with
anti-PD-1 or anti-PD-L1 Abs for advanced NSCLC, dissociated responses
occurred in 8% of cases (Tazdait et al., 2018). Atypical and unconven-
tional responses are limiting factors in the prescription of immuno-
therapy in the neoadjuvant setting.

6.2. Stable disease is a marker of IICPB efficacy

Through its direct cytotoxic effect, chemotherapy yields measurable
effects within a few weeks. This phenomenon is often expressed as
partial responses defined as a significant decrease in the size of the
tumor. In contrast, stable disease is often transient and not reflective of
the true benefit. On the contrary, for immunotherapy, stable disease was
described as a surrogate endpoint for improved survival outcome
(Hughes et al., 2015; Tsujino et al., 2009). Some IICPB were shown to
improve OS without improving PFS (Hodi et al., 2010). Durable stable
disease is even one of the four immune-related response patterns
(Wolchok et al., 2009). Consequently, stable disease is associated with a
true clinical benefit for patients, however, this clinical benefit may not
be sufficient when the objective is to render an inoperable tumor
operable.

6.3. Primary resistant disease

Interesting results in terms of duration of responses and response
rates with IICPB were reported in inflamed tumors. Yet, some patients
still present primary resistance to IICPB. In this context, combination
with chemotherapy might be interesting as it has been shown to further
increase the ORR in lung cancer (Zhou et al., 2019). Furthermore,
immune-desert and immune-excluded tumors exhibit primary resistant
to currently available immune checkpoint inhibitors (Chen and Mell-
man, 2017),62. This indicates that selection of patients is mandatory in
the neoadjuvant setting in order to give our patients the best opportunity
of treatment. Microsatellite instability, TMB or PD-L1 expression could
be used.

6.4. Adverse events

Another important consideration to take into account is the potential
risk of serious immune-related adverse events in the first few cycles of
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Table 1
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Efficacy and safety results of the main clinical trials evaluating immune checkpoint inhibitors in the neoadjuvant setting.

Name of the trial Phase Primitive Number of Type of therapy Efficacy Toxicity Surgical outcomes
or first author tumor type patients evaluated
1-SPY2 (Nanda Adaptively > T2 HER2 69 Pembrolizumab + 1 pCR rate: Adrenal insufficiencies NA
etal., 2017) randomized negative chemotherapy TNBC (pCR 60 % vs 20 %) (n = 6/69)
phase I breast cancer HR-+/HER2- (34 % vs 13
%)
KEYNOTE-173 ( Phase Ib TNBC 20 Pembrolizumab + ypTO0 ypNO pCR rate: 1 grade 2/3 alanine NA
Schmid et al., chemotherapy 50%-80% aminotransferase
2019) elevation
KEYNOTE-522 ( Phase III TNBC 602 Pembrolizumab + pCR rate 64.8 % with the  grade 3 or higher NA
Schmid et al., chemotherapy pembrolizumab/ treatment-related
2018) chemotherapy regimen adverse event (AE) rates:
compared to 51.2 % 78.0 % - experimental
(standard arm) arm- compared to 73.0
Benefit more importantin % - standard arm.
lymph node positive Incidence of death: 0.4
TNBC compared to lymph % versus 0.3 %.
node negative TNBC
GeparNuevo ( Randomized TNBC 31 Durvalumab + Patients who started Treatment delay in 54.8 NA
Loibl et al., phase II chemotherapy durvalumab before % of patients receiving
2019) (CT) chemotherapy + the combination vs
durvalumab presented 40.0-67.7% patients
more pCR (OR =2.22[95  treated with
%CI 1.06—4.64]. chemotherapy alone
This phased
administration of IICPB
called “window of
opportunity” resulted in a
higher pCR rate 61.0 %
compared to 41.4 % of
the patients in the control
arm (p = 0.052)
NeoTRIPaPDL1 ( Phase III TNBC 280 Atezolizumab + PCR rate 43.5 % vs. 40.8 Immune-mediated NA
Antonio, 2020) CT % not statistically adverse events of any
significant grade: 8%
>G3 infusion reactions:
1.4 %
McArthur HL ( Pilot study Breast cancer 19 Single dose NA Grade III unrelated rash No delay in surgery
McArthur ipilimumab +/- in one patient
et al., 2016) cryoablation
Tarhini AA ( NA Melanoma 35 Ipilimumab ORR was 9% (2 complete Grade 3 diarrhea/colitis NA
Tarhini et al., responses and 1 partial (5; 14 %), hepatitis (2;
2014) response) 6%), rash (1; 3%),
elevated lipase (3; 9%)
OpACIN ( Two-arm Melanoma 20 (10 in the Ipilimumab + ORR 80 %pCR 30 High frequency of grade No delay in surgery
Rozeman et al.,  phase Ib neoadjuvant Nivolumab % % toxicity (n = 18).
2017) feasibility arm) Estimated 30 months G3 elevated lipase (n =
trial relapse-free survival rates 8), G3 diarrhea and
were 80 % for the colitis (n = 6)
neoadjuvant arm and 60 No surgery related AEs
% for the adjuvant arm attributed to
and 30 months OS rates immunotherapy
were 90 % and 67 %,
respectively
AMARIA RN ( Phase II Melanoma 23 Ipilimumab + ORR 73 % G3 irAEs 73 % Rapid disease
Amaria et al., Nivolumab PCR 45 % progression for 17
2018) % of patients in the
nivolumab
monotherapy arm
Tarhini AA ( Randomized Melanoma 30 Ipilimumab (3 or PCR 35 % (95CI (Reck One toxicity-related NA
Tarhini et al., trial 10 mg/kg) + high- et al,, 2016; Robert et al.,  drug withdrawal.

