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Abstract

The origin of the bacillus Calmette-Guérin (BCG), trace back to the determined and
perseverant work of Albert Calmette and Camille Guérin, who developed an attenuated
form of live Mycobacterium Bovis after 13 years of culture and 231 passages. BCG is still
today the only available vaccine against tuberculosis and one of the most successful cancer
immunotherapy as a standard treatment for high-risk non muscle-invasive bladder cancers
(NMIBC). High-risk NMIBC, which include carcinoma in situ, high-grade Ta and T1, are
potentially lethal diseases that frequently relapse after standard BCG immunotherapy.
Although BCG induces potent immune responses after intravesical instillations, mechanisms
of tumor resistance remain elusive.

To address this, we developed an ex vivo BCG stimulation assay, using fresh human bladder
tumors. We demonstrated that a subset of cancer cells acquire HLA-class | downregulation
and mesenchymal properties following co-incubation with BCG. In vitro data confirmed that
BCG intracellular infection induced immune evasion and epithelial-to-mesenchymal
transition in a subset of cancer cells. In situ analyses in a clinical cohort of patients with BCG-
resistant tumors support our preclinical finding. HLA-class | deficiency acquired by a subset
of cancer cells after BCG immunotherapy, led to a myeloid suppressive microenvironment.
HLA-I deficient tumors displayed intrinsic characteristics that promoted local invasion and
metastatic disease. Taken together, these data emphasize that live attenuated BCG may
directly induce immune evasion by infecting a subset of cancer cells and further promote

tumor resistance and metastasis.
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Chapter I. General Introduction

A brief history of BCG

In December 2018 at the Pasteur Institute of Lille, an international scientific symposium celebrated
the 110" anniversary of the first sub-culture of the « lait de Nocard », the Mycobacterium bovis strain

that eventually led to the Bacillus Calmette - Guérin (BCG).

In 1908, Albert Calmette, a bacteriologist, and Camille Guérin, a veterinarian at the Pasteur
Institute of Lille, started what would become a lifelong quest to develop a vaccine against
Tuberculosis (TB) (Calmette, 1927). They cultured and serially passaged a Mycobacterium
bovis (M. bovis) virulent strain highly related to the human pathogen Mycobacterium
tuberculosis, isolated from cow’s milk. Thirteen years and 231 passages later, the two
researchers were able to show that the strain was protective in animal models and no longer
caused disease(Norazmi Mohd Nor, Acosta and Sarmiento, no date). The virulence was lost
and the M. bovis strain became what is today referred as Bacille de Calmette et Guérin (BCG).
Indeed, when Calmette and Guérin grew the progenitor M. bovis strain on glycerinated
potato slices, they unknowingly imposed selective pressure for genetic alterations to this
natural mutant for glycerol metabolism, so that glycerol could be used as a carbon and
energy source (Behr et al., 1999; Fine et al., 1999; Gordon et al., 1999; Mostowy et al., 2003;
Belley et al., 2004). Tested for the first time in humans in 1921, BCG is considered to be the
world’s most widely used vaccine and still today the only vaccine available against TB-
although its ability to prevent active tuberculosis in studies has been inconsistent (Behr et al.,
2002) . Once safety had been confirmed, BCG was disseminated in different laboratories
around the world. Daughter strains were maintained by passaging, until the introduction of
archival seed lots in the 1960s. Since then, it has been recommended that vaccine

preparations undergo no more than 12 passages from each seed lot.



What differentiates BCG from Mycobacterium bovis

Recently, the various daughter strains have been studied by comparative genomics and this

uncovered regions of difference (RD) such as deletions and insertions, plus some SNPs. BCG

vaccines were thus divided into the early strains, represented by BCGs Japan, Birkhaug,

Sweden, and Russia and the late strains, including BCGs Pasteur, Danish, Glaxo, and Prague

(Cole et al., 2005) . The most obvious reason for the attenuation of BCG was the loss of the

protein secretion system ESX-1, absent from all strains, due to deletion of RD1 (Mahairas et

al., 1996; Pym et al., 2002; Hsu et al., 2003; Lewis et al., 2003; Stanley et al., 2003; Guinn et

al.,, 2004) . Comparative genome and transcriptome analysis of M. bovis BCG Pasteur

(passage 1173P2) identified 58 protein-coding genes present in two copies as a result of two

independent tandem duplications, DU1 and DU2. DU1 is restricted to BCG Pasteur, although

four forms of DU2 exist. All these genetic differences affect gene expression levels,

immunogenicity, and, possibly, protection against TB, with early BCG vaccines (DU2 Group 1)

may even be superior to the later ones that are more widely used (Brosch et al., 2007) .
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Fig. 1. Comparative genomics helped to define BCG phylogeny (from Brosch et al., PNAS

2007).



Immune responses against Mycobacteria infection
Understanding the immune responses against mycobacteria infection has been an important
step during my PhD. | summarized below the key points that provided new insights to interpret

my data and setb up my experiments.

Balancing immunity and immune evasion

Mycobacterium tuberculosis is an intracellular pathogen that infects antigen-presenting cells
(APCs) in the lung, including lung macrophages and dendritic cells (DCs), and survives
in phagosomes. Infected APCs migrate to regional lymphoid tissues, where adaptive
immunity develops through antigen presentation to naive T cells. APCs process
M. tuberculosis antigens by intravacuolar proteolysis to produce peptides that bind
to major histocompatibility complex (MHC) class Il molecules, which then translocate to
the cell surface to mediate presentation of M. tuberculosis peptides to CD4+ T cells.
M. tuberculosis peptides are also presented by MHC class | molecules to CD8+ T cells.
Effector and memory T cells migrate back to sites of infection to control M.
tuberculosis growth. Granulomas develop through the secretion of tumor necrosis

factor and other effector cytokines (Harding et al., 2010).

APC

[
Migrate to @
lymphoid tissues

or remain at MHC MHC
infection site class| class Il

Inflammatory cytokines
and chemokines

Fig. 2. Host immune response to M. tuberculosis infection (from Harding et al., Nat Rev

Microbiol 2010).



However, multiple mechanisms contribute to the ability of M. tuberculosis to survive in the
host. In APCs, M. tuberculosis survives in modified phagosomes and uses multiple
mechanisms to evade both innate and adaptive host immunity, including inhibition of
phagosome maturation, resistance to innate microbicidal mechanisms and cytokine-
mediated host defenses, and, inhibition of antigen presentation.

Microorganism
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Fig. 3. Major histocompatibility complex (MHC) class Il synthesis and functions. (CLIP class I
associated li peptide; ER endoplasmic reticulum) (from Harding et al., Nat Rev Microbiol

2010).

Toll-like receptors and pathogen recognition receptors.

M. tuberculosis cell wall is rich in molecules with adjuvant activity that readily induce
immune responses in animal models and in humans. M. tuberculosis ligands, including
lipoproteins and glycolipids, are recognized in APCs by Toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain (NOD) proteins, resulting in the secretion of pro-
inflammatory cytokines and chemokines (Krutzik and Modlin, 2004; Ferwerda et al., 2005;

Coulombe et al., 2009). TLRs are a family of receptors that detect a wide range of microbial
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molecules known as pathogen-associated molecular patterns (PAMPs) to activate innate
immunity and enhance adaptive immunity. Among the TLRs, TLR2, TLR9 and, possibly, TLR4
are responsible for recognizing M. tuberculosis and are therefore largely responsible for the
unique adjuvant activity of M. tuberculosis. Although macrophages and dendritic cells (DCs)
both secrete cytokines and produce antimicrobials (such as reactive oxygen species (ROS)
and reactive oxygen intermediates (ROI) in response to Toll-like receptor (TLR) signaling,
these cell types differ in how their major histocompatibility complex (MHC) class Il antigen
presentation function is regulated by TLR signaling. DCs present antigen in lymph nodes to
activate naive T cells, whereas macrophages present antigens to effector T cells at sites of
infection, which produces inflammatory responses that can damage host tissues if they are

not controlled.

a Dendritic cells
Early TLR response Prolonged TLR stimulus Late TLR response

Stabilization of the microbial
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microbial peptide-MHC
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Fig. 4 The different responses of macrophages and dendritic cells to Toll-like receptor
signaling. CIITA, MHC class Il transactivator; Mtb, Mycobacterium tuberculosis (from Harding

et al., Nat Rev Microbiol 2010).
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This model proposes that macrophages decrease antigen presentation after prolonged TLR
stimulation as a means of homeostatic negative-feedback regulation to limit tissue damage

from excessive activation of effector T cells.

Consequences of TLR signaling

In macrophages, major histocompatibility complex (MHC) class Il expression is induced by
interferon-y (1FNy), which signals through its receptor to activate Janus kinase—signal
transducer and activator of transcription (JAK-STAT) signaling, resulting in STATla
phosphorylation and dimerization. STAT1a dimers translocate into the nucleus and bind to
interferon-y-activated sequence (GAS) sites in promoters, resulting in the induction of genes,
including the gene encoding MHC class Il transactivator (CIITA). CIITA assembles with other
transcription factors to bind to the promoters of MHC class Il genes and other genes related
to antigen processing (for example, the human leukocyte antigen gene HLA-DM), driving
their expression. The resulting MHC class Il molecules participate in antigen processing and
presentation. Most studies suggest that Mycobacterium tuberculosis infection and Toll-like
receptor (TLR) signaling do not interfere with the proximal steps of IFNy signaling that lead
to activation of STAT1a. M. tuberculosis inhibits the induction of a subset of IFNy-induced
molecules, including molecules that contribute to antigen presentation, providing a
mechanism for evasion of immune surveillance (Pai et al., 2004). TLR signaling occurs
through the adaptor molecule myeloid differentiation primary response protein 88 (MYD88)
and downstream signaling pathways that result in the activation of nuclear factor-kB (NF-kB)
and mitogen-activated protein kinases (MAPKs) and the induction of expression of many
genes. CCAATT/ enhancer-binding protein-B (C/EBPB) and C/EBP& are induced by TLR2
signaling and bind to CITA (MHC class Il trans activator) promoters, contributing to the

12



inhibition of CIITA, which results in decreased MHC class Il molecule expression and

inhibition of antigen presentation (Pennini et al., 2007).

TLR IFN MHC
receptor class Il
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Fig. 5. Inhibition of major histocompatibility complex class Il by Mycobacterium tuberculosis
through Toll-like receptor signalling. li, invariant chain; IRAK, interleukin-1 receptor-
associated kinase; TRAF6, tumour necrosis factor receptor-associated factor 6. (from Harding

et al., Nat Rev Microbiol 2010).

The infected APC as a niche for immune evasion

Despite the proposal that TLR stimulation increases DC antigen presentation, mycobacterial
infection might interfere with MHC class Il antigen processing and the presentation of M.
tuberculosis antigens by DCs. Some in vitro studies indicate that infection of DCs with M.
bovis BCG ultimately leads to loss of MHC class Il molecules on DCs, as observed in
macrophages, making DCs another possible niche for immune evasion by mycobacteria(Jiao
et al., 2002). The ability of M. tuberculosis to inhibit MHC class Il antigen presentation

through prolonged stimulation of TLR2, thereby directly inhibiting its recognition by CD4+ T
13



cells, is an additional means of immune evasion. This mechanism takes advantage of a
natural regulatory mechanism of macrophages to decrease MHC class Il molecule expression
and antigen presentation in order to down-modulate the excessive inflammation that would
be induced by prolonged stimulation of the innate immune system.

This mechanism could be especially relevant during the chronic phase of infection, when few
organisms are present and immune surveillance is focused on macrophages. In this way, M.
tuberculosis is able to turn a liability (namely, a cell wall that is rich in TLR agonists) into a
survival mechanism that relies on inhibition of macrophage-mediated presentation of M.

tuberculosis antigens and induction of effector T cell responses.

IFNy, a critical mediator of host defense against M. tuberculosis.

The interactions between M. tuberculosis and innate and adaptive immune cells result in the
secretion of chemokines and cytokines, of which IFNy and tumor necrosis factor (TNF) are
particularly important in TB. IFNy has a key role in humans, as defects in the genes encoding
IFNy or the IFNy receptor predispose the host to serious mycobacterial infections (Ottenhoff,
Kumararatne and Casanova, 1998). Among its many effects, IFNy has an important role in
activating macrophages and enhancing their expression of MHC class || molecules, resulting
in enhanced antigen presentation to T cells (as presented above). IFN-y activates
macrophage to produce TNF-a and other protective cytokines, promoting intracellular killing
of the pathogen through the production of reactive oxygen and nitrogen species (Flynn et al.,
2001; North et al., 2004; Cooper, 2009; O’Garra et al., 2013). IFNy also induces molecules
that contribute to innate antimicrobial mechanisms such as inducible nitric oxide synthase

(NOS2) (Cooper et al., 1993; Dalton et al., 1993; Flynn et al., 1993; Kaufmann, 2010).

14
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Fig. 6. The pathologic and cellular basis of the host immune response in TB (from Kaufman et

al. Immunity 2010).

Antigen-specific CD4 + T cells have long been regarded as the main producer of IFNy in TB
and CD4+ T cell immunity is the main target of current TB vaccine candidates (Kupz et al.,
2016). However, unconventional T cells, y& T cells, mucosal-associated invariant T (MAIT)
cells, invariant NK T (iNKT) cells, and CD1-restricted T cells, also participate in a protective
immune response against M. tuberculosis, and have a broad range of effector functions
including cytotoxicity activity and IFNy secretion (Kaufmann et al., 2015). More recently,
noncognate source of IFN-y production by M. tuberculosis antigen—independent memory
CD8+ T cells and NK cells (IL18 dependant) have been related to protective immunity during

M. tuberculosis infection in a mice model (Kupz et al., 2016). Indeed, we do not exactly know
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which types of T cells are needed for containment of M. tuberculosis: Teff, because “trench
warfare” takes place, or memory T cells, because long-term immunity is required. Among
Teff, do we need CD4+ Th1l cells, CD4+ Th17 cells, CD8+ CTL, or all of them, with additional
help from unconventional CD1-restricted T cells and y6 T cells? Among memory T cells, do
we need Tem cells, which are active at the site of M. tuberculosis containment, i.e., solid
granulomas in the lung, or Tcm cells, residing in draining lymph nodes that constantly
generate Teff cell progeny (Brigl et al., 2004; Scotet et al., 2008; Cooper, 2009; O’Shea et al.,

2010)?

Type | IFN: foe and occasionally friend

In contrast to the now well-established protective function of IFNy, the pathogenic role of
type | IFN in tuberculosis has only recently been appreciated. Blood transcriptomic profiling
has provided an unbiased analysis and comprehensive overview of the host factors that are
perturbed after infection and during active TB in humans. Patients with active tuberculosis
have a blood transcriptional gene signature dominated by type | IFN-related genes that is
correlated with disease severity and is down-regulated following successful treatment
(Singhania et al., 2018). Overexpression of IFN response genes, including STAT1, IFITs, GBPs,
MX1, OAS1, IRF1, and other genes, were also detected early in tuberculosis contacts who
progressed to active disease (Zak et al., 2016; Scriba et al., 2017; Esmail et al., 2018),
suggesting that peripheral activation of the type | IFN response precedes the onset of active
disease and clinical manifestations of tuberculosis. Studies performed in patients and mouse
models of infection collectively point to a harmful role of high and sustained type | IFN in
tuberculosis.

However, the mechanisms by which type | IFN signaling exacerbates M. tuberculosis

infection are not yet fully understood (Mayer-Barber and Sher, 2015; McNab et al., 2015;
16



Donovan et al., 2017; Sabir et al., 2017). Several mechanisms underlying the pathogenic role
of type I IFN in tuberculosis have been described, including induction of IL-10 and negative
regulation of the IL-12/IFN-y and IL-1B/PGE2 host-protective responses. However, there is
also evidence that type | IFN may play a friendly role in certain contexts, highlighting the

complex role of type | IFN in tuberculosis (Fig. 7 & 8).
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Fig. 7. Alternative pathways of type | IFN induction during M. tuberculosis infection (from
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Trained innate immunity: off-target effect of BCG?

There is no doubt that BCG vaccine is immunogenic as clear-cut T-cell immune responses are
induced by BCG vaccination in humans. However, the direct evidence of protective T cells in
current human vaccines is minimal (Divangahi et al., 2018). This affirmation is consistent
with the clinical observation that in BCG trials there was no correlation between the
proportion of subjects who converted their TST and subsequent protection against TB
(Comstock et al., 1996; Mittrlicker et al., 2007; Kagina et al., 2010). The concept of innate
immune memory, also termed trained innate immunity, has been developed in plants and
invertebrates (who lack T and B cells) and more recently in humans. Innate immune cells,
like monocytes/macrophages, may develop a fast and robust immune response on
secondary infection by the same organism or even an unrelated pathogen(Netea et al.,
2016). Impressively, this immune memory can be transmitted to the next generation. This
innate immune memory is considered independent of adaptive immunity and mainly driven
epigenetically at the level of histone and chromatin modifications that influence gene
expression (Tribouley, Tribouley-Duret et al., 1978; Kleinnijenhuis et al., 2012; Saeed et al.,
2014). The concept of trained immunity in vertebrates is supported by BCG immunization of
T-cell-deficient mice (e.g., athymic or nude mice) that led to protection against secondary
infection with Candida albicans or Schistosoma mansoni, with this protection dependent on
macrophages (Tribouley et al., 1978; Bistoni et al., 1986; van 't Wout, Poell et al., 1992).
Very recently, Kaufmann and colleagues have also shown that BCG reprogramming of
hematopoietic stem cells (HSCs) in murine model of TB generates enhanced protection via
trained monocytes/macrophages (Kaufmann et al., 2018). This study and others support the
paradigm of BCG-induced HSC-mediated protection and push scientists beyond the dogma
of M. tuberculosis antigen—specific T-cell-mediated immunity in TB vaccines. Trained

immunity is a de facto immune memory of the innate immune system and involves the
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epigenetic programming of myeloid lineage cells, which results in changes in their metabolic
and phenotypical behaviour that enable a stronger immune response to secondary stimuli.
Importantly, the heterologous effects of BCG vaccination also served as the basis for the
discovery of ‘trained immunity’. Interestingly, Buffen and colleagues identified trained
immunity to be the therapeutic mechanism by which BCG exerts its protective effects in

bladder cancer (Buffen et al., 2014).

Infection or vaccination
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Fig. 9. Trained innate immunity concept (Netea et al., Science 2016).

From a vaccine to a cancer immunotherapy

The origins of cancer immunotherapy trace back to the pioneering work of William Coley, a
bone surgeon at New York Cancer Hospital in the late 19" century. He observed tumor
clearance in some patients that received intra tumor injections of streptococcal bacteria
(Coley, 1891) a result that has now been attributed to the recruitment and activation of the

immune system (Berendt, et al.1978; Tsung et al. 2006; Mellman, et al. 2011). Although
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Coley successfully treated several patients, his work was met with a lot of criticism and
scepticism because of the unpredictability of the approach. Coley’s immunotherapeutic
method quickly fell out of fashion after the introduction of radiotherapy and chemotherapy,
modalities with much more predictable and consistent outcomes. After performing over
1,600 autopsies, Raymond Pearl identified an inverse relationship between cancer and
tuberculosis, leading to the idea of tuberculin as a therapy for cancer (Pearl et al., 1928). In
1959, Lloyd Old and colleagues reported the use of the BCG vaccine as an
immunotherapeutic to treat cancer. They challenged mice with tumour cells at specific
intervals following BCG administration and observed that mice receiving BCG at least 7 days
before tumour challenge were protected from developing cancer (Old et al., 1959). In
addition, Mathé in 1969 showed that BCG has an effect against human leukaemia (Mathé et
al., 1969). Then, Morton in 1970 demonstrated that intralesional BCG has an effect against
human melanoma (Morton et al., 1970). Zbar et al described the principal rules for adequate

BCG immunotherapy (Zbar et al., 1970; Zbar, et al., 1973):

a) Tumour burden must be small.

b) Direct contact between BCG and tumour is essential.

c) The dose of the immunising agent must be adequate.

d) Tumours respond better when confined to the parent organ or, in case of metastases,
when only in regional lymph nodes.

Based on these preliminary data, Alvaro Morales evaluated the use of BCGintravesical
instillation, in which 7/10 patients with recurrent non-muscle invasive bladder cancer
(NMIBC) were tumor-free at follow-up (Morales, et al.1976). Today, the BCG vaccine is a US
Food and Drug Administration-approved treatment modality for bladder cancer, and other
malignancies such as lymphoma and melanoma also reportedly respond to the BCG vaccine

(Lamm et al., 1991).
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Bladder cancers are immune-sensitive tumors.

Bladder cancer (BC) has become a common cancer globally, with an estimated 430 000 new
cases diagnosed in 2012 (Antoni et al., 2017). It also leads to the highest cancer-related cost
per patient among cancer types from diagnosis to death(Hong and Loughlin, 2008; Leal et al.,
2016). Approximately 75% of patients with BC present with a disease that is confined to the
mucosa (stage Ta, CIS) or submucosa (stage T1). These categories are grouped as non-
muscle-invasive bladder tumors (NMIBC). In order to separately predict the short-term and
long-term risks of recurrence and progression in individual patients, the European
Organization for Research and Treatment of Cancer (EORTC) Genitourinary (GU) group has
developed a scoring system and risk tables. According to European Association of Urology
guidelines, high-risk tumors are defined by the presence of any T1 tumor and/or high-grade
tumor and/or presence of CIS (Babjuk et al., 2019). It is therefore necessary to consider
adjuvant therapy in all patients, shortly after initial trans-urethral resection (TUR). Five meta-
analyses have confirmed that intra-vesical Mycobacterium bovis bacillus Calmette-Guérin
(BCG) after TUR is superior to TUR alone or TUR and intra-vesical chemotherapy for
prevention of recurrence of high risk NMIBC (Malmstréom et al., 2009). In 2016-2018, the
FDA approval of 5 immune-checkpoint inhibitors has revolutionized bladder cancer
treatment in the second-line setting of advanced bladder cancer (Rouanne et al., 2018). In
addition, combination trial evaluating a-CTLA4 plus a-PD1 antibodies recently highlighted
better tumor responses in the group of patients who received the highest dose of
ipilimumab. This data may suggest the presence of immunosuppressive activated TReg in
previously treated metastatic urothelial carcinoma.

Immunological and molecular correlates of responses to anti-PD(L)1 inhibitors include high
levels of intra-tumoral CD8+ T cells, IFNy signature, PDL1 expression in immune and/or

tumor cells, and higher tumor mutational burden, although no predictive biomarker has
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been identified so far. Also, TGFp signature has been related to immune desert and potential
resistance to anti-PDL1 inhibitors in the advanced metastatic setting (Mariathasan et al.,
2018). Recently, FDA has limited the use of a-PD(L)1 inhibitors in the first-line setting of
metastatic bladder cancer for patients with PD-L1 high expression on immune cells (or
combined positive score) (FDA limits the use of Tecentriq and Keytruda for some urothelial

cancer patients, 2018).
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Fig. 10. Treatment strategy in bladder cancer is based on pathological staging (adapted from

Knowles et al. Nat Rev Cancer 2015)

In 2018, two phase Il trials, Pure Study-001 and Abacus, evaluating monoclonal antibodies a-
PD1 and a-PDL1 showed antitumor efficacy of muscle-invasive tumors in the neoadjuvant
setting before radical cystectomy (Necchi et al., 2018; Powles et al., 2018). In “superficial”
high-risk non muscle-invasive bladder cancer (i.e. Cis, T1, high-grade Ta), preliminary results
of anti-PD1 antibody in BCG unresponsive tumors showed potential benefit with 40% of
patients without relapse after 3-months treatment. These results have to be confirmed with

longer follow-up (Balar et al.,, 2019). Other immunostimulatory molecules are currently
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evaluating in BCG unresponsive tumors including a-PD1 (+ BCG +IDO1 inhibitors), IFNa-
expressing adenovirus, and STING agonists. Improved understanding of resident immune
cells in the bladder mucosa, including characterization of the urinary microbiome, may help

both scientists, and researchers to develop novel therapeutic strategies in this heterogenous

disease.
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Fig. 11. Recent FDA approval of ICls in advanced bladder cancer (from Rouanne et al., World J

Urol 2018).

