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Summary

Since the work of William Coley at the end of the 19" century, it became clear that live
microorganisms could be harnessed for cancer treatment. A plethora of preclinical and
clinical studies in the 20" century led to approval of the live tuberculosis vaccine Bacillus
Calmette-Guérin (BCG), for the treatment of medium and high-risk non-muscle invasive
bladder cancer (NMIBC). Moreover, experimental work using mouse models clearly
established that the antitumoral properties of BCG are based on stimulation of the immune

system.

Although intravesical BCG therapy for NMIBC is one of the most successful
immunotherapies to date, it has several shortcomings. An important fraction of patients
does not respond to this type of therapy, and toxicity issues cause treatment interruption
leading to modified schedules with suboptimal therapeutic efficacy. Additionally, during
the past ten years BCG production has experimented a severe global shortage, forcing the
use of alternative therapies or lower BCG doses. Therefore, there is an urgent need to
develop treatment modalities with alternative agents for this subset of patients. Given the
spectacular success of bacterial therapy in the field of bladder cancer, a more profound
knowledge of its mechanism of action could lead to an improvement of this kind of

treatment.

In the first part of this work, we set out to study bacterial and host factors involved in the
antitumor efficacy of live-attenuated mycobacteria for bladder cancer. We took advantage
of the fact that we could directly compare two different live-attenuated tuberculosis
vaccines: BCG and MTBVAC. By comparing their behavior in experimental mouse models
of bladder cancer, we found that the ability of the bacteria to colonize the bladder correlated
with treatment efficacy. Importantly, we identified genes absent in BCG and present in
MTBVAC which explained the higher therapeutic potential of the latter. Furthermore, we
analyzed the antitumor immune response in the bladder, showing that intravesical bacterial
treatment induced tumor-specific T cell dependent responses. Lastly, the therapeutic
efficacy of intravesical MTBVAC in a mouse model of bladder cancer was greatly boosted

by concurrent systemic immune checkpoint inhibition with PD-L1 blocking antibodies.

In the second part of this thesis, we devise a strategy to deliver BCG into the lungs to treat

either metastatic or primary lung tumors in experimental mouse models. We observed that
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intravenous administration of BCG in mice potently stimulated lung-specific antitumor
immune responses (both innate and adaptive), which could be further potentiated by
immune checkpoint inhibition based on PD-L1 blockade. Therefore, we propose that the
success of BCG in bladder cancer and melanoma could also be applied to the field of

thoracic oncology.
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Resumen

Desde el trabajo de William Coley a finales del siglo XIX, qued6 claro que los
microorganismos vivos podian aprovecharse para el tratamiento del cdncer. Numerosos
estudios preclinicos y ensayos clinicos durante el siglo XX condujeron a la aprobacion de
la vacuna viva para la tuberculosis, el Bacilo de Calmette-Guérin (BCG), para el
tratamiento del cancer de vejiga no musculo invasivo (CVNMI). Ademas, mediante el uso
de modelos experimentales, quedo establecido que la actividad antitumoral de BCG se basa

en la estimulacion del sistema inmune.

Aunque la terapia basada en la administracion intravesical de BCG para el CVNMI es una
de las inmunoterapias mas exitosas hasta la fecha, presenta ciertas deficiencias. Una
fraccion importante de los pacientes no se beneficia de este tipo de terapia, y los efectos
secundarios adversos pueden provocar la interrupcion del tratamiento, lo que conduce a
versiones modificadas con una eficacia terapéutica suboptima. Ademads, durante los ultimos
diez afios ha habido una grave escasez de BCG a nivel mundial, lo que ha obligado al uso
de otras aproximaciones terapéuticas o dosis reducidas de BCG. Por lo tanto, existe una
necesidad urgente de desarrollar tratamientos alternativos para esta clase de pacientes.
Dado el éxito de la terapia bacteriana en el campo del cancer de vejiga, un conocimiento
mas profundo de su mecanismo de accidon podria conducir a una mejora de este tipo de

tratamiento.