2018)

dose interferon

2015a; Robert et al.,
2011; Robert et al.,
2015b; Larkin et al.,
2015; Puzanov et al.,
2017; Man et al., 2018;
Liu et al., 2016;
Grinshtein et al., 2009;
Nanda et al., 2017;
Schmid et al., 2019;
Schmid et al., 2018; Loibl
et al., 2019; Antonio,
2020; McArthur et al.,
2016; Tarhini et al.,
2014; Rozeman et al.,

Grade >3 elevated
transaminases (n = 6,
20.0 %). Grade >3 rash
n=7,23.0%)
Toxicities more frequent
at 10 mg/kg

(continued on next page)
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Table 1 (continued)
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Name of the trial Phase Primitive Number of Type of therapy Efficacy Toxicity Surgical outcomes

or first author tumor type patients evaluated
2017; Amaria et al.,
2018; Tarhini et al.,
2018; Yang et al., 2018;
Forde et al., 2018; Rusch
et al., 2018; Uppaluri
et al., 2017; Wise-Draper
et al., 2018; Gao et al.,
2017; Carthon et al.,
2010; Necchi et al., 2018;
Powles et al., 2019;
Grootscholten et al.,
2018; Gao et al., 2018;
Cloughesy et al., 2019;
Topalian et al., 2016;
Wolchok et al., 2009;
Hodi et al., 2016;
Champiat et al., 2017;
Saada-Bouzid et al., 2017;
Miller, 1982; Caswell and
Swanton, 2017; Topalian,
2014; Tazdait et al.,
2018))

TOP1201 ipi ( Phase II Non-small cell 24 Ipilimumab + ORR (n = 14, 58 %) Ipilimumab related AEs: Prolonged air leak
Yang et al., lung cancer chemotherapy grade 2 pneumonitis (n (n=2,15%)
2018) (NSCLC) =1, 4%), grade 3 Urinary tract

adrenal insufficiency (n infection (n = 2, 15

= 4,17 %), diarrhea/ %)

colitis 8 (grade 1 or 2: n No apparent

=6, 25 %; grade 3: n = increased

3, 13 %). occurrence of
adverse surgical
outcomes
compared to
historical cohort.

NCT02259621 ( Phase II NSCLC 22 Nivolumab (2 ORR 10 % (n = 2)pCR Pneumonia grade>3 (n No delay in surgery
Forde et al., doses, 4 weeks and 43.0 % 95IC ( =1,5%)

2018) 2 weeks prior to Liu et al., 2016;

surgery)

Grinshtein et al., 2009;
Nanda et al., 2017;
Schmid et al., 2019;
Schmid et al., 2018; Loibl
et al., 2019; Antonio,
2020; McArthur et al.,
2016; Tarhini et al.,
2014; Rozeman et al.,
2017; Amaria et al.,
2018; Tarhini et al.,
2018; Yang et al., 2018;
Forde et al., 2018; Rusch
et al., 2018; Uppaluri

et al., 2017; Wise-Draper
et al., 2018; Gao et al.,
2017; Carthon et al.,
2010; Necchi et al., 2018;
Powles et al., 2019;
Grootscholten et al.,
2018; Gao et al., 2018;
Cloughesy et al., 2019;
Topalian et al., 2016;
Wolchok et al., 2009;
Hodi et al., 2016;
Champiat et al., 2017;
Saada-Bouzid et al., 2017;
Miller, 1982; Caswell and
Swanton, 2017; Topalian,
2014; Tazdait et al.,
2018; Hughes et al.,
2015; Tsujino et al.,
2009; Hodi et al., 2010;
Zhou et al., 2019; Chen
and Mellman, 2017;
Sharma et al., 2017;
Topalian et al., 2012)
Discrepancy between
ORR and pCR suggests

(continued on next page)
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Table 1 (continued)
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Name of the trial Phase Primitive Number of Type of therapy Efficacy Toxicity Surgical outcomes
or first author tumor type patients evaluated

that some patients may

derive benefit from

immunotherapy that is

not captured

radiographically

LCMC3 (Rusch Phase II NSCLC 21 Atezolizumab Major pathologic Gr 1 pyrexia, Gr 2 No major delay in
et al., 2018) response: 21 % (95 % CI dyspnea for 2 patients surgery

6—-46)

NCT02296684 ( Phase II HPV negative 25 Pembrolizumab PCR 42.0 % (n = 10) No serious drug-related No unexpected
Uppaluri et al., HNSCC AEs surgery delays or
2017) complications

NCT02641093 ( Phase II HNSCC 28 One dose Major pathologic NA NA
Wise-Draper Pembrolizumab response (>70 %): 32 %
et al., 2018) 200mg

NCT01194271 ( Phase II Prostate 19 Ipilimumab + No pCR NA NA
Gao et al., androgen
2017) deprivation

therapy (ADT)

Carthon BC ( Controlled Bladder 12 (6 patients at Ipilimumab PCR 33.3 % (n = 4/12) Treatment completion No significant
Carthon et al., clinical trial 3 mg/kg/dose rate (n = 11/12) surgical delays due
2010) with results on Reason for not receiving  to irAEs in the 3

immune second dose = diarrhea mg/kg/dose cohort
monitoring and 6 grade 3. Surgical delays (n
at 10 mg/kg/ = 3, grade 2/3
dose) diarrhea)

PURE-01 (Necchi  Phase II Muscle 50 Pembrolizumab Downstaging to pTO (42 One discontinuation of All patients
et al., 2018) invasive %; 95 % CI, 28.2%— pembrolizumab (grade 3 underwent radical

urothelial 56.8%). transaminase increase - cystectomy
bladder cancer 2%)
ABACUS (Powles Phase II Muscle 95 Atezolizumab PCR rate 31 % (95 % CI: No new safety signals Grade I to
et al., 2019) invasive 21-41 %) 1I surgical
urothelial complications
bladder cancer (Clavien Dindo
classification): 39
of 87 (45 %)

Grootscholten C ( Phase II Colon cancer 14 (mismatch Ipilimumab + Major pathological Well tolerated No delays in
Grootscholten repair proficient Nivolumab responses (<5% viable surgery
et al., 2018) (pMMR) (n = 8) tumor cells) 100 % (n =

or mismatch 7/7)CR 57
repair deficient % (n = 4/7)
(dMMR) (0 = 7)

NCT02210117 ( Phase I Kidney cancer 105 Nivolumab (Nivo) ORR: 55 % nivo, 44 % > Grade 3: 38 % for NA
Gao et al., Nivo + nivo + bev, 43 % nivo + nivo, 42 % for nivo +
2018) Bevacizumab ipi bev (including 18 %

(Bev) hypertension), and 47 %
Nivo + for nivo + ipi
Ipilimumab (Ipi)