Are there resident immune cells in the bladder mucosa?

Currently, predictions regarding steady-state immune cell populations in the bladder can
only be extrapolated from more detailed descriptions of resident cells of other mucosal
surfaces such as the gut or lung. Ultimately, to define the immune cell populations of the
steady-state bladder, an extensive and detailed study must be undertaken(Ingersoll et al.,
2013). In humans, the bladder urothelium is a pseudo-stratified epithelioma, meaning that
all the epithelial cells are in contact with the basal membrane. This is different from what is
observed in mice for whom the bladder urothelium is composed of 3-6 urothelial cell layers.
Urothelial stem cells can be found in the basal layer where they have the capacity to

differentiate into the other urothelial layers of the bladder (Shin et al., 2011). Historically,
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the bladder has been considered to lack colonizing microflora (Zasloff et al., 2007) but more
recent evidence suggests that similar to the gut or skin, commensal bacteria populate the
bladder mucosal surface (Anderson et al., 2004; Siddiqui et al., 2011; Fouts et al., 2012). As
in most tissues, the bladder contains resident immune cells poised for encounter with
invading microorganisms. Data suggest that both macrophages and dendritic cells reside in
the naive bladder (Gautiar et al., 2012; Miller et al., 2012). Notably, little is known about the
frequency, phenotype, or role of resident antigen-presenting cells in the bladder mucosa. In
addition to antigen-presenting cells, the bladder contains resident af and y& T cells, that
may contribute to the innate defenses against infection in bladder cancer (Christmas et al.,
1994). Additional innate lymphocytes, such as innate lymphoid cells or mucosal-associated
invariant T cells, reside in other mucosal tissues and play an important role in the
maintenance of colonizing microbiota and the defense against infection (Porcelli et al., 1993;
Tilloy et al., 1999; Treiner et al., 2003; Zheng et al., 2008); thus, it is reasonable to
hypothesize that they play a critical role in the bladder, although this possibility has not been

explored.

Y
Macrophage Q Dendritic cell @ 10 T cell @ Stem cell

Fig. 12. Schematic representation of resident immune cells in bladder mucosa (from

Ingersoll MA et al., Mucosal Immunol 2013).
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How does BCG immunotherapy work?

It is worth noting that all vaccines present as a lyophilized stock (Behr, 2002), which is
resuspended in saline before inoculation. As such, the inoculated preparation contains
considerable amounts of dead material, in a proportion that used to vary greatly from one
preparation to the other (Gheorghiu and Lagrange, 1983). Nowadays, most preparations
contain only 5-10% live material (Behr, 2002). The importance of the ratio of live versus dead
has not been formally assessed; however, killed mycobacterial preparations have been
reported not to be an effective vaccine against TB (Orme, 1988). Interestingly, Biot et al
confirmed in a mice model that T-cell recruitment was indeed dependent of live bacilli, as
heat-killed BCG did not generate T-cell infiltration into the bladder. Intravesical instillation of
Bacillus Calmette-Guérin (BCG) has been used as the gold-standard treatment for non-
muscle invasive bladder cancer (NMIBC) since 1990 (68). Despite many unknowns regarding
its mechanism of action, the role of the immune system in the BCG therapeutic effect is
undoubtedly crucial.

Briefly, the different steps following intravesical BCG instillation can be summarized as below
(Fig. 13) (Redelman-Sidi, et al., 2014). BCG first needs to attach to the urothelium through
fibronectin and integrins (Zlotta et al., 1997). BCG is then internalized by urothelial cells and
captured by the first line of innate immune response cells. Antigen presentation and
cytokine release result in major histocompatibility complex (MHC) Il upregulation and of IL-6,
[I-8 and granulocyte-macrophage colony-stimulating factor (GM-CSF). Immune cells are then
recruited to the ‘war zone,” including granulocytes, CD4 and CD8 T cells, natural killer (NK)
cells and macrophages. A torrent of mainly Th-1 cytokines, including Interferon gamma, IL-1,
IL-12, IL-18, IL-23 and tumor necrosis factor-alpha are produced by these immune cells. This
response is mainly non-specific. Local immune responses are exemplified by the granulomas,

which can be observed in the bladder wall of patients treated with BCG. Bladder tumor cell
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killing involves an immune-mediated cytotoxicity, including NK cells, NK T cells, CD8+ T cells,
macrophages and TRAIL (granulocytes) among many others. Numerous BCG subcomponents,
including BCG cell wall, plasma membrane, cytosol, purified polysaccharides as glucan or
arabinomannan, purified native proteins from BCG culture filtrate, phosphate transporter
PstS-2 and -3 proteins also provide positive stimuli for Thl cell differentiation and enhance

the cytotoxicity against bladder tumour cells (Zlotta et al., 2000).
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Fig. 13. Tentative model of the mechanism of action of BCG in bladder cancer (from

Redelman-Sidi et al. Nat Rev Urol 2013).

BCG unresponsive tumors: what do we know so far?
Despite gold standard BCG immunotherapy, half of the patients experience tumor

recurrence, and 20-30% of patients will progress to muscle-invasive bladder cancer (MIBC)
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within 5-yr. Although they eventually undergo radical cystectomy, 10-15% ultimately die of
bladder cancer (Van Den Bosch et al., 2011; Chamie et al., 2013). Based on our recent meta-
cohort analysis of publicly available RNA-seq databases of urothelial bladder tumors, we
found that 20% of NMIBC harbor the molecular portrait of MIBC(Tan et al., 2019). However,
no predictive biomarker has yet been identified. The lack of prognostic and predictive
biomarkers is also a major drawback to rationally design innovative early phase clinical trials
in this challenging-to-treat patient population (Ashish M. Kamat et al., 2016). So far, immune
escape from intravesical BCG therapy has not been fully understood. This gap in knowledge
has catastrophic outcomes for patients with high-risk NMIBC, as escaped cancer cells spread
locally and to distant sites.

The current working paradigm indicates tumor escape occurs in the context of immune
exhaustion, and/or when the pre-existing immune response no longer recognizes tumor-
derived antigens (eg due to tumor clonal mutations or loss of antigen presentation
molecules). Additionally, immune parameters that may impact clinical response to BCG
include cytokines released locally (Kamat et al., 2018), the existence of preexisting immunity
to BCG(Biot, 2013), the Thl versus Th2 milieu (Pichler et al., 2017), as well as the local
balance between T lymphocytes and myeloid suppressor cells (Chevalier, Bohner, et al.,
2017). How BCG stimulates an antitumour response, and whether this response is
specifically targeted against tumor cells or a positive side effect of a global intravesical
inflammatory response, is still unknown(Pettenati and Ingersoll, 2018). Altogether, this
highlights the crucial need to better understand the regulation of immune responses and
tumor escape mechanisms after BCG immunotherapy in order to identify new targetable

pathways.
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Aims of this PhD Project

Aim 1.
The first aim of this PhD research was to assess the immune impact of BCG on

fresh human bladder tumors.

Aim 2.
The second aim of this work was to identify intrinsic cancer-cell resistance

mechanisms to BCG.

Aim 3.
The third aim of this PhD has been to describe the evolving immune

landscape in situ in a longitudinal cohort of BCG-resistant bladder tumors.
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Chapter Il. Results

HLA-I downregulation together with epithelial-mesenchymal transition is a
mechanism of tumor escape to intravesical BCG immunotherapy in non-muscle

invasive bladder cancers.

Patients with high-risk non muscle-invasive bladder cancers (NMIBC) frequently relapse after
standard BCG immunotherapy and have a dismal outcome after progression to muscle-
invasive bladder cancer (MIBC) (Ge et al., 2018; Pietzak et al., 2019). Although BCG induces
potent inflammatory responses upon intravesical instillations, the mechanisms of tumor
resistance to such immunotherapy remain elusive(Redelman-Sidi, Glickman and Bochner,
2014; Pettenati and Ingersoll, 2018). Here, we developed an ex vivo BCG therapy assay, using
fresh human bladder tumors. We found that a subset of urothelial cancer cells downregulate
HLA-I expression together with an epithelial to mesenchymal transition (EMT) upon co-
incubation with BCG. This phenomenon was confirmed in vitro on several urothelial cancer
cell lines and was associated to intracellular BCG infection. Pathological analyses from a
cohort of NMIBC patients relapsing after BCG therapy confirmed that such phenotypic
modifications of urothelial cancer cells identify the subset of patients with a fatal outcome.
Interestingly, HLA-I loss on urothelial cancer cells at relapse post-BCG therapy was
associated to a myeloid tumor microenvironment and an upregulation of
immunosuppressive checkpoints. Taken together, our results demonstrate that live
attenuated BCG may directly induce immune evasion by infecting a subset of cancer cells
and offer a potential strategy for therapeutic stratification based on HLA-I expression in
patients with BCG-refractory NMIBC.
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Introduction

Bladder cancer is a heterogeneous disease that displays invasive and non-invasive
histological features, and a wide spectrum of molecular alterations and subtypes (Knowles
and Hurst, 2015; Tan et al., 2019). Treatment of non-invasive tumors with high-risk features
(carcinoma in situ, high-grade Ta, T1) includes trans-urethral resection of the tumor,
followed by intravesical instillations of bacillus Calmette-Guérin (BCG) (Babjuk et al., 2019).
The origin of the bacillus Calmette-Guérin (BCG), trace back to the determined and
perseverant work of Albert Calmette and Camille Guérin, who developed an attenuated
form of live Mycobacterium bovis after 13 years of culture and 231 passages (Calmette,
1927). BCG is still today the only available vaccine against tuberculosis and one of the most
successful cancer immunotherapy as a standard treatment for high-risk non muscle-invasive
bladder cancer (NMIBC). Despite a multitude of evidence for anti-tumor efficacy, half of
high-risk NMIBC patients develop tumor recurrence and, up to 30% will progress to
secondary MIBC. Ultimately, 10-15% of high-risk NMIBC patients die of metastatic disease
(Van Den Bosch et al., 2011; Chamie et al., 2013).

New therapeutic strategies are currently in clinical development to treat BCG-unresponsive
tumors including antagonistic antibodies directed against the T-cell immune checkpoints PD-
1 and PD-L1, but also recombinant adenovirus interferon alfa (Ad-IFNa/Syn3), oncolytic virus
and STING agonists (Shore et al., 2017; Singh et al., 2017; Annels et al., 2019; Balar et al.,
2019; Huang et al., 2019). Although recent studies have identified potential immune
parameters that could impact clinical response (Biot, 2013; A M Kamat et al., 2016; Chevalier,
Trabanelli, et al., 2017; Pichler et al., 2017; Chevalier et al., 2018), mechanisms of tumor
resistance to BCG immunotherapy remain poorly understood. Indeed, modeling early stage
bladder cancer in mice is particularly challenging, owing to the rapid tumor growth inside the

bladder wall (Kobayashi et al., 2015). Additionally, tumor heterogeneity and plasticity of
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cancer cells undermine our attempts to precise dynamics of immune escape under selective
pressure (Nieto et al., 2016; Spranger et al., 2018). How cancer cells evade to the anti-tumor
immune response, and whether cancer cells acquire intrinsic undesirable characteristics
upon BCG exposure remain unknown. Altogether, this highlights the crucial need to better
understand the mechanisms of tumor resistance that occur during BCG immunotherapy in
order to identify new targetable pathways and treatment strategies.

In this study, we investigated intrinsic cancer characteristics acquired by the cancer cells
upon BCG exposure and found that this immunotherapy could induce an epithelial-
mesenchymal transition with HLA-I downregulation. Our results highlight a new mechanism
of resistance to BCG immunotherapy and propose a biologically relevant and clinically

feasible stratification strategy for the treatment of patients with relapsing NMIBC.

Results

BCG co-culture with fresh human bladder tumors induces cytokine inflammatory
responses but do not activate tumor infiltrative lymphocytes

Dynamics of the immune responses following intravesical BCG remain poorly understood in
humans. To assess the immunostimulatory effects of BCG in urothelial cancers, we co-
incubated BCG for 72 hours with whole cell suspensions providing from freshly dissociated
human bladder tumors (Fig. 1a). All the samples were obtained from patients with early-
stage bladder tumors undergoing curative intent surgery. To explore the ability of BCG to
induce early immune responses, we assessed the cytokines and chemokines released 3 days
after a transient co-culture with tumor and immune cells. Strikingly, we observed that BCG
led to a potent immune response dominated by IL-1B, TNFa, and GM-CSF production.
Additionally, ex vivo BCG exposure significantly enhanced IL-2, IL-9 and CCL5 cytokines

production. By contrast, we observed significant decreased levels of IFNy, CCL2 and CCL4 (Fig.
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1b, 1c). Overall, this data provides evidence that BCG induces a potent inflammatory

response but fails to activate IFNy-secreting cells in those early stages bladder tumors.

BCG co-culture with fresh human bladder tumors induces a downregulation of HLA-I of
urothelial cancer cells

We also evaluated the impact of BCG on the phenotype of immune and tumor cells (Fig. 1d).
We observed an unexpected diminution of CD45+ immune cells 3 days after BCG exposure.
However, no variation among the immune cells subsets was observed. The relative
proportion of lymphoid (CD3+, CD20+, CD56+) and myeloid (CD11b+) cell substets among
live CD45+ cells remained stable in the BCG condition compared to medium and IFNy (Fig.
le). Additionally, the relative proportions of CD4+ and CD8+ among live CD3+ cells together
with FoxP3+ among live CD4+ cells were also stable. To investigate the ability of BCG to
activate T-cells and NK cells, we evaluated the relative proportion of HLA-DR+ in CD4+, CD8+,
CD56+, and PD1+ in CD3+ immune cells. No difference was observed across conditions (Fig. 1
f). However, we noticed a significant HLA-I downregulation on tumor cells after BCG
exposure both in terms of relative proportion among tumor cells and in terms of mean
fluorescence intensity (Fig 2a, 2b). We further assessed the proliferative activity and
apoptosis in HLA-I deficient tumor cells. Interestingly, the percentage of Ki67+ cells was not
different according to HLA-I expression suggesting that HLA-I deficient tumor cells were
actively proliferative. However, we observed a significant diminution of Annexin-V positive

cells and EpCAM positive cells in HLA-I deficient cancer cells (Fig. 2c.).

BCG induces a durable HLA-I downregulation upon intracellular infection of some human
urothelial cancer cells. To investigate the effect of BCG on HLA-lI expression, we co-

incubated BCG with low-grade (RT4), and high-grade (5637, HT1376, TCCSUP and UM-UC3)
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human bladder cancer cell lines derived from human primary bladder tumors (Fig. 3a). We
observed a concomitant and significant decrease of mean fluorescence intensity (MFI) for
HLA-I (HLA-I subsets) and beta-2 microglobulin (B2m) in high-grade cancer cells 24h after
BCG co-culture (Fig. 3b) By contrast, BCG enhanced HLA-I expression in low-grade RT4 cancer
cells 24h after BCG exposure. Overall, these results indicate that BCG differently affects HLA-
| expression in high-grade and low-grade cancer cells. Moreover, we observed that HLA-I
deficiency affected only a subset of tumor cells across the cell lines tested (Fig. 3c). We next
evaluated whether HLA-I downregulation was sustained over time. To test this approach, we
cell-sorted cancer cells based on HLA-I expression 24 h after BCG exposure. Subsequently,
we cultured HLA-I positive and negative cells independently in BCG-free medium for 7 days
(Fig. 3d). We next analyzed HLA-I expression by flow cytometry at day 7. We still observed a
significant reduction of MFI HLA-I in HLA-I negative cells (Fig. 3e). Then we wondered if that
HLA-I downregulation was directly dependent from the live bacilli or from BCG elements,
which could stimulate pattern recognition receptors. Indeed, BCG has been shown to
contain molecular elements, which could directly activate toll-like receptors (TLR) 2, 4 and 9.
Therefore, we compared the effects of live attenuated strains of BCG with agonists of TLR2,
TLR4, and TLR9. Strikingly, neither TLR agonists alone nor combinations of TLR agonists
including TLR2+TLR4 and TLR2+TLR4+TLRS were able to induce HLA-I downregulation on
cancer cells (Fig. 3f).

To assess whether therapeutic BCG was able to infect cancer cells, we co-incubated BCG
labeled with calcein together with 3 cancer cell lines (RT4, 5637, and UM-UC3) and used
ImageStream technology in order to visualize intracytoplasmic bacilli (Fig. 3g). Strikingly, we
observed that BCG was able to infect cancer cells with variable frequency among cell-lines
including at low BCG/cancer cells ratio (MOI as low as 1:10; Fig. 3h Fig. 3i). We demonstrated

for the first time that therapeutically used lyophilized BCG for intravesical delivery directly
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induced cytoplasmic infection of human cancer cells in vitro. Collectively, these data
demonstrate that live attenuated mycobacteria provided from therapeutic BCG were able to
directly infect bladder cancer cells, and induce a downregulating HLA-I in a subset of cancer

cells.

BCG infected cancer cells acquire a senescent-like phenotype with EMT characteristics. We
investigated whether HLA-I negative cells hold specific characteristics by comparison to HLA-
| positive cells. First, we observed specific morphological differences between cancer cells
after BCG exposure. HLA-I negative cells were characterized by lower forward scatter and
side scatter, cell shrinkage, flattened bodies, and loss of adhesion to the neighbors cells in
HLA-I negative cells (Fig. 4a,c). By contrast, HLA-I positive cells were morphologically similar
to the parental cell-line. We next investigated the relative proportion of Ki67+ cells among
live cells. Although the majority of HLA-I positive cells were proliferative, HLA-I negative cells
partially or completely lost their ability to proliferate (Fig. 4b). Overall, these data suggest
that HLA-I negative cells acquire a quiescent state with a senescent-like phenotype 24h after
BCG exposure. These morphological changes were maintained over time after 7 days in
culture with BCG-free medium.

However, some cancer cells reacquired the parental phenotype suggesting a transient and
partially reversible state (Fig. 4c). Furthermore, we evaluated the membrane expression of
EpCAM on a broad range of bladder cancer cells, ranging from epithelial to mesenchymal
phenotype as previously described (Tan, et al., 2014). Strikingly, we observed a correlation
between HLA-I downregulation and EpCAM loss in epithelial cells (Fig. 4d, Fig. 4f.). Similarly
to HLA-I downregulation, EpCAM loss was maintained over time (Fig. 4e). This data suggest
that BCG may induce an epithelial-to-mesenchymal phenotype in epithelial cancer cells.

To further explore this hypothesis, we analyzed the EMT status of cancer cells after BCG
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infection. In this experimental study, we used three cell-lines with the most extreme EMT
status including the epithelial cell-line RT4, the mesenchymal cell-line UM-UC3 and the 5637
cancer cell-line with intermediate EMT status. In order to identify a shift toward a
mesenchymal state, we cell-sorted the cells 24h after BCG exposure and extracted total RNA
separately in HLA-I positive and negative cells. We next calculated the EMT score for each
cancer cells. Although no difference was observed for RT4 and UM-UC3, we identified a
significant shift to a mesenchymal score in HLA-I negative 5637 cancer cells (Fig. 4g). Overall,
this data suggests that BCG exposure may induce a mesenchymal transition in epithelial
cancer cells. To determinate whether BCG uptake by the cells induced this mesenchymal
transition, we monitored these cancer cells using the ImageStream technology. Strikingly, we
observed a significant correlation between EpCAM loss, and BCG uptake by cancer cells (Fig.
4h). Collectively, these data provide evidence that BCG infection may induce a senescent-like

phenotype with EMT characteristics in a subset of cancer cells.

BCG induces specific cancer cells inflammatory responses.

To investigate whether BCG impacted gene expression, we identified the top 25
differentially expressed genes between EMT-high and EMT-low 5637 cell-line. Next, we
applied unsupervised hierarchical analyses to RT4, 5637 and UM-UC3 based on the 25
selected genes quantified after BCG exposure. We confirmed that EMT-low 5637 cells
clustered with the epithelial RT4 cell-line, and EMT-high 5637 with the mesenchymal UM-
UC3 cell-line (Fig. 5a). Strikingly, cancer cells acquiring a mesenchymal status were
associated with enhanced mRNA levels of IFN-stimulated genes IFI1, IFIT2, IFIT3, IFI6, IFI27,
and CCL2. We also noticed increased expression of the EMT activator Zebl, tumor-
associated antigens MAGEA3/A6, MAGEC2, and metalloproteinase in EMT-high cancer cells

(Fig. 5a). By contrast, EMT-low cancer cells were associated with enhanced IL1B and CXCL5
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MRNA expression. We also noticed higher levels of EpCAM, E-Cadherin and integrin ITGB8
mMRNA in this epithelial group. Overall, these results indicate that BCG infected cancer cells
shifting to a mesenchymal state displayed a type | IFN pathway, by contrast with the pro-
inflammatory IL1 cytokine pathway observed in epithelial cells.

Next, we investigated the levels of cytokines and chemokines release by cancer cells 24h
after BCG exposure. Accordingly to prior experimental setting, cancer cells were cell-sorted
based on HLA-I expression and cultured independently in BCG medium-free environment. At
day 6, supernatants were analyzed by multiplex analysis. We observed different secretory
profile in EMT-high and EMT-low cancer cells. Notably, cells acquiring a mesenchymal state
after being infected by BCG displayed higher levels of G-CSF, VEGF, and IL15 (Fig. 5b). By
contrast, sustained levels of IL8 and IL1-RA were observed in cancer cells that remained with
an epithelial state. Overall, these results suggest that pro-tumoral cytokines release is
enhanced in BCG infected cancer cells after acquiring a mesenchymal state.

To test whether the re-stimulation of cancer cells with BCG would enhance their cytokine
production, we co-incubated cancer cells with BCG for 24h. Then, cells were cultivated in
BCG-free medium for 6 days. At day 7, cancer cells were re-stimulated with BCG for 24h. We
next analyzed the cytokine and chemokine release in the cancer cells supernatant. Strikingly,
we observed increased levels of G-CSF, IL1-RA, IL6, PDGF-bb, VEGF, TNFa, and CCL5 (Fig. 5c).
Overall, these data suggest that cancer cells acquire an immune memory after the first BCG

stimulation that enables a stronger immune response to secondary BCG stimuli.

BCG generates in situ myeloid-suppressive immune responses in HLA-I deficient tumor
cells. In order to investigate the immune response in BCG resistant tumors, we assessed the
gene expression profile in a longitudinal cohort of patients with paired tumors before and

after intravesical BCG immunotherapy (Fig. 6a). We observed a significant upregulation of
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immune-related genes in BCG resistant tumors. Notably, we observed a significant
increased IL8 and IL6 cytokine expression, as well as the activation of granulocyte and
neutrophils pathways (Fig. 6b). We also identified higher levels of CD4 and CD8 mRNA, as
well as immune-checkpoint inhibitory receptors CTLA-4, TIM3, Lag3, IDO1, PD1, TIGIT, BTLA
and their respective ligands PD-L1, PD-L2 CD80/CD86 (Fig. 6b). Overall, these data provide
evidence that both myeloid and adaptive immune responses significantly increased in BCG
resistant tumors.