En la primera parte de este trabajo nos propusimos estudiar los factores bacterianos y
asociados al huésped implicados en la eficacia antitumoral de las micobacterias vivas
atenuadas para el cancer de vejiga. Aprovechamos el hecho de que podiamos comparar
directamente dos vacunas contra la tuberculosis distintas: BCG y MTBVAC. Mediante la
comparacion de su comportamiento en modelos experimentales de céncer de vejiga en
ratones, descubrimos que la capacidad de las bacterias para colonizar la vejiga estaba
intimamente relacionada con la eficacia del tratamiento. Es importante destacar que
logramos identificar genes ausentes en BCG y presentes en MTBVAC que explicasen el
mayor potencial terapéutico de esta ultima vacuna. Ademads, analizamos la respuesta
inmune frente al tumor en la vejiga, mostrando que el tratamiento bacteriano intravesical
era capaz de inducir respuestas dependientes de células T especificas del tumor. Por tltimo,

la eficacia terapéutica de MTBVAC intravesical en un modelo de cancer de vejiga en raton
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se vio claramente potenciada por la administracion sistémica de anticuerpos bloqueantes

del punto de control inmunitario PD-1/PD-L1.

En la segunda parte de esta tesis, disefilamos una estrategia para localizar BCG en el pulmén
con el objetivo de tratar tumores pulmonares primarios o metastasicos en modelos
experimentales en el raton. Se observo que la administracion intravenosa de BCG en el
raton estimuld especificamente la respuesta inmunitaria antitumoral en el pulmoén (tanto
innata como adaptativa), que pudo potenciarse ain mas mediante la inhibicién del punto
de control inmunitario PD-L1. Por lo tanto, con los resultados obtenidos en esta parte
proponemos que el éxito de BCG en cancer de vejiga y melanoma también podria aplicarse

al campo de la oncologia toracica.
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“There has been a rather general feeling that the host has only a
limited capacity at best to rid itself of naturally arising cancer
cells. ... However, until we know how to direct the full force of

specific immunity against tumor cells, the true magnitude of this

potential will remain unknown. With the advances that have been
made and the powerful new tools that are available, the cancer
immunologist's long search for specificity may finally be

rewarded”

Lloyd J. Old, 1981
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General introduction
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1.1 The immune system and cancer

Cancer is a disease characterized by genomic instability, in which spontaneously occurring
mutations facilitate unrestricted cell growth by favouring proliferation or by avoiding
intrinsic cell death mechanisms'. From these mutations, tumor-associated antigens can
arise’ ™, which do not occur on untransformed cells or are present at lower levels. Thus, the
so-called tumor-specific or tumor-associated antigens can be recognized as non-self by T

lymphocytes and trigger adaptive immune responses leading to tumor elimination.

1.1.1 Cancer immunosurveillance

The notion that the immune system not only protects the host from microbial infection but
can also detect and eliminate tumor cells arose 50-100 years ago, with Paul Ehrlich
hypothesis that protective immunity could effectively supress cancer in long-lived
organisms’, the notion of cancer immunosurveillance introduced by Burnet and Thomas®
and the study of experimental tumors in mice by Lloyd Old’. Although the idea that the
immune system controls tumor growth was initially received with great scepticism and
could not be experimentally proven at the time, the advent of precise gene targeting in mice
and the ability to produce highly specific monoclonal antibodies directed to specific
immune cell components allowed those hypotheses to be formally tested, unequivocally

showing that the immune system can target and destroy tumor cells®.