Neo-nivo ( Phase II Glioblastoma 35 (16 in the Nivolumab Benefit for the One grade 3 No delays in
Cloughesy neoadjuvant neoadjuvant group pneumonitis. surgery
et al., 2019) group and 19 in compared to the adjuvant ~ One grade 4 elevation in

the adjuvant
group)

group:

e Increased OS: HR 0.39
(95 %CI0.17-0.94; P =
0.04).

e Increased PFS: (HR
0.43; 95 % CI
0.20-0.90; P = 0.03)

alanine
aminotransferase.

neoadjuvant immunotherapy that could prevent or delay surgery. For
this type of therapy, severe and even life-threatening AEs were described
with treatment-related deaths occurring in up to 2% of patients (Topa-
lian et al., 2012). Yet, consensus recommendations on how to detect and
treat irAEs have recently been published by the Society for Immuno-
therapy of Cancer (SITC) Toxicity Management Working Group and will
most likely reduce the rate of serious AEs (Puzanov et al.,, 2017).
Furthermore, the impact on the tumor microenvironment and the he-
mostatic effects after immunotherapy are unknown. The normal
wound-healing process involves an inflammation phase with neutro-
phils and lymphocytes infiltration and recruitment of monocytes that
will differentiate into macrophage (Guo and Dipietro, 2010). Immuno-
therapy might jeopardize wound-healing and therefore delay adjuvant
therapy (if needed) impacting negatively the prognostic of the patient.

Finally, there is also a threat of prolonged toxicity, particularly affecting
the lung with interstitial inflammation and resulting difficulties for
subsequent surgery in the neoadjuvant setting with immunotherapy
which could preclude curative resection for lung cancer. This is different
from the, -although more frequent-, but often relatively transient
toxicity of neoadjuvant chemotherapy.

6.5. Window of opportunity studies versus neoadjuvant trials

Window of opportunity studies differ from neoadjuvant trials in that
no therapeutic effect is expected. Window of opportunities are trials in
which patients receive the investigational compound between their
cancer diagnosis and standard of care treatment (K, K. and DI, 2012).
Tumor biopsies before and after the investigational treatment are
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Table 2

Immune monitoring and predictive biomarkers of efficacy and toxicity in neoadjuvant trials evaluating immune checkpoint inhibitors.
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Name of the trial or
first author

Immune monitoring

Biomarkers of response

Biomarkers of toxicity

I-SPY2 (Nanda et al.,
2017)

KEYNOTE-173 (
Schmid et al., 2019)

KEYNOTE-522 (
Schmid et al., 2018)

GeparNuevo (Loibl
et al., 2019)

NeoTRIPaPDL1 (
Antonio, 2020)

McArthur HL (
McArthur et al.,
2016)

Tarhini AA (Tarhini
et al., 2014)

OpACIN (Rozeman
et al., 2017)

AMARIA RN (Amaria
et al., 2018)

Tarhini AA (Tarhini
et al., 2018)

TOP1201 ipi (Yang
et al., 2018)

NCT02259621 (Forde
et al., 2018)

LCMC3 (Rusch et al.,
2018)

NCT02296684 (
Uppaluri et al.,
2017)

NCT02641093 (
Wise-Draper et al.,
2018)

NCT01194271 (Gao
et al., 2017)

NA
NA

NA

NA
NA

Sustained peripheral elevations in:

-Th1-type cytokines

-activated (ICOS+) and proliferating (Ki67+) CD4+ and
CD8 + T cells

And high ratio of Ki67+ effector T cells/regulatory T cells
within tumor

Linear combination of 2 regulatory cytokines at baseline
[TGF- 1 (p = 0.19) and IL-10 (p = -0.34)] significantly
associated with PFS (HR 2.66; p = 0.035).

NA

NA

NA

Significantly increased frequencies of highly activated T
cells in the peripheral circulation

Significantly increase of CD4+ and CD8+ cells
expressing ICOS, HLA-DR, CTLA-4 and PD-1

Higher frequencies of activated TILs in resected tumors
compared to PBMCs

NA

NA

NA

NA

Increase in CD4+ and CD8 + T cells, including PD-1+
and ICOS + subsets, increase in CD45RO+, granzyme-B
(GrB)+, and CD68+ cells

Significantly greater immune cell infiltration in prostate
tumors compared to ADT alone group

Significantly higher PD-L1 expression on CD4 + T cells,
CD8 + T cells, and CD68+ macrophages after treatment
Increase in CD4+ PD-L1+ T cells from 0.2 to 0.7 %),
CD8 PDL1+ (4.4-21.3%) and CD68 PD-L1+ (from
2.5-25%)

NA
NA

No effect of PD-L1

PD-L1+: pCR 68.9 % vs 54.9 %
PD-L1-: pCR 45.3 % vs 30.3 %
NA

PD-L1-positive status according to immunohistochemistry
(P < .0001)
NA

e Significant increase in circulating regulatory T cells
Significant increase in CD8" T cell

Increased tumor infiltration by fully activated (CD69")
CD3"/CD4" and CD3"/CD8" T cells with evidence of
induction/potentiation of memory T cells (CD45RO™")

CD33"*/CD11b*

a 22 immune active and proinflammatory tumor
microenvironment gene signature

Cytokine expression profile (IL-1p, VEGF, G-CSF, HGF, IL-
13, IL-17, GM-CSF, MCP-1, IL-5, IL-7, IL-4, IL-10, IFN-y,
IL-8 and IL-2) from patients PBMCs (peripheral blood
mononuclear cells) in response to NY-ESO-1

Baseline PD-L1 and p2 microglobulin (absolute protein
counts)

B cells within Tertiary Lymphoid Structures (TLS)*’
Higher TMB (trend)

Higher CD8 + T-cell infiltrate, tumor cell PD-L1 expression,
and expression of lymphoid markers (Granzyme B, CD4,
FoxP3, CD20, and PD-1)

Expression of CD45R0O, f2-microglobulin, T cell markers
(CD3, CD8), B cell markers (CD19, CD20), cell proliferation
(assessed by Ki67) within CD45+ cell

Higher clonality of TCR

B cells within TLSs*"

NA

NA

e Higher mutational and neoantigen burden

e Mutation associated neoantigen specific TCR increase in
peripheral blood

e Responses in PD-L1-negative tumors

NA

e PDL1, CD8, CD8/PD1 and CD4 in baseline biopsies
e Serum secreted cytokines

e Tumor mutational burden

Immune cell infiltration

Increased PD-L1 and PD-L2

NA

Significant decrease in circulating MDSC Lin1-/HLA-DR-/

NA

NA

NA

NA

NA

IL-17 at baseline (p = 0.02)

correlated with the
incidence of grade 3
diarrhea/colitis

NA

NA

NA

NA

NA

NA

NA

NA

NA

(continued on next page)
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Name of the trial or
first author