Next, we assessed HLA-I expression in tumor cells before and after acquiring BCG-resistance.
Strikingly, we observed HLA-I downregulation in half of the tumors (Fig. 6¢). Based on in vitro
data, we hypothesized that the evolution of HLA-I expression in tumor cells could affect in
situ  cancer inflammatory responses and subsequently impact the immune
microenvironment. To test this hypothesis, we evaluated the differential gene expression
profile before and after intravesical BCG according to the evolution of HLA-I expression in
tumor cells (Fig. 6d). First, we identified a myeloid-suppressive immune microenvironment
with enhanced levels of IL10, CD163, CSF-1R, CSF-3R and IL8 mRNA transcripts in tumor cells
with HLA-I downregulation (Fig. 6e). Subsequently, we also observed a macrophage
signature in BCG-resistant tumors characterized by enhanced CD47, CD80/86, DDP4 mRNA
expression (Fig. 6f). By contrast, HLA-I upregulation on tumor cells was significantly
associated with a tumor-suppressive cytotoxic immune microenvironment characterized by
increased levels of CD8, IFNg, GZMB, PFR, IL6, CXCL10, CXCL11 (Fig. 6d). Overall, these
findings suggest that immunogenicity of tumor cells profoundly affect the establishment of
effective anti-tumor immune response in situ.

To further validate our findings at the protein level, we investigated the evolution of tumor-
infiltrating lymphocytes by immunohistochemistry before and at relpase after BCG

immunotherapy (Fig. 6g). We confirmed that HLA-I upregulation on tumor cells after BCG
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was significantly associated with an increased level of CD8+ among CD3+ T-cells, and PD-L1
upregulation on immune cells. By contrast, tumors with HLA-I downregulation were poorly
infiltrated by CD8+ T-cells (Fig. 6h). Overall, these findings suggest that BCG generates
distinct inflammatory responses in tumor microenvironment, owing to the cancer cells
immunogenicity.

Next, we hypothesized that HLA-I deficiency was associated with poor prognosis. We
observed significant increased risk of metastasis, reduced cancer-specific and overall survival
in patients who acquired HLA-I downregulation on cancer cells after BCG exposure (Fig. 6i).
Although HLA-I deficient tumor cells were associated with increased EMT score, this
difference did not reach statistical significance. However, we compared the EMT score of
each tumor sample before and at relapse after BCG immunotherapy. Strikingly, we observed
a significant increased EMT level in patients who further developed bladder cancer
metastases after BCG. Collectively, this data provide evidence that HLA-I deficiency following
BCG exposure led to immune suppressive microenvironment, and increased metastatic

potential of tumor cells.

Discussion

Although BCG intravesical therapy has been a NMIBC standard of care for decades, it is still
unclear today how this immunotherapy actually works and can generate anti-tumor immune
responses. Therefore, our work initially aimed at understanding the impact of BCG
immunotherapy in bladder cancers and understand why some patients relapse post-BCG and
eventually die from high-risk NMIBC. Our experiments on fresh bladder tumors first showed
that while BCG generates potent cytokine inflammatory responses, including increases in
IL1B, GM-CSF and TNFaq, it had unexpectedly no effect on the activation phenotype of tumor

infiltrative lymphocytes. More surprisingly, we observed that BCG exposure induced HLA-I
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downregulation in a subset of cancer cells. Because lyophilized therapeutic BCG includes a
lot of dead mycobacteria upon reconstitution, and that BCG molecular components have
already been shown to directly stimulate TLR 2, 4 & 9 (Harding and Boom, 2010) we
wondered if that HLA-I downregulation was not due to a consequence of such innate
immune receptor stimulation. Therefore, we demonstrated that HLA-I deficient cancer cells
are only observed after co-culture with live attenuated Mycobacterium bovis provided from
therapeutic BCG and not from direct TLR signaling with agonists. Even combining TLR2, TLR4,
and TLR9 agonists provided from heat-killed bacteria, did not induce HLA-I deficiency after
co-culture with cancer cells. This question was also important because synthetic TLR agonists
are currently actively developed in early phase clinical trials, in order to activate antigen
presenting cells which are critical for antitumor T-cell mediated immune responses. They
could therefore be envisioned as an alternative synthetic therapy to replace and address the
shortage of BCG therapy (Mostafid et al., 2015; Shekarian et al., 2017; Aleynick et al., 2019).
Also, EpCAM loss in cancer cells observed upon BCG exposure, was not observed with TLR
agonists, suggesting that live and intact bacteria might be necessary for the epithelial-
mesenchymal transition. Other studies have shown that the therapeutic use of live and
intact pathogens were more biologically active than pathogen extracts. This first observation
would therefore suggest that the lack of efficacy of BCG therapy could be more in
relationship with its direct effect on cancer cells and their ability to escape HLA-I recognition
rather than on a direct activation of anti-tumor lymphocytes.

We also observed that such BCG exposure induced a senescence-like phenotype of urothelial
cancer cells, with epithelial-to-mesenchymal transition and specific pro-inflammatory
responses. In line with those ex vivo and in vitro functional assays, we found indeed that
HLA-I downregulation could be found in a subset of BCG-refractory tumors. More

surprisingly, this subset of patients with HLA-I low tumors after BCG therapy presented with
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an immunosuppressive type of tumor microenvironment and a dismal survival outcome.

A prior study showed that intravesical BCG immunotherapy requires live attenuated bacilli to
induce the priming of naive CD4+ T-cells in draining lymph nodes by activated dendritic cells
(Biot, 2013). Our data showed that therapeutic BCG is also able to directly infect cancer cells
in vitro. Another study led to the same observation by co-incubating cancer cells with live
BCG Pasteur strain (Redelman-Sidi et al., 2013).

IFNy is a critical mediator for cellular immune response against mycobacteria. More recently,
non-restricted CD1+ T-cells have been also identified as a non-cognate source of IFNy,
providing notably from non-specific CD8+ T cells and NK cells (Kupz et al., 2016). A prior
study also showed evidence that pre-existing BCG immunity enhanced anti-tumor immune
response, both in retrospective clinical data and experimental mouse models (Biot, 2013).
One potential explanation for that observation was that intravesical BCG could trigger a
rapid Thl adaptive immune response leading to enhanced levels of IFNy. The consequence
would therefore be an increased activation of macrophages, a phagocytosis of infected
tumor cells, and an activation and migration of dendritic cells (DCs) for tumor antigen-
presentation to naive CD4+ T-cells. In our experiments of BCG co-culture with fresh human
bladder tumors could not show an IFNy release in the supernatants of such functional assays.
The fact that no IFNy was found upon BCG exposure could be due to the fact that such
variations are very small and would require more sensitive technique of titration. Another
hypothesis would be that IFNy peaks are short lived and not detected with our experimental
settings. Last but not least, some biological effects could simply occur because of the
differences in BCG strains that are used by research teams (Gan et al., 2013). But it is also
possible that IFNy release is not a consequence of BCG exposure as it is suggested by our
supernatant titration results and the fact that our positive control (pure IFNy) did not lead to

the same effect than BCG, notably regarding to the HLA-I downregulation by tumor cells.
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Moreover, we demonstrated that infection of cancer cells by live attenuated Mycobacterium
bovis was significantly associated with both HLA-I and EpCAM downregulation in a subset of
cancer cells. These findings establish an unexpected association between BCG uptake by
cancer cells, immune evasion and EMT induction. This data is reinforced by the activation of
the type | IFN pathway observed in BCG infected cells. Recently, type | IFN signature has
been established as a predictive factor for immune evasion leading to severe active
tuberculosis infection (Singhania et al., 2018). Several mechanisms underlying the
pathogenic role of type | IFN in tuberculosis have been described, including induction of IL-
10 and negative regulation of the IL-12/IFNy and IL-1B/PGE2 host-protective responses
(McNab et al., 2015). Additionally, the type | IFN pathway has also been associated with
apoptosis resistance, cancer-cell stemness and upregulation of immune inhibitory ligands
such as PD-L1 (Benci et al., 2016; Musella et al., 2017; Jacquelot et al., 2019). These findings
may be one explanation for the observed association between BCG failure and worse clinical
outcomes. Moreover, we observed that cancer cells acquired a quiescent state associated
with immune evasion. This ability to downregulate HLA-I expression and stop proliferate has
been recently highlighted as the main characteristic of stem cell to evade from immune
surveillance (Agudo et al., 2018). Because repeated BCG instillations are delivered every
week for 6 weeks in routine practice, we tested the effect of a second BCG stimulation in
vitro after a washout period of 6 days. Surprisingly, we found that after a 2" BCG stimulation,
the quantity of VEGF, G-CSF and IL15 cytokines released by cancer cells was increased
compared to the first exposure. Trained innate immunity is a recent concept that elucidates
the acquisition of immune memory by innate immune cells following first stimuli with
pathogens (Netea et al., 2016). Herein, we report for the first time that cancer cells may also
acquire such immune memory following prior stimulation with a pathogen agent. In addition,

these data indicate that cancer cells may attract myeloid cells by secreting G-CSF and
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promote tumor neo-angiogenesis in situ following VEGF secretion.

Finally, in situ analyses of paired bladder tumors before and after BCG immunotherapy
supported our preclinical findings. Indeed, some patients displayed a dowregulation of HLA-I
expression in their tumors after BCG exposure. This subset of patients showed an
upregulation of myeloid genes and immunosuppressive pathways, together with a gene
signature of EMT in their tumors. More importantly, those patients were strikingly more
prone to have a cancer recurrence and to die from this cancer relapse. Alternatively, patients
with a tumor keeping HLA-I expression after BCG exposure were more infiltrated by CD8+ T-
cells and were more expressing IFNg and PD-L1. Therefore, our hypothesis is that HLA-I"
bladder cancers would allow for the development of an anti-tumor cytotoxic CD8+ T-cell
response and lead to an effective adaptive antitumor immunity with disease control over
time. However, acquired HLA-I deficiency by tumor cells seem to induce a myeloid
immunosuppressive microenvironment, which would then explain the absence of a
meaningful antitumor immunity and a dismal cancer outcome.

Altogether, we demonstrate here for the first time that BCG induces HLA-I downregulation
and senescent-like phenotype of cancer cells, leading to the cancer cell immune evasion, and
dismal NMIBC prognosis. Our results have several clinical implications. First, our data have
identified a subgroup of high-risk NMBIC patients with an easy-to-implement biomarker.
Indeed, HLA-I expression by IHC staining is validated within all pathology departments and
its downregulation could be easily assessed in routine practice by immunohistochemistry.
Second, the identification of such HLA-I° patients having a bad outcome would offer an
opportunity to stratify the clinical care of NMIBC. Indeed, dedicated clinical trials of
treatment intensification should now be designed for this subgroup of HLA-1" patients in
order to improve their survival. Third, our transcriptomic and IHC results have identified

several molecules associated to the subgroup of HLA-I" patients, which are amenable to
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therapeutic targeting such as the targeting of CSF1R, or CD47/SIRPa axis, which are currently

in clinical development.
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Figure 1. Ex vivo BCG stimulation of fresh human bladder tumors induces inflammatory
cytokine responses but no modifications of immune cell phenotype.

a. Primary bladder tumors were freshly mechanically and enzymatically dissociated
after surgical resection. Whole cell suspensions were cultivated in complete medium, and
stimulated with IFNy or BCG for 72h. Cytokines and chemokine release (b, c¢), tumor-
infiltrating immune cells (d, e, f) were analyzed after 72 hr.

b. Cytokine and chemokine levels in the supernatant were measured using a 27-plex
Luminex assay (n=12, paired two-tailed Wilcoxon tests).

c. Cytokine and chemokine fold changes levels between the BCG condition and the
medium control depicted in heatmap were determined per individual (rows) and cytokine
(columns) (n=12).

d. Gating strategy adopted to detect CD45+ immune cells and CD45- EpCAM+ tumor
cells for flow cytometry analysis.

e. Immunophenotyping of tumor-infiltrating lymphoid and myeloid cell subsets after
BCG exposure (n=5 ; One-way ANOVA with Tukey’s post test).

f. Immune activation of T-cells and NK-cells after BCG exposure (n=5; One-way ANOVA
with Tukey’s post test).

All data are presented as mean = s.e.m.
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Figure 2. Ex vivo BCG stimulation of fresh human bladder tumors induces a
downregulation of HLA-I on urothelial cancer cells.

a) CD45- EpCAM+ cancer cells were analyzed after BCG co-incubation with freshly
mechanically and enzymatically dissociated bladder tumors for 72 hr. Relative proportion of
HLA-I + cells among living tumor cells population following ex vivo stimulation. (n=12; one-
way ANOVA with Tukey’s post test).

b) Mean fluorescence intensity (MFI) of HLA-I + cells within living tumor cells population
following ex vivo stimulation. (n=12; one-way ANOVA with Tukey’s post test).

c) Relative proportion of proliferative Ki67+ and apoptotic Annexin V+, and MFI of
EpCAM among living tumor cells. (n=12; paired two-tailed t tests).

All data are presented as mean = s.e.m.

65



d.

CANCER CELLS BCG
47L HLA-|
. S
o
=
Q H
<
SSR_ol-acssS g
z
24h l [J NO TREATMENT
3 IFNy
Analysis - BCG
Flow cytometry
C. d
Day0 Dayl Day 7
5637 cell-line ° H Y v
BCG . i
MEDIUM 6 days culture BCG-free medium
__/L 24 hr
/\\\ IFNy CELL
- RN SORTING
PN = =
0 10 10 10 S e
HLA-ABC
HLA- + HLA-I -
f- M HLA-I downregulation Early apoptosis
5- 10-
* %k
2 +
5&4 2 8
o3 3 s
g *
2 o
P S e S
O APRAECRES 2N 3 & &
‘@\ « Q,o" 000\ NN ,\353 BNd Q‘;\V
S
&
g.
CANCER CELLS BCG-Calcein Bright Field
v rl e
S g
‘\’;\"
REN
S ——— e ——
24h l
Analysis
Image Stream
Flow cytometry
. *okkk
| 30 50000
. » J RT4
3 T 40000 3 5637
2 = g
§ 3 30000 N UM-UC3
8 Q knk
8 £
& 10 § 20000
(%) ©
Q © 10000
=
o [}
> A p U
E LS &8s
Si 3
RT4 5637 UM-UC3
150000 150000 e 200000 ok
[ T z 150000
£ 100000 . L 100000 =
3 2 3
; g ak g 100000 "
50000 3 s0000
x B T 50000
o [ 01 .
o} \ 6
S S & S
S & e

Figure 3.

% Gated

HLA-ABC

% non viable cells

B2m (MFI1)

40000 *

30000

20000

MFIHLA-ABC

10000-

HLA-I + HLA-I -

Late apoptosis & cell-death

20

o

N S & > O >
S € F o & & &
~ & &

K
ol
&

BCG calcein+ Merged

66



Figure 3. Live attenuated BCG induces HLA-I downregulation in a subset of human bladder
cancer cells.

a. High-grade (n=4) and low-grade (n=1) human bladder cancer cells were cultured in
complete medium, and stimulated with IFNy (10°U/mL) or co-incubated with BCG (MOI
100:1) for 24h.

b. HLA-I and B2-microgobulin expression were analyzed by flow-cytometry after 24h
stimulation. (n=3 conditions per cell-line; one-way ANOVA with Tukey’s post test).

c. Representative histograms for 5637 cell-line highlighting HLA-I deficiency in a subset
of cancer cells.

d. After 24h BCG co-culture, cell-sorting for HLA-I expression allowed independent
culture for HLA-I+ and HLA-I- cancer cells in BCG-free medium for 6 additional days.

e. Immunophenotyping of cancer cells to assess HLA-I expression at day 7. (n=5 cell-
lines; unpaired two-tailed t tests).

f. Stimulation assay of 5637 cell-line with TLR2, TLR4, TLR9, and combinations
TLR2+TLR4, TLR2+TLR4+TLR9 agonists, compared to BCG. (unpaired two-tailed t test
comparing each condition versus control_medium).

g. Experimental setting evaluating co-incubation of cancer cells (RT4, 5637, UM-UC3)
with BCG-labeled calcein.

h. Representative images of BCG infected UM-UC3 cancer cells after 24h co-incubation
(MOI10:1).

i. Percentage of cancer cells infected by BCG-labeled calcein and MFI BCG-labeled
calcein among cell-lines (n=3 conditions per cell-line; one-way ANOVA with Tukey’s post
test).

je MFI of HLA-I among cell-lines using ImageStream analysis (n=3 conditions per cell-

line; one-way ANOVA with Tukey’s post test). All data are presented as mean + s.e.m.
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Figure 4. BCG infected cells acquire a senescent-like phenotype with EMT characteristics.

a. Phenotypic characteristics of HLA-I negative cells (in blue) among cancer cells
population (in grey). Representative dot-plots for 5637 cell-line.

b. Relative proportion of Ki67+ cells among different cancer cell-lines after 24h BCG co-
culture (unpaired two-tailed t tests).

c. Morphology of HLA-I negative cells after cell-sorting. Representative imaging for 5637
cell-line 3 days after culture in BCG-free medium. Cells inside the circle reacquired parental
cell-line morphology.

d. Dot-plots for HLA-I among EpCAM expression in live cancer-cells. Dot-plots illustrate
control condition at the top, and BCG condition at the bottom. Cancer-cells are classified
according to baseline expression of EpCAM (MFI) ranging from the left (epithelial cell RT4) to
the right (mesenchymal UM-UC3).

e. Histograms depicting EpCAM expression for HLA-lI positive and negative cells.
Representative images for each cancer cell-line 6 days after culture in BCG-free medium.

f. Relative proportions of EpCAM+ cells among HLA-I positive and negative cells 24h
after BCG exposure (unpaired two-tailed t tests).

g. EMT score of HLA-I negative and positive cells 24h after BCG exposure.

h. MFI for EpCAM in BCG infected (intracellular BCG-calcein) versus non-infected cancer
cells (unpaired two-tailed t tests).

All data are presented as mean = s.e.m.
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Figure 5. BCG induces different inflammatory responses in cancer cells depending on their
EMT and HLA-I status and those responses are enhanced over time.

a. Hierarchical clustering analysis of cancer cells according to EMT status, depicted per
cell-line (rows) and immune genes (columns).

b. Cytokine and chemokine levels in the supernatant were measured separately in HLA-I
positive and negative cells (5637) 6 days after culture in BCG-free medium.

C. BCG restimulation assay evaluating immune memory of cancer cells (5637). First
stimulation for 24hours, followed by 6 days culture in BCG-free medium and 2" BCG

exposure for 24h. Cytokines measured after 1°** and 2" stimulation.
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Figure 6. BCG generates a myeloid and immunosuppressive microenvironment in tumors

with HLA-I downregulation.

a. Longitudinal study of paired bladder tumors before and after BCG immunotherapy
(n=28).
b. Volcano plot showing differential gene expression between paired tumors (relapse

vs. baseline). Paired FFPE samples with sufficient tumor area at baseline and relapse have
been selected (n=12).

c. Representative images of HLA-I staining by immunohistochemistry. Evolution of HLA-I
expression is depicted at the individual level. Unpaired two-tailed t tests.

d. Volcano plot showing upregulated genes according to HLA-I expression (relapse (n=6)
vs. baseline (n=6)). Specifically upregulated genes among each group HLA-I "vs HLA-l ° are
highlighted. Red dot indicate genes with p value<0.05 and FDR<0.31.

e. Venn diagram showing the number of shared and specific genes according to HLA-I hi
vs HLA-1° (n=12).

f. Heat-map depicting gene expression profile between baseline and relapse for tumors
with HLA-I downregulation (n=4). A circle at the left indicates selected cases for this analysis.
g. Representative images of antibodies selected for IHC study.

h. In situ immune microenvironment before and after BCG immunotherapy (two-tailed
paired t tests).

i. Prognostic value according to HLA-I expression before and after BCG immunotherapy.
(Log rank tests, Hazard Ratio, p value).

je EMT-score before and after BCG immunotherapy according to the development of

metastasis (n=6, two-tailed paired t tests).

73



Methods

Patient cohort. Tumor samples and medical records were obtained from a cohort of 147
patients with bladder cancer treated at the Hopital Foch and previously reported (Rouanne
et al., 2019). BCG resistant tumors provided from 28 patients. Formalin-fixed paraffin-
embedded tumor specimens with sufficient bladder tumor content were selected for RNA
extraction and IHC profiling. Paired bladder samples before and after BCG immunotherapy
were used for this study. All the patients gave their written informed consent for use of
clinical data and scientific purposes. This cohort has been declared to the CNIL (DC-2017-
2942) and approved by the Ethical and Scientific Committee.

Ex vivo bladder tumor stimulation assay. Fresh tumor samples were prospectively obtained
from Hopital Foch. All the tumors were collected within 1 hour from surgery and stored at
4°C in complete medium until use. Experimental settings were conducted as previously
described (Jacquelot et al., 2017). Primary bladder tumors were freshly mechanically and
enzymatically dissociated using the Miltenyi Gentle MACS equipment for 1 hour at 37°C
under rotation (2 incubation steps of 30 minutes). We performed an ex vivo tumor
stimulation assay from 12 primary bladder tumors. Dissociated cells were seeded in 96-wells
plate and incubated in complete medium, or stimulated with IFNy (1.10° UI/mL) or with
reconstituted ImmuCyst (BCG substrain Connaught 2.10’ CFU/mL). The ex vivo stimulation
lasted 72h before flow cytometric analyses of live CD45" cells and CD45- cells.

Cell-lines. All cell lines were purchased from the American Type Culture Collection (ATCC
No.TCP-1020). Cell-lines with known genomic characteristics included RT4, SW780,
HT1376, 5637, TCCSUP, and UM-UC3. All cell-lines were maintained in culture with
antibiotic-free media RPMI 1640 following the addition of 10% heat-inactivated fetal
bovine serum (GE Healthcare) at 37 °C in a humid atmosphere containing 5% CO2. Cell-lines

were tested and found negative for Mycoplasma contamination.
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Flow cytometry and cell-sorting. Cells from 12 primary BC were stained with fluorochrome
coupled mAbs, incubated for 20 min at 4°C and washed with PBS1X. Cells were then
permeabilized with Foxp3/Transcription factor Fixation/Permeabilization kit (eBiosciences)
and intranuclearly stained anti-Foxp3 APC (eBiosciences) and anti-Ki67 (BD Biosciences)
mAbs for 30 min, at 4°C, protected from light. Cell culture supernatants were collected at
72h and stored at -20°C until use. Cancer cell-lines were detached with trypsin and stained
with mAbs as described below. Panel of antibodies are listed below. Cell samples were
acquired on a BD FACS LSR Fortessa X-20-cytometer with single-stained antibody capturing
beads used for compensation (Compbeads, BD Biosciences). Data were analyzed with Kaluza
1.3 (Beckman). For cell sorting, ZA negative cells, HLA-I" and HLA-I" cancer cells were FACS
sorted after BCG co-culture for 24h.