Indeed, interest in cancer immunosurveillance arose again when immune-dependent
rejection of syngeneic transplanted tumors was shown to heavily depend on host IFN-y

%10 " Following this discovery, it became apparent that mice lacking key

expression
components of the IFN-y signaling pathway, such as the IFN-y receptor or the STAT1
transcription factor, were far more susceptible to chemically induced or even spontaneous
carcinogenesis'!. In a similar manner, mice lacking adaptive immunity by deletion of the
Rag? protein, which eliminates T and B cells in the host, presented higher rates of primary
tumor development following carcinogen exposure than their wild-type counterparts

(Figure 1)1

Following this work, a large body of literature has identified numerous immune cells and
pathways which are critical for cancer immunosurveillance®. Among them, of particular
interest are reports showing the importance of the cytolytic pore-forming protein perforin

in mediating tumor elimination by immune cells, since mice lacking this molecule develop
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1. General introduction

a higher incidence of MCA-induced sarcomas and even spontaneous B cell lymphomas at

%1213 " Confirming these findings, genetically

higher rates than wild-type littermates
modified mice, such as Ep-v-Abl or Trp53"" mice, when backcrossed to a Perf”
background, developed spontaneous tumors with an earlier onset than wild-type
controls'?!?. Deficiency in other components of the immune system, such as lack of the
type-I IFN receptor'?, IL-12'5 or depletion of NK cells by antiNK1.1 or antiAsialo-GM1

administration!>1'6

also entails higher incidence of carcinogen-induced tumors and/or
spontaneous carcinogenesis. These highlighted results, among many others, have validated

a critical role for the immune system in suppressing tumor growth.

Immunodeficient
mice

ACarcinogen

=== |mmunodeficient

! l ; 200 1001 mice
" . ) days g mes ImMmunocompetent
> = mice
m 2 907
o) =
E
o 60
L
» -
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=]
S
e :
200 8 20
days 5]
- “ —
0y i ,
m 0 80 160
Time after carcinogen treatment (days)
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Figure 1. Higher incidence of MCA-induced sarcomas in Rag2” immunodeficient mice compared
with wild-type immunocompetent mice. Taken from Schreiber et al. (2011)"".

Although the importance of the IFN-y signaling axis in the host had been clearly stablished,
subsequent work demonstrated that the tumor cell itself is a physiologically important
target for [FN-y mediated tumor rejection. Particularly, Meth A tumor cells engineered to
be insensitive to IFN-y showed more aggressive growth than parental IFN-y sensitive tumor
cells when transplanted into syngeneic mice'8. Using a different approach consisting in
generation of carcinogen-induced tumor cell lines in an IFN-y receptor knock-out (IFNyR"

") background, it was shown that tumor cell lines derived from this background were highly
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1. General introduction

tumorigenic when transplanted into wild-type hosts, compared to tumor cell lines coming
from a wild-type background'. Importantly, genetic recomplementation of these tumor cell
lines with wild-type IFNYR reverted this effect and elicited tumor rejection, except when
IFN-y neutralizing antibodies were administered or mice were depleted of CD4" or CD8*
T lymphocytes®. Altogether, these works, among others, suggested that T cell-derived

IFN-y is a critical mediator of antitumor immunity.

Later work has demonstrated that IFN-y enhances tumor cell immunogenicity by
upregulating multiple components of the antigen presentation machinery, being of
particular importance the MHC-I pathway function, which enables targeting by antigen-
specific cytotoxic CD8" T cells. However, accessory antitumor functions such as direct
antiproliferative/proapoptotic activity on tumor cells*""??, the induction of lymphocyte
chemoattractant molecules such as CXCL9 and CXCL10?*, and inhibition of angiogenesis
have also been described for IFN-y?*. Notwithstanding the potent antitumor effects of IFN-
v on tumor cell themselves, this immune cell-produced cytokine also regulates immune cell
activity, for example by maintaining a CD4" Thl-polarized immune cell response, by
generating “M1-like” macrophages which can carry out diverse antitumor functions or by

triggering NK cell activation?.