Immune monitoring

Biomarkers of response

Biomarkers of toxicity

Significantly higher expression of V-domain Ig-
containing Suppressor of T-cell Activation (VISTA) on
CD4 (0.0%-4%), CD8 (0.0-7.0%) and CD68 macro-
phages (7-31%)

Significant changes in the expression of a total of 690
genes (increased PD-L1 and VISTA expression)
Significantly greater proportion of CD68+ macrophages
with PD-L1 and VISTA expression in post-treatment
prostate tumors in comparison to historical melanomas
increase in the frequency of PD-L1+ and VISTA +
macrophages with expression of CD163 and ARG,
suggesting an M2-like phenotype and function

ICOS expression in peripheral blood and tumor CD4 T
cells is increased

IFNy-Producing CD4-+ICOShi Effector T Cells That
Recognize the Tumor Antigen NY-ESO-1 in the Periph-
eral Blood of Anti-CTLA-4 Treated Patients

FOXP3 Expression Is Lower in CD4 T Cells in Tumor
Tissues

IFNy Expression Is Increased in Tumor Tissues

The Ratio of CD4-+ICOShi Effector to CD4+FOXP3+
Regulatory T Cells Is Increased

Higher frequency of CD4-+ICOShi T cells and IFN-y
mRNA levels in nonmalignant prostate tissues and
incidental prostate tumor tissues removed at the time of
radical cystoprostatectomy

NA

Carthon BC (Carthon
et al., 2010)

PURE-01 (Necchi
et al., 2018)

ABACUS (Powles
et al., 2019)

e 5 patients changed from an excluded to an inflamed
phenotype and 4 patients changed from an inflamed to
an excluded phenotype.

Grootscholten C (
Grootscholten et al.,
2018)

NCT02210117 (Gao
et al., 2018)

T-cell infiltration, particularly CD8 + T-cells

NA

Neo-nivo (Cloughesy
et al., 2019)

Upregulation of T cell- and interferon-y-related gene
expression

Downregulation of cell-cycle-related gene expression
within the tumor

Focal induction of programmed death-ligand 1 in the
tumor microenvironment

Enhanced clonal expansion of T cells

Decreased PD-1 expression on peripheral blood T cells
Decreasing monocytic population

Post-treatment IFNy gene signatures

Increased frequency of CD4+ICOShi T cells, sustained NA

over a period of 12 weeks of therapy

PD-L1 CPS > 10 %: pTO after RC in 54.3 % of patients with ~ NA
PD-L1 CPS > 10 % (n = 35), vs 13.3 % in those with CPS <
10 % (n = 15).

Tumor mutation burden (TMB) - cutoff at 15 mutations/
Mb.

High presence of intraepithelial CD8+ cells (pCR rate of
40 % (95 % CI: 26-57 %) compared to a rate of 20 % (95
% CI:9-35 %) with absence of CD8 (P < 0.05)

A predefined eight-gene cytotoxic T cell transcriptional
signature (tGE8) (P < 0.01)

Expression of dually stained cells for CD8 and GZMB (14
out of 16 patients, 87 % in responding patients versus 3
out of 10 in non responding patients, 30 %; P < 0.05)
Low FAP (Fibroblast Activation Protein) expression (P <
0.01)

NA

NA

Deficiency in the mismatch repair system

Tumor infiltrating CD8 T cells correlate with clinical NA
responses to nivo or nivo + bev, but not to nivo + ipi
Tumor IFN pathway gene expression

B cells within TLSs*"

PD-L1 status, tumor mutation or mutation burden,
neoantigens did not correlate with response
Standardized baseline peripheral T cell receptor clonality
(hazard ratio of 1.48 for each standard deviation increase
of 1, P =0.12).

Cell-cycle-related gene set variation analysis enrichment
score (R2 = 0.57).

NA

collected for translational research. These trials have the potential to
reveal pharmacodynamics effect of a therapeutic compound and to
assess predictive biomarkers of efficacy or resistance. These trials could
therefore be more efficient than neoadjuvant studies in selecting pa-
tients who might benefit from a given therapy.

6.6. Adjuvant versus neoadjuvant trials

Currently, immunotherapy is being tested in various settings in
cancer and sometimes without a global strategy. For example, in mela-
noma, neoadjuvant IICPB versus neo and adjuvant IICPB reported
similar results suggesting that neoadjuvant may be more efficient than

adjuvant immunotherapy which confirms preclinical data (Rozeman
et al., 2017). However, at present, the study of neoadjuvant immuno-
therapy for melanoma is in the exploratory stage with no mature
research result. On the other hand, adjuvant immunotherapy has
already been associated with improved results for nivolumab (Weber
et al,, 2017) and pembrolizumab (Eggermont et al., 2018) and are
approved by the US Food and Drug Administration (FDA) for this indi-
cation. The positive results of these large phase III trials with adjuvant
immunotherapy might be an obstacle for many ongoing neoadjuvant
immnotherapy trials, particularly in earlier stages, as has happened with
neoadjuvant chemotherapy after adjuvant treatment became standard
of care.



O. Le Saux et al.
6.7. Uncertainty about timing of neoadjuvant immunotherapy

Using orthotopic 4T1.2 and E0771 mouse models of spontaneously
metastatic mammary cancer, Liu et al. demonstrated that a short dura-
tion (4-5 days) between first administration of neoadjuvant immuno-
therapy and resection of the primary tumor was necessary for optimal
efficacy, while extending this duration (10 days) abrogated immuno-
therapy efficacy. However, efficacy was also lost if neoadjuvant immu-
notherapy was given too close to surgery (2 days). Interestingly, an
additional 4 adjuvant doses of treatment following a standard 2 doses of
neoadjuvant immunotherapy, did not significantly improve overall
tumor-free survival regardless of the combination treatment (anti-PD-
1+anti-CD137 or anti-CTLA4-+anti-PD-1). Furthermore, biochemical
immune-related adverse events (irAEs) increased in tumor-bearing mice
that received the additional adjuvant immunotherapy suggesting that
shorter doses of neoadjuvant immunotherapy scheduled close to the
time of surgery may optimize effective anti-tumor immunity and reduce
severe irAEs (Liu et al., 2019).