BCG reconstitution. InmuCyst BCG is a freeze-dried preparation made from the Connaught
substrain of Bacillus Calmette-Guerin, which is an attenuated strain of living bovine tubercle
bacillus Mycobacterium bovis. The bacilli are lyophilized (freeze-dried) and are viable upon
reconstitution. It is produced from a suspension containing viable bacteria of the Connaught
strain of Bacillus Calmette-Guerin (BCG) and formulated to contain 81 mg (dry weight) of
BCG and 150 mg monosodium glutamate. Each vial of ImmuCyst is reconstituted with 3 mL
of sterile, preservative-free saline solution. The reconstituted dose contains approximately
10.5 + 8.7 x 10° colony-forming units (CFU). For clinical use, the reconstituted material from
the vial is further diluted in an additional 50 mL of sterile, preservative-free saline solution to
a final volume of 53 mL for instillation into the bladder. Therefore, the final concentration in
the bladder is approximately 2 x 10’ CFU/mL.

BCG co-culture. Cancer cells were plated a day prior to infection in antibiotic-free media to
reach 80-90% confluence on the day of infection. Lyophilized ImmuCyst Bacillus Calmette-

Guérin (BCG) (Connaught substrain, 81 mg at 10.5 + 8.7 10® CFU/mL) was reconstituted
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within PBS 1X as recommended for clinical use. BCG was co-incubated in antibiotic-free
media to achieve a multiplicity of infection of 10:1 or 100:1 as reported. Plates were
incubated at 37°C for the indicated time period and then washed with 1XPBS, detached
using trypsin, resuspended in complete medium. After passage on 70um filter and
centrifugation, cells were resuspended in 1XPBS for analysis by flow-cytometry.

In vitro BCG restimulation assay. This protocol has been originally described to study trained
innate immunity in human monocytes. Cancer cells (250,000 cells/ well) were added to flat-
bottom 6-well plates. After incubation for 24 h at 37°C and washing with warm PBS, cancer
cells were incubated with culture medium only as a negative control or BCG MOI 100:1, for
24 h (in 2000 pl /well RPMI plus 10% heat-inactivated fetal bovine serum). After 24h, the
cells were washed twice with 500 pl warm 1XPBS and incubated for 6 days in culture
medium with 10% serum, and the medium was changed once at day 3. Cells were harvested
at day 5 using trypsin protocol, washed twice with 1XPBS, and seeded (250,000 cells/ well) in
flat-bottom 6-well plates for 24h. Cells were restimulated with BCG MOI 100:1. After 24 h,
supernatants were collected and stored at-20°C until cytokine measurement.

NanoString gene expression profiling. For FFPE tumor samples analysis, macrodissection of
selected tumor areas following by RNA extraction using High Pure FFPET RNA Isolation Kit —
Roche Life Science (ref:06483852001) was performed. The samples were stored at —80°C.
Isolated RNA was hybridized with the NanoString nCounter PanCancer Immune Profiling
Human Panel CodeSet. For cancer cells analysis, cell-sorting was performed 24h after BCG
co-culture. Next, RNA was extracted using the Direct-zol RNA MiniPrep Kit (Zymo Research).
The samples were stored at —80°C. Isolated RNA was hybridized with the NanoString
nCounter 10360 Panel Human Panel CodeSet and quantified using the nCounter Digital
Analyzer. Data were processed with nSolver Analysis Software (NanoString) using the

Advanced Analysis module.
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Immunohistochemistry. One representative formalin-fixed, paraffin-embedded (FFPE)
tumor block of the primary tumor and relapse was selected. Consecutive 3um thickness
sections of FFPE tumor tissues were cut on a microtome and float on a 40°C water bath
containing distilled water. Sections were transferred onto positively charged glass slides
(Superfrost Plus). Slides were dried overnight and stored at 4°C until use. Consecutive FFPE
slides were stained using validated and standardized protocols on Ventana Discovery Ultra
or Benchmark Ultra automated platforms (Roche Diagnostics, Ventana Medical Systems,
Tucson, AZ). The main steps for chromogenic IHC are decribed below. Sections were
deparaffinized in xylene. Antigen retrieval was performed using ultra cell conditioning 1 (CC1)
buffer for 36 minutes at 95°C. Sections were incubated with a primary antibody (see table
below) during 1 hour at room temperature. Amplification was achieved using an UltraView
universal DAB detection kit. Revelation using 3,3’diaminobenzidine as chromogen was
applied to sections. Nuclear counterstaining was performed with Hematoxylin Il and bluing
reagent. Coverslip was applied with a permanent mounting medium.

Immunohistochemical analysis for PD-L1 and HLA-I expression. For HLA-1 (clone EMR
8-5 anti-HLA class | heavy chain A, B, C), intensity of tumor cells membrane staining was
scored using a semi-quantitative scale: 0 (negative), 1 (weak), 2 (moderate) and 3 (strong).
Then, the percentage of positive tumor cells was multiplied by the staining intensity of
tumor cell to obtain a final semi quantitative H score (0-300). For PD-L1 staining (E1L3N
clone, Cell Signaling Technology, Danvers, MA), primary antibody was incubated at 1 pug/mL
dilution for 1 hour at room temperature. Detection was performed using a HQ amplification
kit and 3,3'-diaminobenzidine as a chromogen. For each tumor sample, PD-L1 expression
was scored by a trained pathologist in tumor cells (percentage of cells with membranous
staining) and immune cells (percentage of tumor areas covered by PD-L1 expressing tumor

cells).
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Image analysis. Image acquisition was performed with a Virtual Slide microscope VS120-SL
(Olympus, Tokyo, Japan), 20X air objective (0.75 NA, 345 nm/pixel). CD3+, CD4+ and CD8+
lymphocytes were detected using an algorithm created in Definiens Developer software
(Definiens Munchen Germany). Image analysis was done on manually selected (exclusion of
areas of necrosis, preparation artifacts) regions of interest (ROI). As these regions were large,
they were divided into blocks of pixels processed individually and stitched at the end. The
method combined watershed segmentation on DAB staining and color and morphological
characteristics to retrieve automatically CD3+, CD4+ or CD8+ cells. The program exports the
number of CD3+, CD4+ or CD8+ cells and the tissue areas in um? for each analyzed ROI.
FoxP3+ lymphocytes were detected using ManualROI_Nuclei (Positive vs. Negative) routine
in Definiens Tissue Studio (Definiens Munchen Germany). DAB stained nucleus are
automatically detected using their IHC spectral properties in manually selected regions of
interest. The routine scores (low, medium and high) each nucleus on its intensity. In our
cases, low classification corresponded to false positive staining and was discarded. The
program exports the number of FoxP3+nucleus and the tissue area in um? for each analyzed
case. Macrophages were analyzed using an algorithm created in ImageJ (NIH, Bethesda,
Maryland, USA) applied on manually selected ROI. Macrophages results are expressed as an
area of CD163+ and CD68+ CD163- stained cells divided by the ROI area.

Multiplex Luminex assay. The cytokine release was quantified by commercial 27-plex
Luminex assay for monitoring the immune activity of BCG on fresh bladder tumors and cell-
lines. Cytokine titration was performed using the Bio-Rad Bio-Plex 200 Luminex® multiplex
ELISA (Bio-Rad 27-Plex Human Chemokine Panel, kit #M500KCAFQY). This kit detects IL-1pB,
IL-1ra, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, TNFa, IFNy, CXCL10, G-
CSF, GM-CSF, Eotaxin, CCL2, CCL3, CCL4, CCL5, VEGF, FGF basic, PDFG-bb. Titrations were

performed following the Bio-Plex Pro Assays Chemokine Quick Guide protocol.
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ImageStream analysis. For in vitro infection, BCG was labelled with calcein-AM after co-
incubation in complete medium for 30 min at 37°C 5%CO2 protected from light. Cancer cells
were co-incubated with BCG-calcein AM (MOI 100:1) for 24 hours, or incubated with IFNy
(1000U/mL) or RMPI 10% heat-inactivated FBS. Cells were harvested using trypsin, washed
twice with 1xPBS and stained with surface antibodies. Hoeschst was added 15 minutes
before image acquisition. Images were captured on an Amnis ImageStream Mark Il Imaging
Flow Cytometer with 40x magnification (EMD Millipore). Data were acquired and analyzed
using Amnis INSPIRE software and Amnis IDEAS software, respectively.

Statistical analysis. Statistical tests were calculated in GraphPad Prism v.8.0. Paired two-
tailed Student’s t-test were used to compare two groups, unless indicated otherwise; one-
way ANOVA was used to compare multiple (>2) groups with one independent variable
followed by Tukey’s correction for multiple comparisons. For Kaplan—Meier survival
experiments, we performed a log-rank (Mantel-Cox) test. P values depicted as * <0.05, **

<0.005, *** <0.001, **** <0.0001, were considered statistically significant.
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Chapter lll. General discussion and perspectives

High-risk non muscle-invasive bladder cancers (NMIBC) frequently relapse after standard
BCG immunotherapy, and up to 30% of patients experience progression to muscle-invasive
disease(Van Den Bosch and Witjes, 2011; Chamie et al., 2013); such patients are referred to
as having secondary muscle-invasive bladder cancer (MIBC), which are highly lethal
disease(Ge et al., 2018; Pietzak et al., 2019). Although it is broadly accepted that intravesical
BCG therapy efficacy relies on its ability to generate an anti-tumor immune response, the
mechanisms of tumor resistance to BCG therapy remain elusive. Worse clinical outcomes
have been observed in patients developing secondary MIBC or metastasis after BCG
immunotherapy compared to those with primary MIBC or de novo metastatic disease(Ge et
al., 2018; Pietzak et al., 2019). These clinical observations suggest that BCG-resistant cancer
cells could acquire intrinsic characteristics upon BCG exposure, which lead to immune
escape, tumor invasion and metastasis. Overall, our data strengthen this hypothesis, and
provide new insights into the mechanisms of resistance to BCG.

In this study, using ex-vivo BCG co-culture assay with fresh human bladder tumors, we
demonstrated that BCG induces HLA-I downregulation in a subset of urothelial cancer cells.
We further validate that live bacilli providing from lyophilized therapeutic BCG can infect a
subset of urothelial cancer cells, which subsequently downregulate HLA-I expression. We did
not have the opportunity to study the precise mechanism by which intracellular BCG
infection leads to HLA-I downregulation but this question would be an important cellular
biology question to be solved. We cannot say with our data if the low HLA-I membrane
expression is a consequence of an internalization of the molecules or a diminution of its
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expression. Indeed, the BCG detrimental effects could be either at the transcriptomic level
by direct modification of the expression of HLA-I genes (secondary to epigenetic mechanisms
for example), but could also be at the post-translational level where BCG metabolism could
interfere with the HLA-I membrane expression. Strikingly, loss of heterozygosity (LOH) at
chromosome 6 & 15 has been described as a mechanism of acquired resistance to BCG
immunotherapy (Carretero et al., 2011). In this retrospective series, the authors suggest that
BCG induced selection of HLA-class | deficient tumors at relapse after BCG immunotherapy.
Comparative analysis of HLA-I expression in recurrent bladder tumors in patients treated
with mitomycin or BCG was analyzed by RTg-PCR and immunohistochemical techniques.
Loss of heterozygosity was determined by microsatellite amplification of markers in
chromosome 6 and 15. In this seminal study, more profound alterations in HLA class |
expression were found in post-BCG recurrent tumors rather than in pre-BCG lesions,
whereas mitomycin treatment did not change the HLA class | expression pattern. The
authors suggest that cancer cells with high HLA-I expression at baseline are eliminated after
BCG exposure, while tumor cells with structural HLA alterations before BCG led to the
outgrowth of cancer cells.

Most interestingly, cancer cells becoming HLA-I deficient upon BCG exposure also displayed
a senescent-like phenotype, with specific cancer inflammatory responses including sustained
activation of type | IFN pathway. Among the cytokines secreted, we identified higher levels
of G-CSF and VEGF released by class-I deficient cancer cells. This data suggest that cancer
cells not only acquire immune evasion features, but also the ability to recruit in situ
potentially immunosuppressive myeloid cells, and stimulate tumor angiogenesis. Taken
together, these data emphasize that live attenuated BCG may induce immune evasion and
mesenchymal transition after intracellular infection in a subset of cancer cells.

Our results have broad clinical implications. Indeed, HLA-I downregulation could be easily

85



assessed in routine practice by pathologists. Therefore, patients with HLA-I BCG-
unresponsive tumors could be identified and benefit from treatment intensification. Thanks
to the advent of immune checkpoint targeted immunotherapies in oncology, an
unprecedented number of new therapeutic strategies are currently in clinical development
for BCG-unresponsive tumors. Beyond anti-PD(L)1 monotherapies, those include intravesical
oncolytic viruses (NCT02316171) and combinations of intravenous anti-PD1 with intravesical
BCG (NCT03711032) or oral IDO1 inhibitors (NCT03519256). Preliminary results showed
potential benefit of pembrolizumab in this clinical setting with 40% of patients without
relapse after 3-months treatment(Balar et al., 2019). These results have to be confirmed
with a longer patient follow-up in an ongoing randomized phase Il clinical trial. Intravesical
administration of immunostimulatory components are also evaluated in this clinical setting
in early phase trials. The US FDA has recently granted fast track and breakthrough therapy
designations to rAd-IFN/Syn3, a non-replicating adenovirus vector harboring the human IFN
alpha2b gene, delivered intravesically to treat high-grade NMIBC patients, who are
unresponsive to BCG therapy(Shore et al., 2017). A phase Il trial is currently ongoing
(NCT02773849).

Our study shed light on the immune microenvironment in BCG-resistant tumors. Taken
together, our data collectively suggests that acquired HLA-class | deficiency by tumor cells
after BCG immunotherapy induced myeloid-suppressive immune microenvironment, thus
preventing efficient antitumor immunity, leading to local invasion and metastatic disease. By
contrast, immunogenic HLA-I high tumor cells led to increased cytotoxic CD8+ T-cells, and
long-term disease control. Additionally, we identified a macrophage signature with high
expression of CD47 in HLA-I deficient tumors after BCG immunotherapy. Recent studies have
demonstrated that CD47 blockade not only increases phagocytosis of cancer cells but also

promotes cross-presentation of tumor antigens to enhance priming of anti-tumor effector T
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cells in syngeneic mouse tumor models(Liu et al., 2015; Sockolosky et al., 2016; Kauder et al.,
2018). The CD47 targeted macrophage checkpoint inhibitor 5F9 showed monotherapy
activity in ovarian cancers and B-cell lymphomas(Sikic et al., 2019). When combined with
rituximab it showed promising activity in patients with rituximab refractory aggressive and
indolent lymphomas(Advani et al., 2018). To improve its therapeutic profile, engineered
non-pathogenic bacteria expressing a nanobody against CD47 has recently been
developed(Chowdhury et al., 2019). Local delivery of CD47nb by tumor-colonizing bacteria
increases activation of tumor-infiltrating T-cells, stimulated rapid tumor regression,
prevented metastasis and led to long-term survival in a syngeneic tumor model in mice.
Therefore, we believe that treatment targeting the CD47-SIRPa axis in BCG-unresponsive
tumors could also be explored in a follow-up trial. Here we demonstrate for the first time
that BCG induces HLA-class | downregulation, senescent-like and mesenchymal transition in
a subset of cancer cells, leading to immune evasion, and cancer cell intrinsic capacity of local
invasion at the tumor site. Thus, we propose to stratify the risk of disease progression

according to HLA-I expression in BCG-unresponsive tumors.

A No treatment B SIRPa-CD47 blockade

¥ SIRPa-CD47
blockade

( No phagocytosis )

Fig. 1. Regulation of phagocytosis by the SIRPa-CD47 immune checkpoint (from Veillette at al.

J Clin Oncol 2019(Veillette and Tang, 2019))
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Materials and methods: We retrospectively analysed clinical data and formalin-fixed paraffin-
embedded (FFPE) tissucs of 147 patients with primary high-grade pT1 NMIBC who under-
went transurcthral resection of the bladder. The stromal TIL density was scored as peroentage
of the stromal area infiltrated by mononuclear inflammatory cells over the total intratumoural
stromal area. The main end-point was correlation with cancer-speafic survival (CSS).
Results: Median follow-up was 82 years (6.1-9.5). Induction Bacillus Calmette—Guerin ther-
apy was undergone by 126 patients (86%). Stromal TILs were high (>10%) in 82 tumours
(56%) and were positively associated with the tumour invasion depth (p = 0.01) and cancers
with variant histology (p = 0.01). For the CSS analysis, high (>10%4) versus. low (<10%%) stro-
mal TIL hazard ratio (95% confidence interval) was 1.70 (0.7-3.9, p = 0.2).

Conclusions: A higher density of stromal TILs was associated with the tumour invasion depth
in pT1 NMIBC. The level of TILs was not associated with survival outcomes. These data sug-
gest that tumour aggressivencss is associated with an increased adaptive immune response in
pT1 NMIBC. Characterisation of Tcell subtypes along with B-cells may be critical to enhance

our knowledge of the host immune response in patients with high-risk NMIBC.
@ 2018 Elsevier Ltd. All rights reserved.

1. Introduction

High-grade T1 (HGTI) bladder cancer is the highest
risk subgroup of non—muscle-invasive bladder cancer
(NMIBC). It represents approximately 25% of bladder
cancer at diagnosis [l]. These tumours have a
variable but potentially lethal prognosis as they can
exhibit biological behaviour of muscle-invasive bladder
cancer (MIBC) [2]. Despite adjuvant Bacillus Calm-
ette—Guérin (BCG) therapy, half of the patients will
experience tumour recurrence within 5 years, and 20%—
30% of the patients will progress to MIBC [3]. Ulti-
mately, 10%—15% of patients will die of bladder cancer.
Although the European Organization for Research and
Treatment of Cancer (EORTC) risk score represents a
major improvement for scoring the prognosis of
NMIBC, it does not fully capture umour heterogeneity
[4]. Currently, one of the most important unmet needs is
to identify potentially lethal HGTI1 bladder cancer so
that they can be managed aggressively before they
become life threatening for the patient [5].

Assessment  of tumour-infiltrating lymphocytes
(TILs) can provide important prognostic information
in various cancers and may also be of value in pre-
dicting response to treatments. High lymphocytic
infiltration, detected using standard haematoxylin and
eosin (H&E) staining, has been associated with a
favourable prognosis in many different umours types
[6]. Recent efforts have been taken to standardise the
assessment of TILs by morphology in routine pathol-
ogy practice, resulting in guidelines for scoring TILs in
solid tumours [7.8]. To our knowledge, large studies
investigating the prognostic value of TILs in a homo-
geneous cohort of HGTI bladder cancer have not been
reported [9].

In the present study, we analysed the density of
stromal TILs before BCG therapy, in a homogeneous

cohort of patients with primary HGT1 bladder cancer.
The primary objective of this study was to evaluate the
association between the density of stromal TILs and the
cancer-specific survival.

2. Methods
2.1. Patients

We analysed a cohort of 147 primary high-grade
c¢TINOMO patients (CNIL declaration number
2059719) treated at the Hépital Foch between January
2000 and May 2015. We solely included newly diag-
nosed, treatment-naive, non-metastatic HGTI bladder
mmours, excluding muscle-invasive (=T2), recurrent,
intradiverticular and upper tract urothelial carcinoma
(Supplementary data Fig SI). All patients underwent
clinical examination, radiographic tests and transure-
thral resection (TUR) by an urologist at our institution.
BCG therapy, radical cystectomy and management of
metastatic disease were performed according to the na-
tional guidelines. Clinical follow-up included cystoscopy
and urine cytology every 3 months for the first 2 years,
then every 6 months. The study was approved by our
institutional review board and was conducted according
to ethical rules regarding research on tissue specimens
and patients. Updated follow-up data were obtained
from the patient records (up until a close out date of
August 31, 2017, patient death or the last follow-up
visit, whichever came last).

2.2, Tumour samples and pathology review

All surgical specimens were initially reviewed by a
pathologist specialised in uropathology (C.R.). Tu-
mours were graded according to the World Health Or-
ganization (WHO) 2016 system [l0] and staged
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according to the 2017 TNM classification, 8th edition
[I1]. Only initial high-grade mmours with a visible,
clearly identifiable and disease-free muscularis propria
were included in this study. The characteristics of lamina
propria invasion were assessed to distinguish superficial
invasion, defined as invasion of the lamina propria to
the level of the muscularis mucosa (Tla); all other types
of invasions into or beyond the muscularis mucosa were
categorised as non-superficial (T1b). Progression and
recurrence risk scores were calculated using the EORTC
risk model (high score > 14 and low score <14 for
progression; high score > 10 and low score <10 for
recurrence).

23. Scoring of TILs

Representative slides from the initial TUR were
reviewed for the purpose of the study and were evaluated
independently for the presence of TILs, defined as
mononuclear cells with lymphocytes and plasma cell’s
morphology, excluding granulocytes, following the rec-
ommendations of the international TILs Working
Group [12]. TILs were reviewed by two pathologists
(C.R. and J.A.) blinded to outcome data, using whole
slides H&E-stained sections. TILs were evaluated in the
stroma of the areas with infiltration of the lamina
propria, excepted in areas with necrosis and artefacts
secondary to coagulation in TUR samples. The per-
centage of the stromal area occupied by TILs was re-
ported as a semicontinuous variable (1% increment
between | and 10°6 and 5% increments above 10%). A
binary scoring system was used to describe non-intense
(stromal TILs >10%) versus intense lymphocytic infil-
tration (stromal TILs <10%). The overall agreement was
good between the two readers (k. = 0.75). (see Fig. 1)

24. Study end-points

Recurrence was defined as reappearance on TUR of
histologically proven high-risk disease after the start of
therapy (any high grade and/or T1 and/or CIS). Pro-
gression was defined as development of muscle-invasive
mumour, nodal or distant metastasis. Time (o recurrence
was defined as time from the first TUR to the first local
recurrence or distant recurrence or death due to bladder
cancer whatever occurs first. In the absence of recur-
rence event or death due to other cause, patients were
censored at the date when last seen or dead. Time to
progression was defined as the time from the first TUR
o progression or death due to any cause. Time to
bladder cancer—related death was defined as the time
between the first TUR and death attributable to bladder
cancer. Patients alive or died from other cause than
bladder cancer were censored at the date of the last
follow-up or date of death. Overall survival (OS) was
defined as the time from the first TUR to the date of the
last follow-up or death. Patients for whom none of these
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events were recorded were censored at the date of their
last known follow-up.

2.5. Statistical analyses

As no formal recommendation for a clinically relevant
TIL threshold has been identified for urothelial carci-
noma of the bladder, we focussed on stromal TILs as a
continuous parameter. We first investigated the prog-
nostic performance of percentage of TILs as a contin-
uous variable regarding the association with recurrence,
progression, cancer-specific and non-specific related
deaths. Then, we performed the same analyses using 107
as the cut-off to define a high level of stromal lymphocyte
infiltration. The association of clinicopathological fac-
tors with the percentage of TILs as a continuous or a
categorical variable was respectively performed using the
Mann—Whitney test and the Chi-square or Fisher’s exact
test when it was appropriate. For each time to event end-
point, time to event will be presented graphically using
Kaplan—Meier methods, and comparisons between
groups will be made using the log-rank test. Association
of each known clinical prognostic factor was investigated
and analysed, and an unadjusted Cox proportional
hazards model was used to calculate hazard ratios (HRs)
to estimate the variable effect. The assumption of pro-
portionality used by the Cox model was tested using
log—log plots and Schoenfeld residuals. If the assump-
tions were found not to hold, methods for non-
proportional hazards were considered. If the hazard is
proportional between groups, but not other covariates,
this was resolved by fitting non-proportional covariates
as strata. Factors with a p-value <0.20 in univariate
analysis were included in a multivariate analysis in
addition to TILs. Forward selection was used to establish
the final multivariate model. The significance threshold
was 5%. Analyses were performed with R software,
version 3.4.3.