Lastly, although the immune system directly targets tumor cells to restrict their growth, its
ability to eliminate pathogens can also contribute to cancer immune surveillance. The most
direct evidence is the control of viruses such as Merkel Cell polyomavirus, human
papillomavirus, Epstein-Barr virus, Kaposi’s sarcoma virus or hepatitis B and C virus,
which are known to be tumorigenic drivers in humans®. Indeed, AIDS patients present
elevated frequencies of malignancies®®. Moreover, triple knock-out mice lacking GM-CSF,
IL-3 and IFN-y, which were highly susceptible to bacterial infection, displayed chronic
inflammation in multiple organs and developed spontaneous tumors at increased rates?’.
Chronic inflammation and tumor development in these mice was abrogated upon treatment
with broad-spectrum antibiotics from birth?’, evidencing that immune control of infections
which can drive chronic inflammation can restrict cancer development. Not only does
immune-mediated control of virus and bacteria influence the development of cancer, but a
strong influence of the intestinal microbiota on antitumor immunity has become apparent

in the recent years?®, as well as the existence of a tumor microbiome®” and mycobiome®’,
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1. General introduction

which could conceivably modulate intratumoral immune cells or affect the immunogenicity

of tumor cell themselves.

1.1.2 Cancer immunoediting

The role of the immune system in cancer progression is two-fold: as we have discussed, it
is now clear that diverse immune cell subsets and pathways can target tumor cells and
restrict their growth. However, it has become apparent that the evolutionary pressure
exerted by the immune system over cancer cells favours the emergence of clones that evade
recognition by the immune system, a process known as cancer immunoediting’!. Cancer

immunoediting comprises three phases: elimination, equilibrium and escape (Figure 2)2.

o Elimination
Although the elimination phase will be described in more detail in the next section (see
Section 1.3.3 The cancer-immunity cycle) here I will briefly describe its main components.
The first stage in the elimination phase requires detection of the developing tumor. This
has been proposed to be mediated by tumor cell secretion of type I IFNs or damage-
associated molecular patterns (PAMPs) such as HMGB1 or RAGE, secreted by dying cells
or as a consequence of tissue damage generated by a growing tumor mass®>**, All these
agents possess the ability to activate dendritic cells, which are the cellular subset
responsible for driving adaptive immune responses®>*¢. Tumor cell expression of activating
ligands (RAE-1, MICA/B) for components of the innate immune system such as NK
lymphocytes can trigger the release of proinflammatory cytokines, which would aid in the
development of adaptive immune responses®”-*. Although the innate immune system can
effectively target tumor cells, it is believed that adaptive immune responses are generally
needed for complete tumor rejection®’. Most importantly, the generation of adaptive
immune responses targeting tumor-specific antigens warrants the development of
immunological memory against those antigens®. This memory responses are best
exemplified by the protection conferred by the rejection of a primary tumor cell transplant
against a secondary challenge with the same tumor cell line, which is often observed in
mice. In summary, the elimination phase comprises the detection of transformed cells by
the innate immune system, which in turn guides the development of adaptive immune

responses targeting specific tumor antigens.
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1. General introduction

The ability of the immune system to shape tumor immunogenicity is now well stablished.
This was elegantly demonstrated by Robert Schreiber’s group, showing that tumor
generated in Rag2”" mice are more immunogenic that those coming from immune
competent mice, suggesting that the immune system sculpts developing tumors selecting
for less immunogenic variants'!. An independent study confirmed these results: when
genetically engineered mouse models of sarcoma driven by KRAS and P53 mutations and
expressing the SIINKEFL model antigen were used, immune competent mice selected
tumor cell variants in which the locus containing the exogenously introduced SIINKEFL
antigen had been epigenetically silenced. Importantly, this was not observed in
immunocompromised Rag2”" mice, so it was driven by the adaptive immune system®***!,
Other work showed that the innate immune system can also edit the immunogenicity of
developing tumors, since cell lines generated in Rag2” x yc”™ mice, which lack NK
lymphocytes in addition to T and B cells, were more immunogenic than those generated in

Rag2”" mice*. Interestingly, in this work NK cell-derived IFN-y was shown to polarize M1

like-macrophages to drive tumor rejection in Rag2”" mice*?.