Usually, immunotherapy is either repeatedly given alone or in
combination with chemotherapy. However, contradictory results were
reported in human studies. In breast cancer, interesting results were
reported when immunotherapy (durvalumab) was started before
chemotherapy (Loibl et al., 2019). In non-small-cell lung cancer, Lynch
and colleagues found that phased ipilimumab plus paclitaxel and car-
boplatin improved immune-related PFS and PFS but not concurrent
ipilimumab plus paclitaxel and carboplatin in a phase II study (Lynch
et al., 2012), but the addition of phased ipilimumab to first-line
chemotherapy did not prolong OS compared with chemotherapy alone
in patients with advanced squamous NSCLC in the phase III study
(Govindan et al., 2017). In head and neck squamous cell carcinoma
(HNSCC), neoadjuvant pembrolizumab monotherapy resulted in a high
PCR in two phase II trials (Tarhini et al., 2018; Yang et al., 2018) even
with only one dose of 200 mg (Wise-Draper et al., 2018). Taken
together, these data suggest that the optimal timing administration
(before, concomitant or after chemotherapy) is not completely under-
stood. Moreover, the efficacy of immunotherapy could be prolonged and
only one exposure could be sufficient.

7. Conclusion and implications for future management of
cancers

Immunotherapy has been a revolution in cancer management with
long-term survivors in the metastatic setting in diseases such as mela-
nomas, for which prognosis was poor a few years ago. This has led to a
prompt evaluation of such therapies in earlier stages of cancer with the
objective to cure patients. This article discussed the still limited amount
of data finding the rationale to assess such therapy in this setting and
reviewed the preclinical and clinical data available.

Overall, neoadjuvant immunotherapy is a promising approach for
the treatment of cancers and the rationale supporting its use is strong.
However, durable responses were reported only in a minority of pa-
tients. In order to understand why immune therapies work or fail, and
how they can be improved to reach their hoped-for potential as a
broadly transformative treatment for cancer, the best way is to assess
those drugs in the neoadjuvant setting where we have access to samples
pre-and post-treatment. T-cell-Inflamed tumors usually respond well to
IICPB. In this regard, inflamed tumors are an appropriate model for
IICPB monotherapy in the neoadjuvant setting in order to increase OS
(Chen and Mellman, 2017). For immune desert or excluded tumors, the
neoadjuvant setting is a good option to test new combinations (Chen and
Mellman, 2013) (with chemotherapy, with radiotherapy, with targeted
therapies,...) or novel immuno-oncology drugs (Chen and Mellman,
2017). In addition to anti-PD-1, anti-PD-L1 and anti-CTLA-4, novel
immunologic therapeutic approaches being developed in the neo-
adjuvant setting that could be of interest in immune desert and excluded
tumors are represented by toll-like receptor 8 agonist (ClinicalTrials.gov
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Identifier: NCT02124850), and oncolytic viruses for example (Clin-
icalTrials.gov Identifier: NCT03259425). Moreover, bispecific anti-
bodies, cancer vaccines and adoptive T-cell therapy are emerging
therapies in immune-oncology that could be relevant in the neoadjuvant
setting. In this context, cancer vaccine sipuleucel-T was evaluated in
prostate cancer. Forty-two patients with untreated localized prostate
cancer were treated on an open-label phase II study prior to planned
radical prostatectomy (RP) (Fong et al., 2014). However, downstaging
was not observed at the time of RP relative to baseline. The authors
described a greater than three-fold increase in infiltrating CD3(+), CD4
(+) FOXP3(-), and CD8(+) T cells in the radical prostatectomy tissues
compared with the pretreatment biopsy (P < .001). This level of T cell
infiltration was observed at the tumor interface. The majority of infil-
trating T cells were PD-1(+) and Ki-67(+) in favor of activated T cells.

Moreover, the timing of administration of immunotherapy is not well
understood. Whether, IICPB present persistent immunomodulatory ef-
fects or prolonged exposure is necessary is unknown. Unlike vaccines,
IICPBs are passively administered antibodies with uncertainty and
variability in their ability to engage the adaptive immune system. It is
unknown whether ongoing therapy is truly superior to limited treatment
of a defined duration or to the use of a maintenance regimen with less
frequent administration. Finally whether we need to administer neo-
adjuvant immunotherapy or adjuvant immunotherapy or both and how
to combine immunotherapy with other therapies either concurrently or
sequentially are not known. To this day, we do not know the best way to
combine IICPB, a challenge for future clinical trials, indeed.
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ABSTRACT

IgD multiple myeloma (MM) is a rare subtype of myeloma, it affects less than 2% of patients with MM. To
evaluate the clinical and prognostic attributes of serum free light chains (sFLCs) analysis, we examined
17 cases of IgD MM. From 1998 to 2012, we obtained 1250 monoclonal gammapathies including 590 multiple
myeloma and 17 patients had IgD MM. With preponderance of men patients with a mean age at diagnosis of:
59 + 12 years. Patients with IgD MM have a short survival (Median survival = 9 months). The presenting features
included: bone pain (75%), lymphadenopathy (16%), hepatomegaly (25%), splenomegaly (8%), associated AL
amyloidosis (6%), renal impairment function (82%), infections (47%), hypercalcemia (37%) and anemia (93%). Serum
electrophoresis showed a subtle M-spike (Mean = 13.22 + 10 g/L) in all patients associated to a hypogamma-
globulinemia. There was an over-representation of Lambda light chain (65%); high serum 32-microglobulinin 91%
and Bence Jones proteinuria was identified in 71%. The median rate of SFLCs k was 19.05 mg/L and 296.75 mg/L for
SFLCs \. sFLCR was abnormal in 93% of patients and it showed concordance between baseline sFLCR and the survival
(P=0.034). The contribution of FLC assay is crucial for the prognosis of patients with IgD MM.

© 2015 Elsevier Masson SAS. All rights reserved.