3. Results
3.1. Patient characteristics

The median follow-up was 8.2 years (range 6.1-9.5
years). The median age was 71.1 years, and 130/147
(88%) were male. Associated CIS was found in 65 pa-
tients (44%). Primary treatment strategies included pri-
mary BCG therapy in 121 patients, up-front radical
cystectomy in five patients and only TUR in 21 patients.
Seventy-one patients were BCG non-responders (Fig 2).
Radical cystectomy was performed in 45 patients
(31%) due o BCG resistance (n = 16) or muscle-
invasive disease (n = 29). At the time of analysis,
deaths and distant metastasis occurred in 41 (28%) and
25 (14%) patients, respectively. Clinicopathological
characteristics of the cohort are reported in Table 1.
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Fig. 1. Histopathologic examples of stromal lymphocytic infiltration in high-grade T1 urothelial carcinoma. (A) Non-intense lymphocytic
infiltration (TIL density 0%) B. Non-intense lymphocytic infiltration (TIL density 5%) C. Intense lymphocytic infiltration (TIL density
20%) D. Intense lymphocytic infiltration (TIL density 6(246).

BCG-naive
primary cTINOMO
(n=147)
Up-front radical cystectomy (n=5)
Transurethral resection (n=21)
BCG-treated

CcTINOMO (n=121)

s ™
BCG-unresponsive
recurrent tumours

(n=71) )

.

CIS and/or high-grade Ta, uscle-invasion >T2 or N+
and/or any T1 (n=35) (n=36)

Fig. 2. Flowchart of the primary treatment strategies. BCG, Bacillus Calmette—Guérin.
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Table |
Patient charactenstics.
haraclenstics All patents Stromal TILs _ p value
<10 >1(P%
n (%) n (%) n(%)
147 (100) 65 (44) 82(56)
Ag <70 yr.  69(47) 30(46) 39(47) 0.9
>0y, 78(53) 35(54) 43(53)
Sex Femak 17(12) 6(9 11(13) 0.%9
Malk 130 (88)  $9(91) 71(87)
Smoking Never 24(16) 6(9 18(22) 0.18
Former  62(42) 29 (45) 33(40)
Current 29 (20) 12(18) 17(21)
Unknown 32(22) 18(28) 14(17)
Tumour size <3em 311 14(22) 1721 1
3em  S4(37) 25(38) 29(39)
Unknown 62 (42) 26 (40) 36 (44)
Muhifocality Single 52(36) 23(35) 29(35) 0.87
Multiple 73 (50) 35(54) 39(48)
Unknown 21(14) 7(11) 1410
Growth pattern  Papillary 67 (45) 30 (46) 37(45) 0.92
Solid 36(29) 15(23) 21(26)
Unknown 44 (30) 20(31) 2429
Concomitant CIS  Yes 65 (44) 29(45) 36(44) 0.9
No 82(56) 36 (65) 46(56)
Lymphovascular  Yes 15(10) 06(9) 9(11) 0%
invasion No 132 (%)  59(91) 73(89)
Invasion depth  Tla 102 ()  51(79) 51(62) 0.05
Tib 45(30) 14(21) 31(38)
Histologcal Yes 4027 11(17) 2939 0.2
variants No 107 (1)  54(83) 53(69)
EORTC risk score Low 16 (10) 6(9 10(12) 0.67
High 85(58) 40 (62) 45(59)
Unknown 46 (32) 19(29) 27(33)
Second look Yes 67 (46) 30(46) 37(45) 1
performed No 80 (54) 35(54) 45(59)
Primary BCG Yes 126 (86)  $6(91) 70(85) 0.9
treatment No 21(14) 9(9 12(19)

TILs, tumour-infiltrating lymphocytes; EORTC, European Organiza-
ton for Research and Treatment of Cancer; BCG, Bacillus
Calmette—Guerin.

3.2. TILs positively associated with the tumour invasion
depth and variant histologies

At baseline, the median level of TILs was 2(P6 (range
5%—60%). Stromal lymphocytic infilration was >10%
(intense) in 82 tumours (56%) and <107 (non-intense)
in 65 tumours (44%). Heterogeneity was observed be-
tween the intense (>10% TILs) versus the non-intense
(<10% TILs) subgroups, for tumour invasion depth
(p = 0.05) and variant histologies (p = 0.03) (Table I).
The distribution of lymphocytic infiltration among -
mours with variant histologies is reported in Supple-
mentary data Table SI. None of the other
clinicopathological characteristics of the patients were
associated with the baseline TILs levels. Particularly, no
association was found between the density of TILs and
concomitant CIS (p = 0.78) or lymphovascular invasion
(p = 0.53). The baseline TIL level was significantly
higher (p = 0.009) in patients with TIb substage

(median, interquartile range [IQR]; 22.8, 10-30)
compared with Tla substage (median, IQR; 17.7,
10—28.8) (Fig. 3A). Similarly, the density of TILs
significantly increased (p = 0.01) in patients with
variant histologies (median, IQR; 20, 10—30 compared
with patients with pure urothelial carcinoma (median,
IQR; 10, 10-27.5) (Fig 3B).

3.3. Survival analysis

Tumour multiplicity and a high EORTC score were
significantly associated with high-risk recurrence in the
univariate analysis. Similarly, the tumour size (>3 cm)
was significantly associated with progression-free sur-
vival in the univariate analysis (Supplementary data
Table S2). Age >70 years and lymphovascular invasion
remained independent prognostic factors, respectively,
for OS and bladder cancer-specific survival in the
multivariate models (Table 2). Kaplan—Meier analysis
of cancer-specific survival according to the TIL density
showed an HR of 1.70 with 95% CI (0.7-3.9; p = 0.2).
No statistical difference was found when adjusting on
other prognostic factors (adjusted HR = 1.8; 95% CI
0.8—4.2; p = 0.18). Similar results were observed for OS
(unadjusted and adjusted HR = 1.2; 95% CI 0.6—2.2,
p = 0.6); PFS (unadjusted HR = 191; 0.6—6.1,
p = 0.3; adjusted HR = 2.10; 0.7-6.7, p = 0.22)
and recurrence-free survival (RFS) analyses (unadjusted
HR = 08; 95% CI 04-15, p = 0.5, adjusted
HR = 0.7; 95% CI 0.4—1.4), p = 0.33) (Fig. 4).

4. Discussion

Our study encompasses a homogenous population of
147 treatment-naive, primary ¢cTINOMO bladder cancer
with a long-term median follow-up of 8.2 years. We
demonstrate a correlation between stromal TILs and
clinical outcomes. The major finding is that the density
of stromal TILs was not associated with a better clinical
outcome including cancer-specific survival and OS as
opposed to numerous neoplasms for other organs. Sec-
ond, we found that the level of TILs significantly
increased with the tumour invasion depth. Third, we
also identified a statistically significant difference be-
tween the density of stromal TILs in tumours with
variant histologies, listed on the WHO 2016 classifica-
tion of bladder tumours, compared with pure urothelial
carcinoma [11]. Altogether, these data further suggest
that tumour aggressiveness may be associated with an
increased adaptive immune response to the invasion
depth and variant histologies in T1 bladder cancer.
Morphological assessment of TILs has been shown o
provide prognostic and potentially predictive signifi-
cance in many different tumour types [6]. A dense T-cell
infiltrate is a common characteristic of tumours that
have a favourable prognosis [I13.14]. However, an
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A. Distribution of stromal TILs among T1 substages (mean + SEM: p=0.009)
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Fig. 3. Association among the density of stromal TILs, tumour invasion depth (A) and variant histologies (B). TILs, tumour-infiltrating

lymphocytes; SEM, standard error of the mean.

association between high densities of CD8+- cytotoxic T-
cells and short PFS and OS durations has also been
reported in several solid tumours, including clear cell
renal cell carcinoma and prostate cancer [15—17]. Large
studies investigating the pattern of T-cell infiltrate and
its potential prognostic value among various stages of
urothelial carcinoma are lacking [9].

Sharma er al. [18] reported one of the first analyses
evaluating the prognostic value of T-cell infiltration in
urothelial carcinoma of the bladder (n = 38 pTa or pTI;
n = 31 pT2-T4). Indeed, the authors reported that the
presence of CD8+ TILs did not influence disease-free
survival time among patients with NMIBC
(p = 0.693) but had a substantial influence among pa-
tients with muscle-invasive disease (p < 0.001). This
finding also suggests that TIL density may be a marker
of disease aggressiveness rather than a sign of an
ongoing effective antitumour immune response. To
enhance the statistical power of our study, we focussed
only our analysis on pT1 bladder tumours rather than a
mixed population of high-risk NMIBC tumours.

In a previous study, Patschan er al [19] assessed
CD3+ T-cells infiltration in a cohort of primary TI
bladder cancer (n = 156) using a tissue microarray

technique. The authors showed that high levels of
CD3+ T-cells were significantly associated with poor
prognosis and progressive disease. In agreement with
our findings, they also reported a strong association
between  high levels of CD34+ T-cells and
invasive > pTIb tumours. The authors hypothesised
that pTIb disease with high CD3 scores represented
mmours that have reached an epithelial depth, which
could allow a better immune recognition and therefore
rigger an antitumour immune response. Whether the
intense lymphocytic infiltration is directly linked to the
mmour invasion depth remains difficult to demonstrate.
Also, the use of tissue microarray (TMA) calls for great
caution regarding the heterogeneity of the in situ anti-
mumour immune response. In our study, the pathological
assessment of stromal TILs was independently per-
formed by two pathologists using a standardised,
reference methodology on whole tissue sections using
H&E staining [8,12]. This analysis allowed a specific
characterisation of the immune response in the stromal
infiltration (pT1) as the immune infiltrate in pTa and
CIS is limited to the urothelial layer.

Recently, Wang er al [20] investigated the clinical
significance of CDI03+ T-cells, a marker of tissue
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Table 2
Multivariate analysis of clinicopathological factors for recurrence, progression, cancer-specific and overall survival,
Qinicopathological factors No. events/ Univanate Multivarniate
No. Patients HR (98% CI) P HR (9% C1) »

Overall survival
TILs <1(% 165 1 1

>10% 2482 1.2(06-22) 06 1.2(06-22) 0.6
Age (years) <70 1669 1 1

=70 25978 24(13-49) 0.01 22(12-42) o
Varnant No 3107 1 1

Yes 540 0.4(02-11) 006 0.4(02-11) 0.9
Cancer-specific free survival
TILs <1(% 8465 1 1

>10% 1782 1.7(0.7-3.9 02 1.8(08-4.2) 0.18
Age (years) <70 1769 1 1

=70 1578 21(09-43) 007 21(09-47) 0.08
Lymphovascular invasion No 20132 1 1

Yes sns 27(10-73) 0.04 31(12-89 s
Variant No 22107 1 1

Yes 340 0.4(0.1-1.3) 0.1 0.40 (0.1-13) 0.14
Progresion-free survival®
TILs <10% 426 1 1

>10% 1033 1.9(06-6.1) 03 210 (0.7-6.7) 02
Growth pattem Papillary 4534 1 1

Solid 1025 39(12-125) 0.02 250 (0.7-98) 0.18
EORTC score Low 115 1 1

High 1344 5.2(0.7-40.0) 0.1 3.19 (0.3-31.9) 0.32
Tumour size <3em 4an9 1 1

>3 em 1030 3.19 (1-10.2 005 1.27 (0.3-53) 0.75
Recurrence-free survival *
TILs <10 1833 1 1

=10 21/41 0.8 (04-1.5) 0s 0.7(037-139) 0.33
No. tumours Unique 19%44 1 1

Multiple 20030 1.9(1-3.95) 005 1.8(09-3.6 0.12
Growth pattem Papillary sns 1 1

Solid 3459 23(09-59 008 1.8(0.7-5.1) 0.25
EORTC score Low 11725 1 1

High 28/49 1.5(08-3.1) 02 1.0(0.5-23) 0.95

TILs, tumour-infil trating lymphocytes; EORTC, European Organtzation for Research and Treatment of Cancer, HR, hazard ratio; C1, confidence

interval; Bold values p<005.
* Seventy-four.

® Fifly-nine patients with all the risk factors available were included in the multivaniable analyses.

resident memory CD8+ T-cells, in a cohort of Ta-T4
urothelial carcinoma of the bladder (n = 302). Inter-
estingly, the authors reported that the density of intra-
mmour CDI03 + TILs could represent a favourable
prognostic of overall and RFS. As the dual role of the
host's immunity in promoting or suppressing tumour
growth has been well established [21], in depth analysis
of inhibitory mechanisms negatively regulating T-cell
activation is required.

Several studies analysed the impact of the tumour
immune microenvironment on BCG therapy, without
reaching formal and definitive conclusions [22-24].
Anti-PD1/PD-L1 immune checkpoint inhibitors have
become the gold standard treatment in the second-
line setting of metastatic urothelial carcinoma [25.26].
Interestingly, data from a large retrospective study
(n = 296) showed that high mRNA expression of
PD-L1 was associated with better outcomes in pTlI
NMIBC [27]. These antibodies are now evaluated in

monotherapies or combination therapies in the
HGTI1 setting [28]. From a research standpoint,
extensive characterisation of the immune infiltrate
using longitudinal samples during immunotherapy
may further improve our understanding of immune
escape.

Limitations of this study include the retrospective
nature of the analysis and the absence of validated
scoring system (o assess stromal TILs. Therefore,
external validation of the results is required. Further-
more, not all patients had a second-look TUR per-
formed. Thus, understaging may not be formally
excluded even if only HGTI tumours with a visible,
clearly identifiable and disease-free muscularis propria
were included. Unquestionably, constitution of NMIBC
cohorts with sufficient amount of umour tissue avail-
able and high-quality clinical annotations is a critical
step to further allow in-depth molecular and immune
profiling of such tumours.
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Fig. 4. Kaplan—Meier survival curves according to stromal TILs percentage for recumrence-free survival (A), progression-free survival (B)
cancer-specific survival (C) and overall survival (D). The P value of the log-rank test is reported. TILs, tumour-infiltrating lymphocytes.

5. Conclusions

Insummary, the present study showed that the density of
stromal TILs is associated with tumour invasion depth
and aggressive variant histologies in patients with
completely resected primary high-grade T1 bladder can-
cer. A lack of correlation with clinical outcomes suggests
a different prognostic value of TILs between NMIBC
and MIBC. These data suggest that umour progression
is associated with an increased adaptive immune response
in HGT1 bladder cancer. The role of other parameters
including myeloid cells, B-cells and tumour stroma cells
may be critical to enhance our knowledge of the host
immune response in HG T1 bladder cancer. Therefore,
the assessment of the immune infiltrate in longitudinal
samples may be a comerstone to unravel the mechanisms
of BCG refractory tumours.
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Article history: Background: Previous molecular subtyping for bladder carcinoma (BLCA) involved
Accepted August 16, 2018 <450 samples, with diverse classifications.

Objective: To identify molecular subtypes by curating a large BLCA dataset.
Associate Editor: Design, setting, and participants: Gene expression publicly available were combined

and reanalyzed. The dataset contained 2411 unique tumors encompassing non-muscle-
invasive (NMIBC) and muscle-invasive BLCA (MIBC). Subtypes were reproduced on The
Cancer Genome Atlas, UROMOL, and IMvigor210.

Keywords: Intervention: Subtypes were assigned by gene expression.

Bladder carcinoma Outcome measurements and statistical analysis: Kaplan-Meier analyses were per-
. . formed for subtype-clinical outcome correlations; Chi-square/Fisher exact tests were
Microarray gene expression used for subtype-clinicopathological parameters associations.

Molecular subtypes Results and limitations: We identified six molecular subtypes with different overall
survival (OS) and molecular features. Subtype Neural-like (median OS, 87 mo) is
prevalent in MIBC and characterized by high WNT/B-catenin signaling. HER2-like
(107.7 mo) is distributed evenly across NMIBC and MIBC, with higher ERBB2 amplifica-
tion and signaling. Papillary-like (>135 mo), an NMIBC subtype enriched in urothelial
differentiation genes, shows a high frequency of actionable FGFR3 mutations, amplifica-
tions, and FGFR3-TACC3 fusion. Luminal-like (91.7 mo), predominantly NMIBC, has
higher MAPK signaling and more KRAS and KMT2 (/D mutations than other subtypes.
Mesenchymal-like (MES; 86.6 mo) and Squamous-cell carcinoma-like (SCC; 20.6 mo)
are predominant in MIBC. MES is high in AXL signaling, whereas SCC has elevated PD1,
CTLA4 signaling, and macrophage M2 infiltration. About 20% of NMIBCs show MIBC
subtype traits and a lower 5-yr OS rate than Papillary-like NMIBC (81% vs 96%). The main
limitations of our study are the incomplete clinical annotation, and the analyses were
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based on transcriptome subset due to comparisons across gene expression quantifi-

cation technologies.

Conclusions: BLCA can be stratified into six molecular subtypes. NMIBC, with a high
risk of progression, displays the molecular features of MIBC.

Patient summary: Biomarkers are urgently needed to guide patient treatment
selection and avoid unnecessary toxicities in those who fail to respond. We believe
molecular subtyping is a promising way to tailor disease management for those who

will benefit most.

© 2018 European Association of Urology. Published by Elsevier B.V. All rights reserved.

1. Introduction

Bladder carcinoma (BLCA) is one of the most common and
lethal diseases worldwide, with approximately 430
000 new cases and more than 165 000 related deaths per
year [1], a figure anticipated to double in the near future
[2]. Urothelial carcinoma (UC) is the predominant histolog-
ical type, with less-frequent histological variants including
squamous (Squa), glandular differentiation (GD), neuroen-
docrine (NE), micro-papillary (MP), sarcomatoid, (Sarco)
and plasmocytoid tumors. At diagnosis, 75% of patients have
non-muscle-invasive BLCA (NMIBC), whereas the remain-
ing 25% have musde-invasive BLCA (MIBC) [2]. NMIBC is
characterized by common activating FGFR3 mutations,
diploid or near-diploid karyotypes, frequent recurrence
(50-70%) but a low propensity to progress (10-15%), and a
5-yr survival of ~90% [2,3]. MIBC, however, is characterized
by frequent TP53 mutations, aneuploidy, with many
chromosomal alterations, high rates of metastasis, and a
5-yr survival of <50% despite radical surgery [4].

On the therapeutic front, the management is distinct for
NMIBC and MIBC. The treatment has remained essentially
unchanged over the past few decades | 3] until the launch of
clinical trials using fibroblast growth factor receptor
(FGFR)-targeting agents [5] and the US Food and Drug
Administration approval of immune checkpoint inhibitors
[6,7] in first-line or metastatic settings. However, most
patients do not benefit from these cancer therapies. The
IMvigor210 phase II trial in platinum-treated locally
advanced UC reported that the molecular subtype proposed
by The Cancer Genome Atlas (TCGA) was associated with
atezolizumab clinical response [8,9]. This suggests that
stratification of BLCA based on molecular subtype could be
an effective strategy for therapeutic regimen allocation.

Apart from TCGA [10,11], several studies have shown that
NMIBC and MIBC could be assigned across 2-7 molecular
subtypes based on transcriptomic [12-16] or genomic [17]
data and with distinct clinicopathological characteristics. To
facilitate clinical adoption, a consensus classification
unifying these different subtypes is needed. Attempts have
been made to unravel the complexity and refine these
molecular subtypes [16,18-20] based on biomarkers and
pathways, mutations and copy number aberrations, or
protein abundance [21]. Motivated by the need for a
unifying subtype scheme, in this original study, we collated
and analyzed a collection of 2411 BLCA gene expression
profiles. Such a large sample size allows for greater
statistical power in subtype identification and characteri-
zation, and minimizes sampling bias [22]. This study is also

motivated by one of the most important unmet clinical
needs of identifying potentially lethal NMIBCs. These
NMIBCs, with a very high risk of disease progression, can
be subjected to more aggressive disease management
[23]. As high-risk NMIBC may display MIBC traits [14,17],
NMIBC and MIBC tumors were analyzed together in this
meta-cohort to allow for comparisons between the two
progression pathways at the molecular level.

2. Materials and methods
21. Inclusion criteria

We adopted broad indusion criteria because the aim of the study was to
compile a database for broader generalization (covering different stages,
grades, and histologies) and for a larger sample size [24]. All publicly
available data annotated as BLCA were included (last accessed May 4,
2018). Clinical data of GSE38264 [25] was kindly provided by the authors.

22, Gene expression analysis

We downloaded the publicly available BLCA gene expression datasets
(Supplementary Fig. 1; Supplementary data). A total of 36 cohorts were
collected. Cohorts with <20 tumors and cohorts hybridized on older
(Affymetrix U133A) or two-color microarray platforms were removed from
meta-cohort compilation (Supplementary Tables 1 and 2; Supplementary
data). We performed a quality check, platform-spedific normalization, and
combined them by ComBat [26] (Supplementary Fig. 2; Suppl
data). Duplicate samples were removed from the meta-cohort (Supplemen-
tary Table 3). Princdpal component analysis, clinicopathological parameter
correlations, and batch effect metrics [27] assessment were performed to
ensure minimization of batch effect (Supplementary Fig. 2; Supplementary
data). Validation RNA-seq datasets—TCGA BLCA version 2016_01_28 [28],
UROMOL E-MTAB-4321, and IMvigor210—were downloaded from GDAC,
ArrayExpress, and the Supplementary data of Mariathasan et al. [9],
respectively. Significantly mutated genes and focal copy numberaberrations
were extracted from Robertson et al. [11], and the distribution of these
mutations and aberrations was analyzed.

We employed the R ConsensusClusterPlus v136.0 [29] to identify
clusters in the meta-cohort using the most varying 5328 genes out of the
10596 genes common across the expression microamray platforms
(Supplementary data). Core samples were defined by silhouette width
of >0.01. Previously reported subtypes were inferred by the published
predictor [30] or consensus clustering using subtype signatures
[15,20,21]. We employed an epithelial-mesenchymal transition projection
[31] and R GSVA 1200 to estimate pathway enrichment scores for each
sample. Immune cell infiltration was estimated using CIBERSORT [32].

entary

23. Statistical analysis

Statistical tests were computed using Matlab R2016b (MathWorks;
Natick, MA, USA). Kaplan-Meier analyses were computed using
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GraphPad Prism v5.04 (GraphPad Software; La Jolla, CA, USA).
Differences in the mean expression or pathway enrichment scores
between subtypes were computed using Significant Analysis of
Microarray ( SAM, software website, https://github.com/Mike)Seo/
SAM) or analysis of variance test. Subtype assodation analyses of
clinical parameters were computed using chi-square/Fisher exact tests.
Correlation analyses were computed using the Spearman's rank
correlation coefficient test.

3. Results

3.1. UC meta-cohort shows six molecular subtypes, displaying
good overlap with published subtypes

To identify molecular subtype based on gene expression, we
compiled a BLCA meta-cohort of 2411 samples from 19 UC
cohorts and applied a consensus clustering algorithm [29]
(Table 1; Supplementary Table 1; Supplementary Figs. 1-4;
Supplementary data). Based on similarity matrix, change in
the area under the curve value, and sample custer
consensus metrics, we selected a stable classification of
six major molecular subtypes (MC1-6; n> 100 in each
cluster; Fig. 1A; Supplementary Fig. 3), hereafter denoted as
“BOLD" for BLCA subtypes Of Large meta-cohort Database.
To ensure that BOLD did not result from potential
confounding factors (eg. batch effect, tissue source), we
checked the distribution of BOLD across different clinical
parameters, tissue sources, cohorts, and microarray plat-
forms (Supplementary Fig. 3D; Supplementary Table 4). All
six subtypes were distributed evenly across clinicopatho-
logical parameters, cohorts, and gene expression micro-
array platforms. We labeled several genes implicated in
BLCA subtyping, such as basal, luminal, immune, prolifera-
tion, differentiation, and other subtype markers previously
reported [16,20,21] (Fig. 1; Supplementary Table 9).