RESUME

Le myélome a IgD est une entité rare du myélome multiple (MM), il représente moins de 2 % des cas de MM.
L’objectif de cette étude est d’évaluer I'intérét diagnostique et pronostique du dosage des chaines légéres
libres sériques (CLL) dans MM a IgD. Sur une période de 14 ans (1998 a 2012), nous avons recruté 590 MM
(sur 1250 gammapathies monoclonales) dont 17 (2,88 %) MM a IgD. Dans notre série MM a IgD, on note une
prédominance masculine, un dge moyen au moment du diagnostic de 59 + 12 ans et une espérance de vie
réduite (médiane de survie = 9 mois). Les caractéristiques cliniques a I'inclusion sont : douleurs osseuses (75 %),
adénopathies (16 %), hépatomégalie (25 %), splénomégalie (8 %), amylose AL (6 %), insuffisance rénale (82 %),
infections (47 %), hypercalcémie (37 %) et anémie (93 %). L'électrophorése sérique a montré un composant
monoclonal chez tous les patients associées a une Hypogammaglobulinémie (Concentration moyen-
ne =13,22 + 10 g/L). Par ailleurs, on note une prédominance des chaines légéres lambda (65 %) ; un taux
sérique élevé de la 32-microglobuline dans 91 % des cas et la protéine de Bence Jones a été identifiée dans 71 %
des cas. Le taux sérique médian de CLL k était de 19,05 mg/L et de 296,75 mg/L pour CLL \. Le rapport rCLL était
anormal chez 93 % des patients avec une corrélation de ce rapport avec la survie (p = 0,034). Le dosage des
chaines légeres libres (CLL) représente un bon marqueur pronostic des patients atteints de MM IgD.

© 2015 Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Multiple myeloma (MM) is a hematologic malignancy charac-
terized by monoclonal proliferation of plasma cells. It accounts for
approximately 10% of all hematologic cancers [1,2]. There are MM
with all isotypes of heavy chains and all types of light chains as well
as non-secreting MM.

IgD multiple myeloma represents less than 2% of all myelomas
[3-5]. It affects relatively a young population and is characterized
by their poor prognosis, small peaks or their absence on
electrophoresis, the predominance of lambda light chain and a
frequent occurrence of renal failure [3,6]. Hypercalcemia and
association with AL amyloidosis are more encountered in IgD MM
than in other myelomas [7]. Due to the rarity of this disease, few
articles are found in the literature.

Free light chains (FLC) are present in the serum and the urine of
many patients with B-cell proliferative disorders including MM.
Sensitive, automated immunoassays, which specifically measure
FLC in serum, have become recently available [8,9]. The importance
of the serum free light chains ratio (SFLCR) has been widely proven
in: diagnosis of light chain multiple myeloma and non-secreting
MM, monitoring of light chain MM, non-secreting MM and MM
with whole Ig including IgD MM and as an independent prognostic
factor in monoclonal gammapathy of undetermined significance
(MGUS), smoldering myeloma and symptomatic MM [10].

The aim of our study is the presentation of clinical and
biological characteristics of 17 cases of IgD multiple myeloma and
the determination of the prognostic value of the serum free light
chain assay.

2. Patients and methods

During 14 years of activity at the Immunochemistry Unit at the central
laboratory of the Teaching Hospital Beni Messous, Algiers, Algeria, we diagnosed
1250 monoclonal gammapathies including 590 multiple myelomas. Seventeen
patients out of these cases had IgD MM. These patients, newly diagnosed
myelomatosis, were mainly from clinical divisions of our hospital: hematology (8/
17), nephrology (6/17), rheumatology (1/17), internal medicine (1/17) and a last
one from a private laboratory.

The serum analysis was performed on non-hemolyzed serum samples stored at
4°, For each serum, we made total protein assay by colorimetric method. Urinalysis
was performed on urine collected for 24 hours. Diuresis and proteinuria were
performed with colorometric method using red of pyrogalol.

As recommended by a consensus conference [11], monoclonal gammapathies
were detected by a joint analysis of serum and urine electrophoresis and the
monoclonal component was identified by an immunoprecipitation technique. In
most cases, sera and concentrated urines were tested by electrophoresis and
immunofixation on agarose gel “Hydrasys” (Sebia) or “SAS3” (Helena) or capillary
electrophoresis on “Capillarys” (Sebia). Antisera against IgG, IgA, IgM, IgD, IgE,
Kappa and lambda were employing to type the monoclonal peak.sFLC measurement
was performed by using a nephelometric technique on “IMMAGE-Beckman
coulter”. Reagents “Freelite” (The Binding Site), which are antibodies specifically
recognizing free light chains, were used. The latter set the constant domain at their
epitopes normally masked when combined with the heavy chain immunoglobulin.
To reduce the risk of non-detection of antigen excess, all samples whose
concentrations were found near the upper limit of detection at a given dilution
were manually diluted and reanalyzed.

Normal range of sFLC are those proposed by the manufacturer obtained from
Katzmann et al. [12] work which are for sFLCk = 3.3 to 19.4 mg/L, for SFLC\ = 5.7 to
26.3 mg/Land the ratio sFLC k/\ = 0.26 to 1.65 (Renal reference range sFLCR = 0.3 to
3.3) [13].

Serum free light chain analysis has prognostic significance. In 2008, Snozek et al.
[14] incorporated abnormal sFLC in the International Staging System (ISS) risk
factors to create a risk stratification model. On the basis of the distribution of values,
a cutpoint k/\ FLC ratio of < 0.03 or > 32 was selected for further analysis. The
same cut off was applied to our study.

For the statistical analysis, calculations were performed using SPSS 17.0. Survival
was defined as the time from initial diagnosis to the death or last follow-up (For
patients who were lost to follow-up) and was estimated according to the Kaplan-
Meier method; survival curves were compared using the log-rank test. The
prognostic ability of potential risk factors was evaluated in univariate model using
Cox proportional hazards regression analysis. All statistical tests were two-sided,
and P-values of less than 0.05 were considered to be significant.

3. Results

Patients characteristics: in this retrospective study, we report a
series of 17 cases of IgD multiple myeloma. Some clinical and
biological data on several cases were not recorded. Our series
consisted of 12 men (70%) and 5 women (30%) aged from 24 to
89 years (Mean, 59 years; median, 60 years) at diagnosis. Two
patients had an age lower than 40 years.

Clinical and biological characteristics of our patients are
summarized in Tables 1 and 2.

For the 8 on 14 patients with a renal failure, the renal symptom
allows the discovery of the disease.

All patients had confirmed plasmacytosis but we were not able
to obtain the percentage and the morphology of plasma cells for
5 patients. Plasma cells were dysmorphic in 9 patients (75%); one
of them had 5% plasma cells at diagnosis.

Seven patients had a thrombocytopenia and one patient had
pancytopenia (8%).

For many patients, the duration of the disease was difficult to
establish since no detailed information had been provided.
However, 12 of 17 patients died (2 patients were lost to follow-
up) and 3 patients are still alive. The median duration of survival in
our series was 9 months. The proportion of patients alive at 1 year
and 2 years after diagnosis was 33% and 12%, respectively. There
were no statistically significant differences in mean survival
between patients with \ et k light chain (P = 0.39).

According to Durie and Salmon staging [15] all patients were in
stage III; 3 patients in IIIA and 14 patients in IIIB. On 14 patients,
13 patients (93%) had an sFLCR disrupted with the most disturbed
one for k light chain is 2400 and for A light chain is 0.00097. The
patient with a normal ratio has normal serum free light chains
concentrations. The median rate of sFLCs k was 19.05 mg/L and
296.75 mg/L for sFLCs A.

Overall survival was significantly inferior in patients with an
SFLCR < 0.03 or > 32 (n=9) compared to those with an sFLCR

Table 1
Comparison of patient characteristics at diagnostic of our series with Jancelewicz
et al. and Bladé et al. studies.

Our study Jancelewicz Bladé
et al. [6] et al. [3]
Number of patients 17 133 53
Men/Women 24:1 3:1 1.65: 1
Median age [interval] 60 [24; 89] 56 [28; 86] 60 [19; 86]
(years)
Bone pain 12/16 (75%) 64/89 (72%) 38/53 (72%)

Hepatomegaly
Splenomegaly
Lymphadenopathy 2/12 (16.67%)

Renal failure 14/17 (82%) -
Infections (Pulmonary) 8/17 (47%) -

3/12 (25%)
1/12 (8%)

36/64 (55%) 7/53 (13%)
3/53 (6%)
5/53 (9%)
18/53 (33%)
2/53 (4%)

AL amyloidosis 1/17 (6%) 44% 19/53 (27%)
(Atteinte cardiaque)
Plasma cell leukemia

3/17 (17.6%) - 12%
Bone lesions 8/10 (80%) - -
(Radiographs)
Plasmatocysis 45% of
patients > 40%

38/44 (84%) 33/53 (63%)

9/12 (75%) -

Anemia (<12g/dL) 15/16 (94%)

Hb (Mean, interval) 8 [5.2-14] - -
Hypercalcemia 6/16 (37%) 30% 11/53 (22%)
Calcemia 105 [77-165]

ISS* Stade I : 1/13 (7 %)

Stade 11 : 1/13 (7 %)

Stade II1 : 11/13 (84 %)
Accelerated ESR 11/11 (100%) - -
Survival (months) 9 9 21

ISS: International staging system; ESR: Erythrocyte Sedimentation Rate.
2 1SS including 32m and albumin. Available in only 13 patients.
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Table 2
Comparison of Immunochemical data in our study with Jancelewicz et al. and Bladé
et al. studies.

Our study Jancelewicz et al. [6] Bladé et al. [3]

Total serum protein (g/L)
Median 68 74 67
Interval [43-94] [46; 103] [83; 89]

Monoclonal component (g/L)
Median 9.42 17 10
Interval [4-43] [3; 43] [5; 30]

Number of peaks

1 peak 13/17 (77%)74/97 (76%) 26/47 (55%)

2 or 3 peaks 4/17 (23%) 11/97 (11%) 247 (4%)

0 peak 0/17 (0%) 12/97 (12%) 19/47 (40%)
Position of the peak

Alpha2 1/20 (5%) 69% (59/85) -

Beta 3/20 (15%) 29% (25/85)
Gamma 16/20 (80%)1% (1/85)

Type of light chain

Kappa 6/17 (35%) 13/128 (10%) 20/53 (38%)

Lambda 11/17 (65%)115/128 (90%) 33/53 (60%)
Hypogammaglobulinemia 100% - 84%
BJP 12/17 (71%)29/41 (71%) 51/53 (96%)
B2m

Median 45 - 3.9

Interval [1.6-87] - [1.5-35]
FLCs assay

FLCk mg/L 19.05 - -

FLCN mg/L 297 - -

Disturbed FLCR (0.26-1.65) 12/14 (86%)— -

BJP: Bence Jones Protein; 32m: 32 microglobulin; FLC assay: free light chains assay;
FLCR: free light chains ratio.

between 0.03 and 32 (n=5), with median survival of 3 months
versus 12 months, respectively (P = 0.03) (Fig. 1).

4. Discussion

Among 590 MM diagnosed in our laboratory, 17 patients had
IgD MM (2.9%). These results correspond well with those reported
in the literature [3-6]. Due to the rarity of IgD myeloma, all series
known in the literature report a small number of patients except
Jancelewicz et al. study [6], which is the largest review of IgD MM
cases, reported.
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Fig. 1. Overall survival based on disturbed FLCR (FLCR < 0.03 or FLCR > 32) and
normal FLCR (0.03 < FLCR < 32). Kaplan-Meier analysis of survival in patients with
disturbed FLCR (n=9) and normal FLCR (n=5) shows a significant difference (P-
value = 0.03).

Many authors consider IgD multiple myeloma as a variant of
multiple myeloma, but with more aggressive clinical subjects,
younger age at diagnosis, higher frequency of extramedullary
manifestations, association with AL amyloidosis and renal failure
and a poor prognosis. However, according to Fahey et al. [5], the
clinical and median survival of IgD MM is not very different from
MM of other isotypes.

The median age at diagnosis is 60 years and average age is 59,
this result was similar in different studies [3,6,16]. These
average ages are lower than those found in patients with IgG
multiple myeloma (62 years) and IgA (64 years) but are
comparable to light chain multiple myeloma (56 years) [Mayo
Clinic series].

The clinical and biological characteristics of our patients are
similar to other studies (Tables 1 and 2). However, it seems that IgD
MM is more aggressive than MM with other isotypes when
compared to Mayo Clinic series.

The majority of patients complained of fatigue, weight loss and
pallor. But the most encountered symptom is bone pain (75%)
approaching the results of many authors [16,17].