To investigate if BOLD subtypes overlapped with
published subtypes, we adopted a three-pronged strategy
to compare BOLD against published subtypes (Supplemen-
tary data). First, we checked the markers expressed in each
subtype (Fig. 1A; Supplementary Tables 8 and 9). Second, we
extracted the existing subtype annotation (Supplementary
Fig. 5A). Third, we re-performed consensus clustering on a
subset of the BLCA meta-cohort (selected by microarray
platform) using most varying genes and published subtype
signatures [10,13-15,30], and then annotated the samples
with published subtypes based on biomarkers or predictor
outputs (Fig. 1B and 1C; Supplementary Fig. 5B; Supple-
mentary data). The three-pronged strategy yielded accor-
dant results that BOLD has good agreement with published
subtypes (Supplementary Fig. 5C; Supplementary data). We
annotated the BOLD MC1-6 with selected biological
features (Fig. 1D): MC1/Neural-like (NEURAL) is similar to
LUND_SC/NE and TCGA_Neuronal subtypes; MC2/Luminal-
like (LUM) is most similar to UROMOL2016_C3; MC3/
Papillary-like (PAP) to LUND_Urobasal (Uro)/TCGA_Lum-
inal-papillary; MC4/HER2-like (HER2L) to LUND_Genomic
Unstable (GU)/TCGA_Luminal; MC5/Squamous—cell card-
noma-like (SCC) to LUND_ SCC-like)/MDA_basal/TCGA_Ba-
sal-Squamous; and MC6/Mesenchymal-like (MES) to
LUND_Infiltrated (Inf)/MDA_TP53/TCGA_Luminal-infiltrat-

Table 1 - Clinical information of urothelial carcinoma meta-cohort

n %

No. of cohorts 19 100
No. of samples 2533 100

Normal 122 482

Primary 2388 94.58

Recurrent 23 091
Histology

Urothelial carcinoma (with CIS) 1973 (37) 818(15)

Micropapillary 53 22

Squamous/epidermoid 46 191

Sarcomatid 6 025

Glandularfad arcinoma/lymphoepithelioma 6 025

Neurcendocrine/small cell 6 025

Mixed/other 5/9 021/0.37

Not available 307 1273
Gender

Male 797 33.07

Female 225 933

Not available 1389 5761
Age

Median (yr) 67 -

Min-max 20-96 -
Muscle-invasive

Yes 1386 5749

No 653 27.08

Not available 372 15.43
Stage®

pTa/pT1 678 26.77

pT2 579 22.86

pT3/pT4 440 17.37

Not available 580 24.06
Lymph node invasion

No 596 2472

Yes 143 593

Not available/not applicable 1226/446 50.9/18.5
Metastasis

Loco-regional 622 25.79

Distant 88 365

Not available/not applicable 1235/466 51.2/193
Overall survival

Median (mo) 3535 -

No. of events 347 14.39
Disease-free survival

Median (mo) 1899 -

No. of events 49 203
Grade

Low" 331 13.73

High 828 3434

Not available 1252 5193
Surgery

Cystectomy 414 1717

Transurethral resection 992 4115

Not available 1005 4168
CIS = carcinoma in situ.

2 pT0, Tx excluded.
® Combined with 130 (5.4%) originally labeled punlump samples.

ed. UNC_Luminal encapsulated HER2L, LUM, and PAP,
whereas basal captured NEURAL, MES, and SCC (Fig. 1D).
Compared with published NMIBC subtypes (Fig. 1C and 1D),
the HER2L, MES, and SCC subtypes were similar to the
aggressive genomic subtype LICAP_HG2 [17], and paradox-
ically, PAP was akin to LICAP_HG1 (p =5.3E-27; Fig. 1C).
Similarly, we observed the poor prognosis of HER2L and SCC
subtypes enriched in the aggressive, MIBC-like URO-
MOL2016_C2 [33]. However, LUM was enriched in another
aggressive UROMOL2016_C3 [33] (p =3.2E-155; Fig. 1C).
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Fig. 1 - Unsupervised hierarchical clustering of urothelial carcinoma (UC) meta-cohort revealed six molecular subtypes. (A) Gene expression heatmap
(red = high expression; green =low expression) of UC (n=2411) aligned by identified molecular subtypes using 5328 most varying genes. Color bars
show stage (NMIBC = red, MIBC =blue, grey = no annotation), and gender (female = red, male =blue, grey =no annotation). The subtypes are labeled as
NEURAL (neural-like), LUM (luminal-like), PAP (papillary-like), HER2L (HER2-like), MES (mesenchymal-like), SCC (squamous-cell carcinoma-like), and

d as BOLD (bladder carcinoma ype of large meta-cohort database). Selected biomarkers for differentiation, proliferation are labeled. (B) Bar
plots showing the frequency% (y-axis) association of BOLD with published molecular subtype: UNC, MDA, UBC, TCGA, and LUND. (C) Bar plots showing
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British Columbia, UNC = University of North Carolina; Uro = urobasal

Together, BOLD represents an umbrella subtype scheme
capturing the various subtype schemes previously pub-
lished.

3.2 Both NMIBC and MIBC harbor BOLD subtypes, with distinct
clinicopathological associations and pathways

We next compared the characteristics of BOLD with those of
the published subtypes it resembles. We applied silhouette
analysis (Supplementary Fig. 6A; Supplementary data) to
identify core samples for analyses of clinicopathological
assodations (Fig. 2; Table 2) and pathways. Unclassified
samples or samples not associated with one of the BOLD
subtypes were excluded from the analyses. In the entire BLCA
meta-cohort, BOLD had different medianoverall survival (OS)
outcomes (p < 0.0001; Fig. 2A): PAP (>135 mo), HER2L
(107.7 mo), NEURAL, LUM, MES (~90 mo), and SCC(20.6 mo).
The survival difference between PAP and LUM is most
profound in NMIBC (Fig. 2A; middle panel). Intriguingly, the
PAP subtype had a similar prognosis in MIBC (Fig. 2A; right

panel), which may be due to the lower number of samples.
Insufficient data did not allow an assessment of correlation
with disease-free survival (Supplementary Fig. 6B). NEURAL,
PAP, and SCC were significantly correlated to OS,and NEURAL,
LUM, and MES were an independent prognostic factor
(univariate and multivariate Cox regression analyses; Sup-
plementary Table 10). The age at diagnosis was marginally
different across BOLD, with the youngest age associated with
the PAP subtype (p=0.0011; Supplementary Fig. 6C).
Interestingly, there were more females than males in the
SCC subtype (Fig. 2B). LUM and PAP had more NMIBC,
whereas NEURAL, MES, and SCC had more MIBC. HER2Lhad a
comparable prevalence of NMIBC and MIBC. Interestingly,
most Ta BLCAs were PAP, and T1 BLCAs were LUM and HER2L
(Supplementary Fig. 6D; Table 2). Notably, ~20% of NMIBCs
were NEURAL, MES, and SCC—subtypes predominantly
comprising MIBC (Fig. 2B). Poor prognosis HER2L, MES,
and SCC were characterized by late-stage (p < 1E-300), high-
grade (p = 3.3E-116) cancers and were prone to lymph node
invasion (p = 6.2E-57; Fig. 2B).
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Fig. 2 - Characterization of BOLD. (A) Kaplan-Meier analysis of overall survival and BOLD in both NMIBC + MIBC (left), NMIBC only (middle), and MIBC
(right). Median survival and subject at risks in months are given for each subtype. T denotes the time in months Note that the summation of patients
is not equal due to missing information of stage in certain patients. (B) Fr y% bar plot showing perc of molecular subtype (y-axis) in
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ANOVA = analysis of variance; BOLD =bladder carcinoma subtypes of large meta-cohort database; (IS = carcinoma in situ; EMT = epithelial-mesenchymal
transition; FGFR = fibroblast growth factor receptor; GD = glandular; HER2L, HER2-like; LN = lymph node; LUM = luminal-like; MI-S mesenclumal -like;
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cancer.

BLCAs of non-UC histologies are rare, aggressive, and
have worse prognosis than UC (Supplementary Fig. 4A). Not
surprisingly, the majority of non-UC histologies were
distributed in the poor prognosis SCC and MES subtypes
(Fig. 2B). The GD histology was mainly SCC; NE displayed
similarity to NEURAL; MP was evenly distributed between
HER2L and MES; and expectedly, BLCAs with Sarco and Squa
differentiation were assigned primarily to SCC (Fig. 2B;
Supplementary Table 5). Of note, LUM only had UC. This
indicates that the rare variant histologies resembled
transcriptomically the aggressive and poor prognosis
subtypes of BOLD.

To ensure that the results presented were not biased by
samples without complete clinical annotations (Table 1), we
checked the distribution of clinicopathological parameters
as well as the subtype in samples with annotation of
histology, age, gender, stage, and grade available (n =802),
and samples without one or more of the annotation
(n=1609). Although there are differences in terms of
distribution, all subtypes and clinicopathological parame-
ters were represented in samples with or without complete

clinical annotation (Supplementary Table 6). To affirm that
the association results reported (Fig. 2; Supplementary Fig.
6C and 6D) were not an artefact arising from samples with
missing data, we repeated the clinical association analyses
using only core samples with complete annotation of
histology, age, gender, stage, and grade (n= 544; Supple-
mentary Fig. 6E-G; Supplementary Table 7). We observed
that the subtype-clinicopathological parameters associa-
tions were highly concordant (Fig. 2B; Supplementary Fig.
6), demonstrating that the results were not distorted by the
samples with incomplete clinical annotation.

From transcriptomic data, we observed higher infiltra-
tion of immune cells in MES and SCC subtypes. PAP is
enriched for FGFR3 signature (p=1.3E-46; Fig. 2C). The
differentiation signature [34] showed that SCC was the most
dedifferentiated (p =5.2E-62). In concordance with the
observation that MES is similar to the MDA_TP53 subtype,
MES had the highest TP53-like signature (p =15E-97;
Fig. 2C). Likewise, SCC had the highest enrichment score
for an SCC signature (p = 1.4E-55; Fig. 2C), and HER2L had
the highest enrichment score of ERBB2+ signature [35]
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Table 2 - Distribution of BOLD subtypes in selected dinicopathological parameters®

Parameter/subtype n NEU, n (%) LUM, n (%) PAP, n (%) HER2L, n (%) SCC, n (%) MES, n (%)
Subtype prevalence 1543 350(227) 89 (5.8) 422 (27.4) 170 (11) 268 (17.4) 244(15.8)
Invasiveness
NMIBC 424 38(9) 64 (15.1) 175 (41.3) 70 (16.5) 17 (4) 60(14.2)
MIBC 779 205(263) 18 (2.3) 162 (20.8) 69 (8.9) 191 (24.5) 134(17.2)
Stage
Ta 209 17(85) 24 (11.5) 122 (57.5) 14(7) 9(4) 23(115)
T1 low-grade 75 11(14.7) 24 (32) 24 (32) 5(6.7) 0(0) 11(14.7)
T1 high-grade 13 10(89) 9 (8.0) 25 (22.1) 44 (38.9) 6(53) 19(16.8)
T2 385 66(17.1) 9(2.3) 90 (23.4) 43 (11.2) 99 (25.7) 78(203)
T3 173 26(15) 5(2.9) 21 (12.1) 19 (11) 64 (37) 38(22)
T4 77 12(15.6) 4(5.2) 12 (156) 7(9.1) 26 (33.8) 16(208)
Lymph node invasion 72 6(83) 6(8.3) 9 (125) 9 (125) 26 (36.1) 16 (222)
Distant metastasis 47 3(64%) 3 (6.4%) 11 (23.4%) 6(12.8%) 15 (31.9%) 9(19.1%)
Gender
Female 150 12 (8.0%) 20 (133%) 41 (27.3%) 12 (8.0) 39 (26.0) 26(17.3)
Male 499 42(84) 60 (12.0) 139 (27.9) 87 (17.4) 71(14.2) 100(200)

HER2L = HER2-like; LUM =luminal-like; MES =~ mesenchymal-like; MIBC = muscle-invasive bladder carcinoma; NEU = neural-like; NMIBC =non-muscle-
invasive bladder carcinoma; PAP = papillary-like; SCC = squamous-cell carcinoma-like.
# Percentage computation is based on a subset of core samples displaying the BOLD subtype only (n < 1543; silhouette width > 0.01), limited by the availability of

clinical information (see column n). Please note that the ber of pl

ilable clinical inf ion is different from that of Table 1 due to our finer

categorization of the clinical parameters. Only parameters related to invasiveness/staging were selected here.

(p=1E-6; Fig. 2C). The EMT score is a value representing the
position of a cell or a tumor in a spectrum ranging from the
most epithelial (—1.0) to the most mesenchymal phenotype
(+1.0) [31]; this score indicates that MES and SCC are more
EMT than other subtypes (p = 3E-81 and 1E-48, respective-
ly; Fig. 2C). Interestingly, MES and SCC showed enrichment
of cdaudin-low breast cancer and basal signatures (Supple-
mentary Fig. 7A; Supplementary data). MES was prone to
co-occur with carcinoma in situ (CIS; p = 5.3E-37; Supple-
mentary Fig. 6D; albeit, this was not conclusive [n < 50]). In
addition, SCC, consistent with its high EMT characteristics
(Fig. 2C), had greater propensity than the other subtypes to
invade lymph node and to form distant metastasis
(p=4.9Ee-37; Table 2; Supplementary Fig. 6D). For BLCA
treated by methotrexate, vinblastine, adriamycin, and
cisplatin combination regimen, MES subtype samples were
less likely to respond (p = 0.0109; Supplementary Fig. 6D).
Looking at only NMIBC samples, consistently, MIBC-like
subtypes NEURAL, SCC, and MES had higher enrichment of
the progression signature [36] (Fig. 2D). Of note, LUM and
HER2L—the more aggressive subtypes found in NMIBC—
were significantly enriched for the progression signature
(Fig. 2D). CIS signature [37] suggests that HER2L, SCC, and
MES would be more likely to occur with CIS (Fig. 2D); the
finding that HER2Land MES were likely to co-occur with CIS
was concordant with clinical association (Supplementary
Fig. 6D); however, SCC was not associated with CIS. Briefly,
BOLD had different clinical outcomes and clinicopathologi-
cal characteristics. Importantly, the distributions of good
and poor prognosis subtypes were not exclusive to NMIBC
or MIBC despite the prevalent differences.

Pathway analyses (Molecular Signature database version
6.1 [38]) revealed differential (increased) pathway enrich-
ment across subtypes (Fig. 2D; Supplementary Table 11):
WNT/B-catenin, neural-related pathways (GO axon, crani-
al-nerve, glial-cell) in NEURAL; MYC signaling in LUM; AXL
signaling in MES; microtubule-related, ERBB signaling, DNA

mismatch repair pathways in HER2L; androgen receptor
(AR) signaling in PAP, MES, and SCC; wound healing
pathway in more EMT subtypes NEURAL, MES, and SCC.
TGF-f signaling in PAP, MES, and SCC; and EGF signaling in
SCC. When comparing PAP and LUM—the two transcripto-
mically akin subtypes (Supplementary Table 12)—LUM had
significantly higher MAPK activity, indicating LUM is a more
proliferative form of PAP. Notably, PD1 and CTLA4 pathways
were enriched in MES and SCC (Supplementary Table 11).
Interferon-y, angiogenesis, and inflammatory pathways
were up-regulated in NEURAL, MES, and SCC. As several
subtypes showed high immune cell infiltration and immune
signature enrichment, we investigated if the BOLD classifi-
cation results in differential immune cell infiltration
allocation (Supplementary Table 13; Supplementary Fig.
7B). LUM has higher T-cell CD8+ infiltration, whereas MES
and SCC have higher infiltration of tumor-associated
macrophage M2 (Supplementary Fig. 7B). Because CD8+
cells are associated with anti-PD1 response [9], we
projected a CD8 effector and a PD1 responder signature
[39] (Supplementary Fig. 7C) and observed no significant
correlation. Overall, BOLD recapitulated the existing pub-
lished subtypes [10,11,13-1522130,40] and provided an
elaborated classification of differential clinical outcomes.

33. BOLD subtype stratification is reproducible in independent
NMIBC, MIBC, and metastatic BLCA cohorts

To examine the reproducibility of BOLD, we projected the
subtype signatures derived using core samples (Supple-
mentary Table 14; Supplementary data) on an NMIBC
cohort (UROMOL), MIBC cohort (TCGA), and metastatic
BLCA cohort (IMvigor210; Fig. 3A; Materials and methods).
Of note, few samples in UROMOL were allocated to the
NEURAL subtype. Subtype-clinicopathological associations
were similar to those observed in the meta-cohort
(Supplementary Fig. 8): PAP was associated with early-
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Fig. 3 - BOLD is reproducible in UROMOL, TCGA, and IMvigor210 cohorts. (A) Heatmap of 1861 most differentially expressed genes (red = high
expression, green = low expression) across BOLD in core samples (silhouette width > 0.01) in BLCA meta-cohort, and in NMIBC cohort UROMOL, MIBC
cohort TCGA, metastatic BLCA cohort IMvigor210, and cell lines UBC40. Color bars above heatmap show the inferred BOLD subtype on the different
cohorts (B) Kaplan-Meier analyses of OS and DFS (progression- and recurrence-free) in UROMOL (left), TCGA (middle), and IMvigor210 (right). (C)
Frequency% (y-axis) plot of response to anti-PD1 (atezolizumab). Response is measured by RECIST v1.1 (x-axis). (D) Heatmap of BLCA significantly
mutated genes and focal copy number aberrations differentially associated with subtypes. Copy number (cn) definition in log2 ratio: Amp, cn > 1; gain,
0.59 < en < 1; loss, —1 < en < —0.42; del, cn < —1. The frequency% of altered genes in each subtype is given next to the heatmap.

The p values were computed by log-rank test (B) and ANOVA (C).

Color code: Purple = NEURAL; dark blue = LUM; green = PAP; orange = HER2L; red = SCC; light blue = MES; black = mutated; maroon =amp; pink =gain;

light blue = loss; dark blue =del

ANOVA = analysis of v:unce, Amp =copy number ampllﬁcauon, BLCA = bladder carcinoma; BOLD = bladder carcinoma subtypes of large meta-cohort

datab = Del =copy

deletion: DFS = di fi

like; MIBC = muscle-m\nswe bladder cancer; Mut = mutated; NEURAL = neural-like; NMIBC =

PAP = papillary-like; PD = progressive disease; PR= partial resp

survival; HER2L = HIERZ like; LUM = luminal-like; MES = mesenchymal-
ive bladder cancer; OS = overall survival;

cell carci

Scc = r:--
Atlas; UBC 40 cell line = urothelial bladder cancer 40 cell line.

a-like; SD =stable disease; TCGA =The Cancer Genome

stage, low-grade, lower European Organisation for Research
and Treatment of Cancer scores, smaller (<3 cm) tumors,
and younger patients; SCC tended to progress during
treatment (Supplementary Fig. 8D). Intriguingly, the
observation that PAP had a good prognosis in NMIBC but
comparable prognosis to that of other subtypes in MIBC was
replicated in UROMOL, TCGA, and IMvigor210 cohorts
(Fig. 3B). This suggests that PAP classification is more
relevant in NMIBC, where PAP NMIBC and non-PAP NMIBC
showed significantly different OS (Supplementary Fig. 8B;
p=0.0022). Nevertheless, we observed that SCC had the
poorest outcome across NMIBC, MIBC, and metastatic BLCA.
Similarly, LUM and MES both performed poorly in terms of
survival. HER2L had a similar poor survival outcome in
NMIBC and MIBC but relatively better prognosis in an anti-
PD1-treated cohort in IMvigor210. This could be because
HER2L is more likely to respond to anti-PD1 treatment
(Fig. 3C). Higher mutation, copy number aberrations, and
neoantigen load, thus, may predict the response to anti-PD1
treatment (Supplementary Fig. 9). In general, the clinical
characterization of BOLD in our BLCA meta-cohort, URO-

MOL, TCGA, and IMvigor210 cohorts were concordant,
indicating good reproducibility of our subtype identifica-
tion.

Using TCGA data, we investigated the association of
BOLD with significantly mutated genes, focal [11] and
genome-wide copy number profiles (Fig. 3D; Supplemen-
tary Fig. 9C; Supplementary Table 16). Similar to previous
reports, we observed that FGFR3 fusion, mutation, and
amplification were highly enriched in PAP, and that TP53
mutation was enriched in HER2L and SCC. HER2L had more
mutations, copy number aberrations, and neoantigen load
(Supplementary Fig. 9A). Notably, PAP and LUM had 9q
extensive deletions (Supplementary Fig. 9C), mimicking the
low-risk HG1 NMIBC genomic subtype [17] but had
different prognosis outcomes. In brief, BOLD exhibited
diverse genetic and genomic alterations that may point to a
potential targeted therapy.

We noticed that BLCA tumors harbor subtype-specific
actionable mutations, aberrations, or pathway activations
(Supplementary Tables 11 and 16): FGFR3-TACC3 fusion in
PAP; ERBB2 amplification in HER2Land LUM (Supplementary
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Table 16; Supplementary Fig. 10A; Supplementary data); AXL
pathway in MES; AR pathway in MES and SCC; PD1 and CTLA4
pathways in MES and SCC; and PPARG fusion/amplification in
HER2L. Of note, high PPARG and MRE11 expressions have been
linked to good outcome to bladder-preserving trimodality
treatment (maximal transurethral resection, radiotherapy,
and chemotherapy or immunotherapy) [41], suggesting
HER2L could be a good candidate for trimodality treatment
(Supplementary Fig. 10B). To explore a potential treatment
strategy, we projected the BOLD signature to a BLCA cell line
collection, UBC40 [42] (Supplementary Table 17), a patient-
derived organoid collection GSE103990 [43] established from
mainly Ta/T1 BLCA, and BLCA cell lines from COSMIC [44]. We
correlated subtype enrichment scores with 50% growth
inhibitory concentration (GI50) of different compounds. The
epithelial-like PAP and LUM were more resistant than SCC
(Supplementary Fig. 10C-E). MES, being stem-like, is
expectedly resistant. HER2L, being genomically unstable,
surprisingly shows no preferential sensitivity or resistance to
any of the compounds tested (Supplementary data). In
summary, BOLD subtypes have distinct molecular character-
istics that are targetable, and the preliminary cell line-drug
response analysis shows that subtypes have differential
responses to compounds.

4. Discussion

Molecular subtyping holds great promise in understanding
disease and in personalized therapeutics. In BLCA, an
endeavor has been made to classify the disease into
molecular subtypes to guide disease management
[10,11,13-15,30,40]. However, most studies to date have
beenbased on smaller cohort sizes (100-500 samples) even
though >3000 BLCA samples are required to reliably detect
gene mutations in 2% of samples [40]. Accordingly, more
samples are needed to detect subtype differences with
greater statistical power and to identify rare subtypes. This
is exemplified by the TCGA, where only four gene
expression subtypes were detected among 130 samples
initially and later refined to five after expanding to
412 samples [10,11]. Here, we curated a database of
>2400 samples and identified six molecular subtypes
(denoted as BOLD). These six subtypes showed good
concordance with previous reports, thus representing a
convergence of findings. A recent meeting reached a
consensus that there is a basal/SCC subtype; however, it
remains unclear whether luminal/urobasal subtypes should
be considered [19]. By amalgamating a large dataset, our
findings not only affirm the basal/SCC subtype but also
corroborate the existence of three luminal/epithelial-like
subtypes (PAP, LUM, HER2L), a NEURAL subtype, and a
claudin-low/stem-like MES subtype. Furthermore, our
study showed that ~20% of NMIBCs display features of
MIBC-like subtypes such as MES and SCC. Analysis of the
meta-cohort also revealed that the rare but aggressive
variant histologies of BLCA showed transcriptomic similar-
ity with poor prognosis subtypes—SCC, MES, and HER2L.
This resonates with the findings that NE BLCA has striking

resemblance with UC [45], exhibiting similar mutational
landscape and signature. However, a caveat of the rare
histology analysis is the low number of samples for each
variant (n < 50), and that the rare variants often co-existed
with UC within a tumor lesion.

Molecular characterization of BOLD uncovered specific
exploitable vulnerabilities. Notably, PAP NMIBC patients
have significantly better survival outcomes and may, thus,
require less frequent surveillance. HER2L, LUM, MES, and
SCC are at high risk of progression and would, therefore,
require more frequent monitoring and may be treated more
aggressively. It is not surprising that BOLD displayed widely
preferential responses. From a cell line-drug response
analysis, MES was generally resistant to chemotherapy
compounds, such as cisplatin and paclitaxel, agreeing witha
previous report that claudin-low (resembles MES) tumors
are less likely to respond to cisplatin-neoadjuvant chemo-
therapy [13]. While NEURAL, MES, and SCC had elevated
PD1 and CTLA4 signaling, suggesting that they may be
candidates for anti-PD(L)1 or anti-CTLA4 treatments; data
from IMvigor210 show that the three subtypes were not
significantly associated with complete response, with MES
being the least beneficial. However, HER2L had a high tumor
mutational burden and neoantigen load, which are associ-
ated or predicted with durable immune checkpoint inhibi-
tion response [8,9]. IMvigor210 data show that HER2L is
more likely to be benefited from anti-PD(L)1 treatment.
Interestingly, HER2L displayed elevated DNA-replication/
cell-cycle signaling, lower hypoxia signaling (Supplemen-
tary Table 11), and at the same time high PPARG and MRE11
expression (Fig. 1A; Supplementary Fig. 10B), suggesting
that HER2L tumors may benefit from bladder-preserving
trimodality therapy (maximal transurethral resection,
followed by concurrent radiotherapy and chemotherapy/
immunotherapy) [41,46]. However, BLCA is heterogeneous
and unlikely to be solely dependent on one pathway. For
example, MES and SCC, despite having high PD1, CTLA-4
signaling, also exhibited elevated angiogenesis, TGF-f3
signaling, and increased infiltration of immunosuppressive
macrophage M2, which have been linked to lack of
immunotherapy response [9]. Thus, a single-agent approach
may not yield significant outcome improvement in these
subtypes. Instead, combining immune checkpoint inhibi-
tion with an AXL inhibitor [47] in MES, an anti-TGF-[3 in MES
and SCC [9], or an AR inhibitor in MES, and SCC may be
viable treatment options [3]. Other targetable axes that
could be explored indude: (1) FGFR3 amplification,
activating mutations, and FGFR3-TACC3 fusion in MIBC or
metastatic BLCA of PAP subtype through the use of a pan-
FGFR inhibitor [5]; TCGA luminal-papillary subtype, which
resembling PAP, was shown to have promising activity to a
pan-FGFR inhibitor Erdafitinib [48], suggesting the feasibil-
ity of targeting FGFR3 in PAP subtype, (2) ERBB2 amplifica-
tion in HER2L and LUM via a HER2 inhibitor, (3) PPARG
activating mutation, fusion in HER2L by a PPARG inhibitor
[49], and (4) PTGS2-driven wound healing pathway in
NEURAL, MES, and SCC via a COX2 inhibitor [50]. Supple-
mentary Figure 11 summarizes the potential therapeutic
framework of BOLD stratification.
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As this study is based on curation and re-analysis of
samples from different sources, the study is limited by the
completeness, accuracy, or quality of the samples collected.
More of the available studies were MIBC-focused, and thus,
the prevalence and natural history of BLCA were not fully
represented by the compiled meta-cohort. In addition, the
main limitations of our study are the lack of dinical
annotation among several publicly available BLCA cohorts.
Therefore, while care has been taken to ensure that the
analyses were not biased by samples without complete
clinical annotation (Supplementary Tables6 and 7 ), we cannot
rule out the possibility of misdiagnosis, espedally for Ta/T1
and CIS cases. However, we believe even such misdiagnosed
or wrongly annotated cases are likely rare, and the effect of
such cases within >2400 cohort should be minimal. Another
limitation is that some genes were not available in the meta-
cohort as the analysis required a comparison across different
gene expression quantification technologies. However, the
effect of missing genes should be negligible in regard to
subtype prediction, as seen by the good molecular character-
istic conformity of the BOLD classification with other
published subtypes. Finally, the clinical relevance of these
six molecular subtypes is based on survival data analysis. The
therapeutic impact of these subtypes could not be assessed
due to the unavailability of treatment-related data.

5. Conclusions

BLCA can be stratified into six molecular subtypes, each
with distinct pathways and targetable vulnerability. These
findings may have relevance in clinical practice. Therapeutic
implications should be evaluated in prospective biomarker-
driven clinical trials.
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Abstract

Treatment of muscle-invasive bladder cancer remains a major clinical challenge. Aberrant
HGF/c-MET upregulation and activation is frequently observed in bladder cancer correlating
with cancer progression and invasion. However, the precise mechanisms underlying HGF/c-
MET mediated invasion in bladder cancer remains unknown. As part of a negative feedback
loop SMAD7 binds to the E3 ligase SMURF2 targeting the TGFB receptor for degradation.
Under these conditions SMAD7 acts as a SMURF2 agonist by disrupting the intramolecular
interactions within SMURF2. We demonstrate that HGF stimulates TGFB signalling by
inducing c-SRC-mediated phosphorylation of SMURF2 at two tyrosine residues impeding
SMAD7 binding and enhancing SMURF2 C2-HECT domain interaction, resulting in SMURF2
inhibition and TGFB receptor stabilization. This upregulation of the TGFB pathway by HGF
leads to TGFB-mediated Epithelial-Mesenchymal Transition (EMT) and invasion. Using
biologically relevant orthotopic mouse models we show that inhibition of TGFB signalling
completely prevents HGF induced bladder cancer invasion. Furthermore, we make a
rationale for the use of combinatorial TGFB receptor kinase and MEK inhibitors in the
treatment of high-grade non-muscle-invasive bladder cancers or early stage muscle invasive
bladder cancers.
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PARP inhibition enhances tumor cell-intrinsic
immunity in ERCC1-deficient non-small cell lung cancer
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The cyclic GMP-AMP synthase/stimulator of IFN genes (cGAS/STING) pathway detects cytosolic DNA to activate innate
immune responses. Poly(ADP-ribose) polymerase inhibitors (PARPI) selectively target cancer cells with DNA repair
deficiencies such as those caused by BRCAT mutations or ERCCT defects. Using isogenic cell lines and patient-derived samples,
we showed that ERCC1-defective non-small cell lung cancer (NSCLC) cells exhibit an enhanced type | IFN transcriptomic
signature and that low ERCC1 expression correlates with increased lymphocytic infiltration. We demonstrated that clinical
PARPI, including olaparib and rucaparib, have cell-autonomous immunomodulatory properties in ERCC1-defective NSCLC
and BRCA1-defective triple-negative breast cancer (TNBC) cells. Mechanistically, PARPi generated cytoplasmic chromatin
fragments with characteristics of micronuclei; these were found to activate cGAS/STING, downstream type | IFN signaling,
and CCLS secretion. Importantly, these effects were suppressed in PARPT-null TNBC cells, suggesting that this phenotype
resulted from an on-target effect of PARPi on PARP1. PARPI also potentiated IFN-y-induced PD-L1expression in NSCLC cell
lines and in fresh patient tumor cells; this effect was enhanced in ERCC1-deficient contexts. Our data provide a preclinical
rationale for using PARPi as immunomodulatory agents in appropriately molecularly selected populations.

Introduction

Immune checkpoint inhibitors (ICIs) have revolutionized the prog-
nosis of several aggressive cancers, notably non-small cell lung
cancer (NSCLC). Recent impressive results of large phase III trials
in NSCLC have reported unprecedented improvements in overall
survival and progression-free survival when anti-programmed
death receptor 1 or anti-programmed death ligand 1 (anti-
PD-[L]1) was used in first-line therapy (1, 2). Likewise, remarkable
5-year survival rates of 16% have recently been reported in this
disease (3), highlighting the ability of these agents to provide long-
term tumor control. Although these results are encouraging, they
also reinforce the fact that still only a minority of patients receive
long-term benefit. Better understanding of the determinants of
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response to ICIs and identification of rational combinations that
would increase the proportion of patients benefiting from these
therapies are therefore crucial.

Several factors have been associated with response to immu-
notherapy: tumor-related factors (e.g., cancer cell mutations),
microenvironment-related factors (e.g., expression of immune
checkpoints, lymphocytic infiltration, or IFN signatures), and
host-related factors (e.g., microbiome) (4). Defects in the DNA
damage response (DDR) in cancer cells are key determinants of
cancer immunogenicity. Indeed, DDR defects result in genomic
instability and increased tumor mutational burden (TMB), which
has been linked — at least in some cases — to better outcome
upon ICI treatment (5). The best illustrations of this are proba-
bly mismatch repair-deficient tumors (6) and POLE/POLDI-mu-
tated endometrial carcinoma and glioblastoma (7, 8), which are
highly sensitive to ICIs, likely due to their increased neoanti-
gen repertoire. High TMB has also been correlated with better
response to ICIs in melanoma (9) and NSCLC (2, 10, 11). Oth-
er DNA repair defects, such as BRCAI/2 mutations, have been
found to be enriched in ICI responders (12). However, a simple
correlation among DNA repair defect-induced genomic instabil-
ity, TMB, and response to ICIs cannot be claimed (5), as tumor
heterogeneity (13) and other determinants of response also play
a role that, importantly, seems to be independent from TMB in
response to ICIs (14, 15).
Number3  March 2013
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Abstract

Purpose Over the past 3 decades, no major treatment breakthrough has been reported for advanced bladder cancer. Recent
Food and Drug Administration (FDA) approval of five immune checkpoint inhibitors in the management of advanced bladder
cancer represent new therapeutic opportunities. This review examines the available data of the clinical trials leading to the
approval of ICIs in the management of metastatic bladder cancer and the ongoing trials in advanced and localized settings.
Methods A literature search was performed on PubMed and ClinicalTrials.gov combining the MeSH terms: ‘urothelial
carcinoma’ OR ‘bladder cancer’, and ‘immunotherapy’ OR ‘CTLA-4’ OR ‘PD-1" OR ‘PD-L1’ OR ‘atezolizumab’ OR
‘nivolumab’ OR ‘ipilimumab’ OR ‘pembrolizumab’ OR ‘avelumab’ OR ‘durvalumab’ OR ‘tremelimumab’. Prospectives
studies evaluating anti-PD(L)1 and anti-CTLA-4 monoclonal antibodies were included.

Results Evidence-data related to early phase and phase III trials evaluating the 5 ICIs in the advanced urothelial carcinoma
are detailed in this review. Anti-tumour activity of the 5 ICls supporting the FDA approval in the second-line setting are
reported. The activity of PD{L)! inhibitors in the first-line setting in cisplatin-ineligible patients are also presented. Ongoing
trials in earlier disease-states including non-muscle-invasive and muscle-invasive bladder cancer are discussed.
Conclusions Blocking the PD-1 negative immune receptor or its ligand, PD-L1, results in unprecedented rates of anti-tumour
activity in patients with metastatic urothelial cancer. However, a large majority of patients do not respond to anti-PD(L)1
drugs monotherapy. Investigations exploring the potential value of predictive biomarkers, optimal combination and sequences
are ongoing to improve such treatment strategies.

Keywords Bladder cancer - Urothelial cancer - Immunotherapy - Immune checkpoint inhibitors - PD-1 - PD-L1 - CTLA-4
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Introduction

Cisplatin-based chemotherapies have been the gold stand-
ard of care for metastatic bladder cancer for more than
30 years and are still recommended by international guide-
lines as first-line treatment for advanced tumours that are
known to be sensitive to platinum salts [1-4]. However,
long-term responses are rare and relapses often occur
within 3 months of the end of chemotherapy. Addition-
ally, almost half of patients are not eligible for first-line
cisplatin-containing chemotherapy. For these patients,
there is no clear standard treatment, but carboplatin-based
regimens or single agent therapies have been considered
as acceptable alternatives, gemcitabine—carboplatin (GC)
being considered, until recently, as the preferred combina-
tion according to European guidelines [2, 3]. As second-
line therapy, only vinflunine has been approved in Europe,
with overall survival (OS) of 6.9 months (5.7-8.0) in the
intent to treat population [5, 6]. Taxanes have also been
widely used, based on the results of phase II trials, in
North American countries [7].

Recent advances in cancer research have highlighted the
pivotal role of the immune system in controlling tumour
initiation, growth and progression [8]. In bladder cancer

Anti-PD-L1 antibodies
* Atezolizumab

* Durvalumab

*  Avelumab

* Nivolumab

Fig. 1 Mechanisms of action of anti-PD(L)1 and anti-CTLA-4
checkpoint inhibitors. MHC-I major histocompatibility complex type
I, TCR T cell meeptor, APC antigen presenting cell, CD cluster of dif-

@) Springer

A Anti-PD-1 antibodies
*  Pembrolizumab

and many other cancer types, intra-tumoural CD8+ T cells
have been associated with a positive prognosis [9]. Cyto-
toxic T cells can attack tumour cells, either directly or
indirectly, and provide long-term protection from relapse
and progressive disease. Importantly, the process of T cell
activation is tightly regulated by several signals to avoid
collateral damage and auto-immunity [10, 11]. First, T
cells specifically recognize tumour antigens via their T
cell receptors (TCR). Second, following TCR engagement,
activated T cells are regulated by multiple co-stimulatory
and co-inhibitory receptors that are called immune check-
points. Inflammatory cytokines including interleukin (IL)-
12 and type I interferon (IFN) then act as a third signal
supporting T cell activation [ 12]. Importantly, cancer cells
can hijack the immune system and develop several mecha-
nisms to avoid immune destruction. One of the key ways of
establishing and maintaining immune escape is activation
of co-inhibitory receptors of T cells such as programmed-
death protein 1 (PD1) and cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA-4). Targeting these immune check-
points to increase anti-tumour immunity is currently one
of the most promising therapeutic strategies in urothelial
carcinoma as well as in a large variety of other tumours
(Fig. 1).In 2017, two molecules, pembrolizumab, an anti-
PD1 antibody, and atezolizumab, an anti-PD-L1 antibody,

~ PD-L1

Neoantigen
crLA-4>-

D Anti-CTLA-4 antibodies
* |pilimumab
* Tremelimumab

ferentiation, PD-1 programmed cell death 1, PD-L1 programmed cell
death ligand 1, CTLA 4 cytotoxic T lymphocyte-associated antigen—4
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received US Food and Drug Administration (FDA) and
European Medicines Agency (EMA) approval as first-line
therapy for cisplatin-ineligible patients with advanced
urothelial cancer. In addition, five ICIs including pem-
brolizumab, nivolumab, atezolizumab, durvalumab and
avelumab, have recently been approved for the treatment
of patients with advanced and metastatic urothelial carci-
noma in the post-platinum setting (Fig. 2). Beyond single
pathway blockade, several combinations with anti-PD(L)1
and anti-CTLA-4 inhibitors (i.e. ipilimumab and tremeli-
mumab) are currently under evaluation, due to the poten-
tial synergistic effects of these drugs (Table 1).

These new drugs can induce a robust and durable
response in a subset of patients with metastatic urothelial
cancer. Monotherapy with immune checkpoint inhibitors
(ICIs) has recently shown striking results in clinical trials,

both as second- and first-line therapy for advanced bladder
cancer [13]. Between May 2016 and May 2017, five anti-
PD(L)! antibodies were granted accelerated approval by
the US Food and Drug Administration (FDA) and European
Medicines A gency (EMA) to treat metastatic bladder cancer.
In this review, the main results related to early phase and
phase III clinical trials evaluating ICIs in advanced stages of
urothelial cancer have been summarized. Anti-tumour activ-
ity of the 5 ICls supporting the FDA approval in the second-
line setting are reported. The activity of PD(L)! inhibitors
in the first-line setting in cisplatin-ineligible patients are
described. Controversies regarding the potential biomarkers
and toxicity profile of these treatments have been addressed.
Finally, we discuss the ongoing trials in earlier disease-states
including non-muscle-invasive (NMIBC) and muscle-inva-
sive bladder cancer (MIBC).

2016 May 2017  February April May 2018
| | 1 |
Second-line
Atezolizumab Nivolumab Pembrolizumab .
Durvalumab Frontline ?
Avelumab
First-line
L Atezolizumab  Pembrolizumab
Fig. 2 Timelines of FDA approval for anti-PD(L)-1 inhibitors in metastatic urothelial carcinoma
Table 1 PD(L)-1 and CTLA-4 po—
immune checkpoint inhibitors a Company Type  Dose Approvals
used in advanced urothelial PD-L1
carcinoma Atezolzumab  Roche/Genentech IgGl 1200 mgIV q3we  Cisplatin-incligible (1L)
Durvalumab AstréZencca/Medimmune  IgGl  10mg/kg IV q2we  Post-platinum (2L)
Avelumab Pfizer IgGl 10mgkgIV g2we Post-platinum (2L)
Post-platinum (2L)
PD-1
Pembrolizumab  Merck/MSD IgG4 200mgIVg3we  Cisplatin-incligibk (1L)
Nivolumab BMS IgG4 240mglV q2we Post-platinum (2L)
Post-platinum (2L)
CTLA4
Ipilimumab BMS IgGl  Ongoing (combo) NA
Tremelimumab  AstraZeneca/Medimmune  IgG2  Ongoing (combo) NA
&) Springer
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Methods

A literature search was performed on PubMed and Clini-
calTrials.gov combining the MeSH terms: ‘urothelial car-
cinoma’ OR ‘bladder cancer’, and ‘immunotherapy’ OR
‘CTLA-4’ OR ‘PD-1" OR ‘PD-L1" OR ‘atezolizumab’ OR
‘nivolumab’ OR ‘ipilimumab’ OR ‘pembrolizumab’ OR
‘avelumab’ OR ‘durvalumab’ OR ‘tremelimumab’. Pro-
spectives studies evaluating anti-PD(L)1 and anti-CTLA-4
monoclonal antibodies were included. The search dates
queried were January 1, 2011, to December 1, 2017, and
original articles of prospective studies and descriptions of
ongoing studies pertaining to the use of immunotherapy
regimens in urothelial carcinoma were reviewed. Review
articles or letters or comments or editorials or communi-
cations were excluded from the search strategy. Inclusion
criteria for prospective studies were as follows: (1) pub-
lication in a peer-reviewed journal; (2) proven diagnosis
of bladder cancer in humans without restriction on TNM
stage: (3) treatment efficacy and safety; (4) contribution
of clinical or biological factors to the clinical response or
resistance to treatment. No pre-specified sample size or
follow-up period was used to determine study inclusion.
Articles were excluded based on the following criteria: (1)
laboratory studies in vitro or in vivo; (2) medico-economic
studies and absence of key information such as hazard

ratios and 95% confidence intervals. Two reviewers inde-
pendently screened and retrieved the potentially relevant
references. Articles were reviewed and extracted indepen-
dently by all authors for article inclusion or exclusion. A
flowchart of the process is presented in the supplementary
data S1.

Results

Clinical results of ICls in advanced urothelial
carcinoma

Five ICls are currently approved by the FDA for the treat-
ment of metastatic urothelial carcinoma as second-line
post platinum-based chemotherapy: atezolizumab [14, 15],
durvalumab [16], avelumab [17], nivolumab [18] and pem-
brolizumab [ 19]. These approvals were mainly based on the
results of phase I or phase II clinical trials summarized in
Table 2. Surprisingly, substantial variations were observed
in the objective response rates (ORRs) (from 15 to 21.1%)
and OS (from 8.7 to 18.2 months in the durvalumab study)
despite similar characteristics of the study populations with
a similar median age of 67-year, as well as similar percent-
ages of PS 0 status (30%), haemoglobin level < 10 g/dL
(22%), visceral metastases (90%) and the presence of liver
metastases in one-third of patients. Longer follow-up and

Table 2 Main results for immune checkpoint inhibitors as monotherapy in advanced urothelial carcinoma

Clinical trial Target Phase Overall survival (%) Overall response Discase control (%) Toxicity (%)
rate (%)
2nd line setting
Nivolumab [I]  CheckMate 275 PD-1 0 87 (605-NE*) 19.6 (15-24.9) UN** 17 >3 (hepatic, GI)
NCTO2387996
Pembrolzumab KEYNOTE-045 PD-1 I 10.3(8.0-11.8) 21.1 (16.4-26.5) UN** 152>G3 (pncumoni-
2] NCT02256436 tis, diarrhoca)
Atrzolizumab IMvigor210 PD-L1 1 11.4 (9.0-NE*) 15 (11-20) UN** 162G3
[3.4] NCTO2108652 N 86(7.8-9.6) 16 (fatigue, anaemia,
IMvigor 211 blood pressure)
NCT02302807
Durvalumab [5] NCTO01693562 PD-L1 VI 18.2 17.8 36.6 (29.8-43.9) 6.8>G3
(8.1-NE*) (12.7-24) (AST, blood pres-
surc)
Avelumab [6] NCTO1772004 PD-L1 b 13.7 (8.5-NE*) 18.2 (8.2-32.7) 523 6.8> G3 (PAlc, AST)
Ist line setting
Nivolumab [7] CheckMate 032 PD-1 VI 97 (7.3-16.2) 24.4(153-354) UN** 10.3>G3 (pncumo-
NCTO1928394 nitis, thrombocyto-
penia)
Pembrolzumab ~ KEYNOTE-012 PD-1 Ib 13 (15-20) 26 (11-46) UN** 15>G3 (myositis,
8] hy percalcacmia)
Atzolizumab [9]  IMvigor210 PD-L1 1 159 (104-NE*) 23 (16-31) 30 (22-39) 8 >G3 (rash)
NCT 02108652

*Not estimable, ** Unknown

) springer
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in-depth analyses of these results are needed to understand
these differences. Nevertheless, all these ICIs were given
fast track FDA approval in the second-line setting within
a few months of publication of these clinical trials. In the
first-line setting, two ICls have been developed for cisplatin-
ineligible patients: pembrolizumab [20] and atezolizumab
[21]. Again, the results of the corresponding trials showed
spectacular OS ranging from 9.7 to 15.9 months, which was
not really expected for such a population of patients with a
usually poor prognosis. The unprecedented activity of these
five ICIs explains the fast and unique mode of approval of
these treatments by the FDA regardless of the disease stage
(locally advanced or metastatic urothelial carcinoma) and
whether chemotherapy was previously administered or not.