In 1970, the first case of IgD myeloma associated with AL
amyloidosis was reported [18]. In our series, one patient had a
cardiac AL amyloidosis (6%). According to Gertz et al. [7], 1.3%
of patients with AL amyloidosis had IgD multiple myeloma,
most of them were cardiac type (45%). Concerning the Mayo
Clinic series, while AL amyloidosis is found in 5% of IgG
myeloma, 2% of IgA myeloma and 13% of myeloma with light
chains, there are found in 19% of IgD myeloma [3]. The low
proportion found in our series could be explained by the
difficulties encountered for the diagnosis of AL amyloidosis in
our country.

Eighty-two percent of patients were suffering from renal failure
with high blood urea and creatinine in 69% of cases. Our results are
superior to those of Bladé et al. [3] and Ashutosh et al. [17]. It’s
probably due to the delay in diagnosis.

In all, 17.6% of myelomas have a high rate of plasma cells
circulating in the blood. Shimamoto et al. [19] found plasma cells
circulating in the blood in 14% of cases, however, according to
Pruzanski and Rother [20], only 2 patients among 50 patients (4%)
had developed a plasma cell leukemia.

On serum protein electrophoresis, all our patients had
monoclonal components and 4 out of them had two peaks
(23%). The study of LeQuellec et al. [21] revealed that there were
monoclonal peaks in 81% of cases. The predominance of lambda
light chains that we found has been confirmed by several studies
[3,6,19,22]. This could be explained by preferential rearrange-
ments of genes of heavy chains 8 with light chains \.

The concentrations of monoclonal peaks (Median = 9.42) are
lower than those found in IgG (median: 35 g/L) and IgA (median:
32 g/L) multiple myeloma. This is probably due to the small
amount of physiological IgD.

The search of Bence Jones proteinuria (BJP) revealed 71% of
positivity. According to the literature, BJP is almost constant in IgD
MM [3,21]. In IgG multiple myeloma, the BJP is only present in 35%
of cases and 20% in IgA MM [23] (Table 2).

Sixty seven percent of patients died in less than 1 year from the
diagnosis with a median of 9 months (Poor prognosis). However, in
most studies, the median duration of survival ranges is from 12 to
17 months [3]. Bladé et al. [3] and Kuliszkiewicz-Janus et al. [24]
reported a better overall survival (21 months and 36 months,
respectively). Thus, the survival of our patients is definitively
shorter than patients with IgG (49 months), IgA (40 months) and
light chain (35 months) MM [25]. This short duration is probably
due to its later recognition because of the small M-spike.
Establishing the diagnosis of IgD MM is also difficult because
of the variety of non-specific initial symptoms. It is important
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to know that neurological, renal, cardiac and rheumatologic
symptoms can be observed in IgD MM patients because of the
high frequency of amyloidosis and renal failure.

Complete remission was achieved in one case after autologous
stem cells transplant (ASCT). In one study of 11 patients with MM
after ASCT, 2 had a complete remission and 9 had a good response,
with a mean overall survival of 5 years [26].

There is no statistically significant difference in survival
between patients with A and k light chains (P=0.39, median,
6 months vs. 17 months). Bladé et al. [3] confirmed our results
(P=.99, median, 20 vs. 29). Also, there is a lack of correlation
between the concentrations of 32 microglobulin and the overall
survival (P=0.078).

Serum free light chains assay (sSFLCs) were made in
14 patients. In our series, 93% of patients (13/14) had higher
levels of the sFLC with a disturbed sFLCR. One patient had a
normal rate of sFLCs with normal sFLCR (= 0.979) at diagnosis,
which was maintained for 15 months. The median rate of sFLC k
was 19.05 mg/L and 296.75 mg/L for FLCs N. These concen-
trations are much higher than those obtained by Kyrtsonis et al.
[27] on 94 MM (67% 1gG, 18% IgA, 13% light chains and 2% IgD)
were 3.57 mg/L for sFLCs k and 45.09 mg/L for \ sFLCs. According
to the study of Mead et al. [28], the sFLC concentrations in intact
immunoglobulin MM patients producing monoclonal IgG and
IgA were similar while patients with IgD MM had considerably
higher FLC concentrations which is comparable to those seen in
light chain MM [29].

Several studies have shown that baseline sFLC has a prognostic
value for survival in patients with newly diagnosed active
myeloma [13,27,30]. Kyrtsonis et al. [27] and Snozek et al. [13]
have indicated that sFLCR is independent from sAlbumin and
s32m when incorporated into the ISS. According to Snozek et al.
[13] abnormal sFLCR (sFLCR > 32 or < 0.03) was introduced in the
ISS as a prognostic factor of MM as well as low sAlbumin (< 35 g/L)
and high sf2m (> 3.5 mg/L). Patients with 0, 1, 2 or 3 adverse risk
factor had significantly different overall survival with median
survival times of 51, 39, 30 and 22 months, respectively
(P<0.001). Our series have shown that baseline
SFLCR < 0.03 or > 32 had inferior overall survival compared to
those with an sFLCR between 0.03-32 with a median survival of
3 months versus 12 months respectively (P = 0.034). Snozek et al.
[13] obtained a significant difference in overall survival between
patients who had baseline sFLCR < 0.03 or > 32 and those whose
baseline SsFLCR was between 0.03-32 (39 months versus
30 months). We noticed that none of our patients has an overall
survival corresponding to the different stages of the current ISS
with a lower survival for each of them.

Also, one patient with IgD MM associated with cardiac AL
amyloidosis had a lower survival (6 months) even if he had only
1 risk factor. However, according to Gertz et al. [7], there is no
significant difference between the survival of patients with IgD
multiple myeloma and those with IgD multiple myeloma
associated with AL amyloidosis.

5. Conclusion

In summary, [gD MM have a very aggressive course with poor
prognosis compared to other subtypes of MM. The clinical features
and prognosis of these patients differ from those that characterize
patients with other immunoglobulin MM subtypes.

Despite the small number of patients with IgD MM in our series,
we can conclude that sFLC assay is an essential test for clinicians
dealing with active myeloma concerning the assessment of
prognosis at the diagnosis.

However, IgD MM is a separate entity with specific features, this
is why, it would be interesting if a multi-center study can assess

median survival times of this recent ISS for patients with IgD MM
and IgD MM associated with AL amyloidosis.
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