Toxicity profiles

Despite their spectacular activity, a non-negligible rate of
severe treatment-related adverse events (AEs) was noted that
varied from 6.8 to 17% (Table 2). These events were directly
linked to the immune response and could occur early within
a month after initiation of treatment. A wide range of side-
effects was described, the most common being fatigue and
skin toxicity, but any organ could be affected. Recommen-
dations have, therefore been published to carefully monitor
patients treated with ICIs [22].

Blomarkers of response

Although some patients will have a long-term response
with ICls, no more than 30% of patients will benefit from
these therapies, independently of the inhibitor used (anti-
PD-1 or -PDL-1). In some cases, tumour progression was
noticed during treatment, leading to the death of patients
[23, 24]. PDL-1 expression by tumour cells or T cells has
been explored as a potential biomarker of tumour response,
but controversial results have been obtained, probably due
to differences in the immunohistochemistry assays that were
used in the trials and/or the choice of cut-off value used to
determine tumour positivity [25]. Indeed, while the IMvigor
study demonstrated a higher response in patients with high
PDL-1 expression in immune cells, durable responses have
also been observed in patients with low expression of the
ligand [ 14, 26]. Mutational load and molecular classification
are two other biomarkers that are currently under investiga-
tion for their potential role in measuring the tumour response
to ICIs [15].

Emergence of new Immune targets
The optimized use of ICIs is still a question of debate and the

results of the latest clinical trials have raised several ques-
tions that remain unanswered. For instance, when should

these drugs be introduced? Should they be used as first-line
therapy in patients who are eligible for a cisplatin-based
regimen, in combination with chemotherapy, or as mainte-
nance treatment following a response to cytotoxic agents?
What would be the best combination to use: two ICIs (and
which ones) or a combination of an ICI with chemother-
apy eventually associated with targeted therapy? The best
schedule of administration and the optimal individual dosing
should also be determined, as well as the treatment dura-
tion for responder patients. Another important issue is to
select the best predictive markers associated with the clini-
cal response to each of these ICIs. It is already known that
PD-L1 levels alone may not systematically predict response
to anti-PD1/PD-L1 agents. Moreover, PD-L1 criteria may
also need to be standardized across studies since the use of
different antibodies to assess PD-L1 levels by immunochem-
istry and/or different positivity cut-offs may be the source of
variation in interpretation of the results. Thus, other mark-
ers may need to be associated including tumour burden and
factors that are associated with it such as the genes involved
in DNA damage response, cell cycle control or APOBEC
cytidine deaminases [27]. While numerous clinical trials
are currently underway to address these different questions
(Table 3), it has also been shown that it is possible to induce
a cytotoxic T cell response by inhibiting targets other than
PD-1 or CTLA-4. The JapicCTI-090980 phase I/II study
investigating S-288310, a cancer vaccine composed of two
HLA-A*24:02-restricted peptides derived from two tumour
specific antigens (DEPDC 1 and MPHOSPH 1), is an example
of such a promising approach [28]. This trial showed a 14.4-
month OS in urothelial carcinoma naive patients despite a
relatively poor ORR (6.3%), but much better control of the
disease in more than half of patients. These results are open-
ing the way to further studies targeting the numerous other
modulators of the immune system [29].

Ongoing clinical trials evaluating ICis for MIBC

Carthon et al. carried out the first neoadjuvant clinical trial
with the anti-CTLA-4 antibody ipilimumab in 12 patients
with localized invasive bladder cancer [30]. Immune
monitoring showed that anti CTLA-4 led to an increase
in inducible co-stimulator CD4 +T cells in tumour tissue
and peripheral blood. This has been thought of as a marker
of T cell activation and a potential biomarker to monitor
the immune response. To date, there are three major areas
of clinical interest to evaluate ICls in the localized MIBC
setting (Table 4). First, in the neoadjuvant setting before
radical cystectomy, several phase I/l trials are evaluating
PD-1/PD-L1 antibodies alone or in combination with con-
ventional chemotherapy. Primary endpoints include patho-
logical response rate in the surgical specimen and evalu-
ation of safety. In the NCT02451423 and NCT02845323
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trials, changes in tumour infiltrating CD3 + and CD8+ T cell
density am guantified afer treatment with atezolizumab or
nivolumab with or without urelumab, an agonist anti-CD137
antibody. The NCT02812420 trial is assessing the combi-
nation of durvalumab plus tremelimumab befor radical
cysectomy. Second, ICIs are being evaluated after cystec-
tomy in the adjuvant setting. Phase [II randomized trials
(NCT03244384, NCT02450331, NCT02632409) evaluating
PD-1/PD-L1 antibodies versus observation are reporied in
Table 3. The primary endpoints are disease-free survival
(DFS) and/or OS in a large cohort of patients (640800
patients). The final results will be available between 2019
and 2022. Finally, other trial designs are testing the combi-
nation of ICIs and radiation or chemoradiotherapy in local-
izad MIBC. R adiation is widely known to induce tumour cell
death through DNA damage. However, in preclinical studies,
immunosuppressed mice before treatment reguired higher
dose of radiation to control tumour growth. These data sug-
gested that beyond the traditional effects of radiation as a
DNA-damaging agent, the host immune system might also
affect the therapeutic efficacy of radiation. Recent studies
showed that radiation enhances many steps involved in the
generation of antigen-specific immune responseas, including
inflammatory tumour-cell death, dendritic cell activation,
antigen cross-presentation and cytotoxic T cell activation
and proliferation. This eflect has sparked interest in combin-
ing the process of killing tumour cells with ICIs [31-33).
Two phase II trials (NCT02621151, NCT02662062) are
evaluating bladder preservation afier combination therapy
with cytotoxic chemotherapy, radiation therapy and pem-
brolizumab or nivolumab in patients with MIBC. Primary
endpoints are safety and 2-year bladderintact DFS rate.
Among other ongoing trials, NCT02891161 is exploring
maintenance therapy with durvalumsb afer primary treat-
ment with radiation therapy and durvalumab. The primary
endpoint is PFS and disease control rae. Assuming that the
msults of ongoing studies are positive, further trials will
have to determine the best treatment strategy and the correct
timing of such immunothe rapeutic approaches (i.e. immune
checkpoint blockade before, during or afer radiotherapy).

Ongoing dinical trials evaluating ICls for NMIBC

Eleven ongoing clinical trials are currently underway in the
NMIBC setting (Table 5). Importantly, in the NMIBC set-
ting, trials am investigating the intravesical administration
of drugs. This treatment modality justifies the involvement
of urologists in the development of such immunotherapeutic
approaches. As the bladder immune microenvironment may
be modinied by previous intravesical BOG therapy, patients
should be distinguished into three subgroups: patients
with BOG-naive, BCG-relapsing and B OG-unresponsive
NMIBC. According to these subgroups, only two clinical
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trials are relaied to the BCG-naive NMIBC setting, namely
NCT trials 02138734 and 02808143, which are investigat-
ing the maximum tolerated dose of intravesical treatment
with BOG associated with ALT-803 and pembrolizumab,
respectively. The combination of intravesical BOG and
ALT-803 is also being studied in the NCT03022825 trial,
which concerns patients with BCG-unresponsive NMIBC.
Regarding ALT-803, previous reports of intravesical teat-
ment in humans have led to its investigation in phase II trials.
Conversely, one stady investigating intravesical pembroli-
zumab is a phase | dose-escalation study. Data regarding
pharmacokinetics and tolerance of pew immunotherapy
instillation are lacking and the results from these trials am
eagerly awaited. Other trials am investigating new immuno-
therapy administrated by intravenous infusion, using doses
previously employed in 2 metastatic setting.

Conclusions

Cisplatin-basad chemotherapy has been the standard of cae
for locally advanced and metastatic urothelial carcinoma
for the past 30 years. The striking results of anti-PD(L)1
agents in this clinical setting suggest that immunotherapy is
changing the present and the future treatment of this disease.
Ongoing trials are evaluating immune-checkpoint inhibitors
in other setting including high-risk NMIBC and MIBC, in
neo-adjuvant and adjuvant teatment, or as frontline therapy
for cisplatin eligible and ineligible patients. However, a large
majority of patients do not espond to anti-PD(L)1 drugs
as monotherapy. Combination treatments are evaluating the
efficacy of anti-PD(L)] agents with anti-CTLA-4 drugs,
chemotherapy and radiotherapy, targeted therapies or other
immunomodulatory agents. The identification of robust bio-
markers to predict the antitumor activity and drug toxicites
mmains crucial to improve the efficacy of such treatment
strate gies. Current research is actively exploring these gaps
of knowledge to improve use of these drugs.
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Letter to the Editor

Reply to Pontus Eriksson and Gottfrid Sjodahl's Letter
to the Editor re: Tuan Zea Tan, Mathieu Rouanne,
Kien Thiam Tan, Ruby Yun-Ju Huang, Jean-Paul Thiery.
Molecular Subtypes of Urothelial Bladder Cancer:
Results from a Meta-cohort Analysis of 2411 Tumors.
Eur Urol 2019;75:423-32

We thank Eriksson and Sjddahl for their critical remarks on
our bioinformatic analysis. We believe that our meta-cohort
sheds light on bladder cancer (BC) subtypes through a
comprehensive analysis of a unique dataset of 2411 bladder
tumors [1]. Notably, studying non-muscle-invasive BC
(NMIBC) and muscle-invasive tumors allowed us to define
a molecular portrait of potentially lethal, high-risk NMIBC.
Therefore, our study - while imperfect - provides an
important resource for the BC community.

Although we have already detailed the limitations of our
analysis, Eriksson and Sjédahl pointed out three issues that
we would like to address.

First, we agree that batch effects (BEs) cannot be
eliminated completely, and BE removal is a nontrivial task
[2]. We used principal component analysis and several
metrics (Supplementary Fig. 2 [1]) to remove BEs due to
major confounding factors. Notably, the same subtypes
were found with each platform (Supplementary Fig. 5 [1]),
suggesting that intrinsic biological differences were not
compromised. No subtype found was exclusive to specific
cohorts, platforms, or tissue sources (Supplementary Fig.
3 and Supplementary Table 4 [1]). Results from the
Affymetrix and [llumina platforms were in good agreement.
A similar strategy was successfully used to build the
CSIOVDB ovarian cancer subtype database (3 ]. Importantly,
subtype-specific associations were highly concordant with
findings inindependent BC gene expression subtype studies
(Figs. 1-3 and Supplementary Figs. 5,6, and 8 [1]). A large,
uniformly processed, and well-annotated BC cohort (eg,
TCCA [4] and UROMOL [5]) provides practitioners with an
invaluable resource; however, BEs still exist even with these
cohort types and must be acknowledged [6].

Second, the centroid provided (SupplementaryTable 15[ 1])
is the median-centered expression of differentially expressed
genes in the meta-cohort; it is not a classifier. While

application of a classifier to individual cohorts constituting
the meta-cohort is valid, centroid-based classifiers require
gene standardization with the training data before classifica-
tion. This is because class imbalance or missingdatainacohort
will distort the “high" or “low” expression levels and lead to
classification variability [7]. If a reclassification uses the
median-centered expression within a cohort, the subtype
assignment assumes that all subtypes are present and are
balanced in the cohort. This assumption may not be true. The
consistency of subtype annotation also depends on tumor
heterogeneity. Multiple subtype signatures within a tumor
lesion exist, as seen in single-cell and multitumor region
studies [8,9] and from our experience in ovarian cancer [10].

Third, we wish t stress that formalin-fixed, paraffin-
embedded (FFPE) samples were not limited to the NEURAL
subtype. NEURAL and fresh-frozen samples were not
mutually exclusive (Supplementary Table 4 [1]); GSE39016
had more samples assigned as non-NEURAL Importantly,
another FFPE cohort, GSE87304, also had multiple subtypes,
including NEURAL Both NEURAL and LUM were enriched in
published cancer subtypes identified using microarray and
RNA sequencing data (Fig.1[1]), indicating that NEURAL and
LUM are unlikely t be artifactual.

Importantly, we echo the call of Dyrskjot [11 | that perhaps
the mostcritical tasknow is to establish the clinical relevance
of these molecular subtypes. The value of a subtype scheme
lies in its biological and clinical relevance. Moving forward,
basket trials and multi-omics big-data analyses at multiple
centers are needed to determine subtype-specific therapeu-
ticinterventions. Consensuson the clinical relevance ofthese
BC subtypes will hopefully become a reality.

Conflicts of interest: Jean-Paul Thiery is a consultant/advisory board
member for Aim Biotech Singapore, ACT Genomic, and CSO BioCheetah
Singapore. The remaining authors have nothing to disclose.
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Dear Sir,

The study by Chen et al. addresses an important question
regarding the predictive value of '*F-FDG uptake in assessing
PD(L)-1 expression in bladder cancer [1]. Arguably. this in-
novative study is of major interest as multiple issues hamper
the standardization of programmed cell death ligand-1 (PD-
L1) scoring in tumour tissue. Recently, the Food and Drug
Administration (FDA) issued a drug safety notification wam-
ing against the use of frontline single-agent immune check-
point inhibitors in patients with urothelial carcinoma express-
ing low levels of PD-L1. In August 2018, PD-L1 status was
incorporated into the labels for pembrolizumab and
atezolizumab for existing frontline approvals for cisplatin-
ineligible urothelial carcinoma. Therefore, this article shed
light on a particularly relevant question from the clinical and
scientific perspectives, but also raises technical issues regard-
ing the method described.

First, the authors did not detail the staining protocol nor the
antibody used to assess PD-L1 expression. Four PD-L1 assays
have been approved by the FDA/European Medicines Agency
(EMA) for use in urothelial carcinoma, including the Dako
28-8 and 22C3 and the Vantana SP142 and SP263 monoclonal
antibodies [2]. Among these assays, divergent results have
been reported in bladder cancer, leading to different PD-L1
expression detection rates, and thus providing different num-
ber of patients eligible for first-line treatment with immune
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checkpoint blockade [3]. The threshold of >1% for PD-L1
positivity was clearly defined by Chen et al. [1]. However, it
remains unclear which PD-L1-stained cells were evaluated in
their study (tumour cells, immune cells or both). The authors
should have reported the PD-L1 score for each component of
the tumour immune microenvironment. Indeed, variability in
PD-L1 expression across the types of stained cells may lead to
a variable relationship with '*F-FDG uptake values.

Second, as immune checkpoint inhibitors are validated
treatments in metastatic urothelial cancer, it would have been
ofinterestto evaluate the correlation between '*F-FDG uptake
and PD-L1 expression in metastases rather than in the primary
tumour. Indeed, PD-L1 expression in the primary tumour can
easily be determined by endoscopic transurethral resection.
Five immune checkpoint inhibitors have obtained accelerated
approval by the FDA for the treatment of metastatic bladder
cancer [4], and molecular and functional imaging is increas-
ingly recognized as a reliable tool for cancer staging [5, 6].
Burgess et al. recently reported a discordance in the expres-
sion of PD-L1 immune cells between primary and metastatic
urothelial carcinoma lesions [7]. Thus, the correlation between
'"F-FDG uptake and PD-1/PD-L1 expression in distant me-
tastases may be more variable.

Third, non-muscle-invasive bladder cancer (NMIBC) rep-
resents more than 70% of bladder cancers at the time of diag-
nosis. NMIBCs are often detected as a subcentimetre thicken-
ing of the bladder wall. Approximately one third (13/38) of
tumours analysed by Chen et al. were NMIBC disease [1]. In
this situation, "*F-FDG uptake for most of the tumours of
stage pT1 or less may have been underestimated due to the
partial volume effect. It is well known that this phenomenon
leads to underestimation of uptake intensity in small or thin
structures (i.e. approximately <8-12 mm depending on the
full-width at half-maximum of the reconstructed image reso-
lution) [8]. Tumour size (presumably in the great axis) was
included in the multivariate analysis, but the thickness was
not. In addition, stromal lymphocyte infiltration is associated
with tumour invasion depth in bladder cancer of stage pT1,
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suggesting that immune infiltration is different between
muscle-invasive and non-muscle-invasive tumours [9].

Indeed, mostofthe tumours of stage pT1 or less were negative carcinoma with emphasis on therapy stratification for first-incuse of
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Re: Differential Expression of PD-L1 in High Grade T1 vs @mmm

Muscle Invasive Bladder Carcinoma and its Prognostic
Implications

S. A. M. Wankowicz, L. Werner, A. Orsola, J. Novak, M. Bowden, T. K. Choueiri,
I. de Torres, J. Morote, G. J. Freeman, S. Signoretti and J. Bellmunt

J Urol 2017; 198: 817-823.

To the Editor: This study addresses an important question regarding the prognostic value of
PD-L1 expression in high grade T1 (HGT1) urothelial carcinoma of the bladder. Several
phase I and II trials evaluating PD-1 or PD-L1 immune checkpoint inhibitors in this clinical
setting are currently ongoing. However, few data regarding PD-L1 expression in high risk
nonmuscle invasive bladder cancer have been specifically reported in independent retro-
spective cohorts. Therefore, this article sheds light on a particularly relevant question from a
clinical and scientific perspective, and also raises technical issues regarding the method
described.

The strengths of this article are the relatively large (140 patients) homogeneous cohort of
primary HGT1 bladder cancer, the quality of the formalin fixed, paraffin embedded samples
(initial HGT1 tumors with a visible, clearly identifiable and disease-free muscularis) and the
long followup (median 7.4 years). We agree that the use of the same mouse monoclonal anti-PD-
L1 antibody (405.9A11, developed in the laboratory of Gordon Freeman, Dana Farber Cancer
Institute, Boston, Massachusetts) in the nonmuscle invasive and muscle invasive cohorts is a
marker of reliability that allows comparison between samples. However, despite the high quality
of this work, some additional issues need to be addressed.

The use of tissue microarray (TMA) calls for great caution regarding the large amount of
heterogeneity observed in HGT1 bladder tumors. Actually the method used to build the TMA is
unclear regarding the location of the selected areas in the tumor blocks. Have all 3 cores per
sample been punched in the center of the tumor infiltrating the lamina propria? How are the
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immune cell infiltrates in the tissue outside the tumor core accounted for? Since all bladder
tumors have been initially endoscopically resected (and, therefore, cut into small pieces of
tumor), selection of tumor areas is particularly challenging. Thus, the task of the pathologist is
complex and should be detailed.

Furthermore, no correlation has been assessed for a subset of samples to determine the
correlation of PD-L1 expression status in TMA cores and matched whole sections from the
same tumors. This important step could have strengthened the reliability and reproducibility
of the method used by the authors. In addition, no confirmatory analysis with other anti-PD-L1
antibodies has been performed for comparison. Altogether the tissue microarray technique may
impede gathering unbiased information from the prognostic value of PD-L1 status regarding
the heterogeneity of the immune response in the tissue. Prospective assessment of PD-L1
expression status on infiltrating immune cells in metastatic urothelial carcinoma has been
determined in multiple clinical trials. There is still controversy surrounding whether higher
levels of PD-L1 expression by immune and/or tumor cells in the tumor microenvironment could
be predictive of higher response rates to anti-PD-1/PD-L1 therapy. As indicated by the authors,
this discrepancy between studies may be explained by the substantial variability in perfor-
mance of anti-PD-L1 antibodies (SP142, SP243, 22C3, 28-8, 73-10), in platform specificities
(Ventana, Dako), in cutoff definitions among assays, in type of cells analyzed (immune cells or
tumor cells) and also in quality of tissue sample (formalin fixed, paraffin embedded vs fresh
frozen).

Arguably future efforts are essential to harmonize and validate the use of anti-PD-L1 anti-
bodies as a potential prognostic or predictive biomarker in urothelial carcinoma. Such efforts are
currently ongoing in other tumor types (eg lung cancer) and should also be a central issue for
uropathologists in the near future.

Respectfully,

Mathieu Rouanne, Thierry Lebret, Camélia Radulescu and Julien Adam
Departments of Urology and Pathology

Foch Hospital

University of Paris-Saclay

Suresnes

and INSERM Unit U981 and Department of Pathology
Institute Gustave Roussy

University of Paris-Saclay
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France
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Invited review, European Urology Oncology
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tissue to develop precision medicine-based immunotherapy approaches in high-risk
NMIBC patients.
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Titre: Mécanismes de résistance au BCG dans le cancer de la vessie

Keywords: BCG; instillations endo-vésicales; carcinome urothélial de la vessie; échappement
tumoral

Le cancer de la vessie est le 9éme cancer le plus fréquent au monde avec 435 000 nouveaux cas
diagnostiqués chaque année et 165 000 décés par an. Au diagnostic, 70-80% des cancers de la vessie
sont tumeurs superficielles n’infiltrant pas le muscle vésical (TVNIM). Depuis prés de 40 ans, les
instillations intra-vésicales de bacille de Calmette-Guérin (BCG) sont le traitement de référence des
TVNIM ayant un risque élevé de progression (T1, carcinome in situ, Ta haut grade). Malgré un
traitement bien conduit, le risque de récidive est d'environ 50%, et le risque progression vers une
tumeur infiltrant le muscle est estimé entre 20% et 30% dans les 5 ans. Entre 10% et 15% des
patients développent des métastases de leur carcinome urothélial. Aujourd’hui, aucun biomarqueur
ne permet de prédire la réponse au BCG, ni I'évolution métastatique de la maladie. La cystectomie
totale reste le traitement de référence en cas de non-réponse au BCG. Plusieurs essais cliniques
évaluent des traitements immuno-modulateurs ciblant les récepteurs des points de contréle
immunitaires PD1, PD-L1 en 2° ligne de traitement apres échec du BCG. Les instillations endo-
vésicales d'interferon de type |, de virus oncolytique ou d'agonistes de STING sont des stratégies
thérapeutiques en cours d'évaluation. L'objectif de ce travail était d'étudier les mécanismes de
résistance intrinseque des cellules tumorales exposées au BCG afin d'identifier de nouvelles cibles
thérapeutiques.

Title: Mechanisms of resistance to BCG immunotherapy in bladder cancer.
Keywords: BCG; intravesical instillations; urothelial carcinoma of the bladder; tumor escape

Bladder cancer is a heterogeneous disease that displays invasive and non-invasive histological
features, and a wide spectrum of molecular alterations and subtypes. Treatment of non-invasive
tumors with high-risk features (carcinoma in situ, high-grade Ta, T1) includes trans-urethral
resection of the tumor, followed by intravesical instillations of bacillus Calmette-Guérin (BCG).
Despite a multitude of evidence for anti-tumor efficacy, 50% of patients with high-risk NMIBC
develop tumor recurrence and 20-30% disease progression. Ultimately, 10-15% of patients die of
metastatic disease. New therapeutic strategies are currently in clinical development to treat BCG-
unresponsive tumors including antagonistic antibodies directed against the T-cell immune
checkpoints PD-1, PD-L1 and CTLA-4, but also recombinant adenovirus interferon a (Ad-IFNa/Syn3),
oncolytic virus and STING agonists. Although recent studies have identified potential immune
parameters that could impact clinical response, mechanisms of tumor resistance to BCG
immunotherapy remain poorly understood. Additionally, tumor heterogeneity and plasticity of
cancer cells undermine our attempts to precise dynamics of immune escape under selective
pressure. How cancer cells evade to the anti-tumor immune response, and whether cancer cells
acquire intrinsic undesirable characteristics upon BCG exposure remain unknown. Altogether, this
highlights the crucial need to better understand the mechanisms of tumor resistance that occur
during BCG immunotherapy in order to identify new targetable pathways and treatment strategies.
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