It is worth noting that techniques such as whole exome sequencing and bioinformatic tools
have allowed us to identify tumor neoantigens in human (and mouse) tumors and prove T
cell reactivity against those antigens*»**. Importantly, tumor mutational burden and
lymphocyte infiltration into tumors correlate with good prognosis and response to
immunotherapy in some instances, evidencing that cancer immunosurveillance also exists
in humans*®. This year, evidence of pancreatic cancer immunoediting in humans was finally
provided: recurrent tumors from long term survivors progressively lost immunogenic

neoantigens when compared to primary resected tumors in the same patient*.

o Equilibrium
The equilibrium phase refers to a stage in which the immune system keeps tumors in a
dormant state. Although this phase is not easily modelled in mice, several observations
suggest that tumors can remain in an occult dormant state and emerge under certain
conditions. For example, injection of low dose MCA in mice did not induce the
development of overtly growing tumors in most individuals. However, depletion of T cells
or neutralization of IL-12 or IFN-y 200 days after the primary challenge allowed tumor

t47

outgrowth in 50 % of mice, whereas NK cell depletion did not™’. These results evidenced a
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specialized role of the adaptive immune system in maintaining the equilibrium phase in

cancer.

Interestingly, tumors which escaped the equilibrium phase after depletion of immune
system components were highly immunogenic when reimplanted in immunocompetent
hosts, whereas sarcomas spontaneously escaping immune control in immunocompetent
mice, which rarely happened, presented very low immunogenicity upon transplantation,

evidencing editing by the immune system?’.
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Figure 2. The three E’s of cancer immunoediting: elimination, equilibrium and escape.
Transformed cells can be targeted at a very early stage by cytotoxic lymphocytes (CD8*, y& T cells,
NKT, NK), which can drive tumor elimination. However, some tumor cells may undergo editing due
to selective pressure exerted by the immune system, and enter a phase of tumor dormancy, where
edited tumor cells are kept at bay by immune cells. Further immunoediting of some tumor cell
clones allow them to avoid the immune system and progressively grow. This is the escape phase,
which is characterized by immune suppressive mechanisms and promotion of tumor growth.
Taken from Schreiber et al. (2011)"’.
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Histological analysis of dormant tumors revealed that a high proportion of cells were
labelled by TUNEL and had lower expression of the proliferation marker Ki67" compared
to progressively growing tumors, evidencing that a higher proportion of cells were
undergoing cell death and were overall less proliferative in tumors which are actively
controlled by the immune system*’. Other studies revealed that tumor cells progressively
acquire immune-evading properties during the equilibrium phase: longer periods of
dormancy were accompanied by higher PD-L1 expression in tumor cells in a mouse model
of leukaemia, allowing escape from CD8" T cell-mediated cyototoxicity*®. Re-emergence
of tumors following CD8" T cell depletion has also been observed in mouse models of
ultraviolet B radiation-induced skin cancers® or in Ret-driven models of melanoma,
confirming findings in MCA-induced sarcoma models®’. In an interesting study, the
coordinated action of immune cell derived IFN-y and TNF prevented proliferation and

induced tumor cell senescence’.

In humans, the equilibrium phase is best exemplified in patients which relapse years after
primary tumor surgical removal®?, or instances in which tumor outgrowth was observed
when organs from patients lacking signs of malignancy were transplanted into

immunosuppressed patients®.

o Escape
In the escape phase, tumor cells that have acquired the capacity to evade the immune system
progressively grow. Broadly, progression from equilibrium to escape can be attributed to:
(1) changes in the tumor cell allowing escape from immune cell recognition or (2)
immunosuppression or immune exhaustion elicited by the growing tumor mass, via
mechanisms which induce immune cell dysfunction®*>. Focusing first on tumor cells,
resistance to immune cell targeting can arise by losing the ability to present neoantigens to
T cells, which can occur by several different mechanisms: emergence of clones lacking
strong immunogenic antigens, loss of MHC-I proteins or mutations in components of the
antigen presentation machinery (TAP1, TAP2 or the immunoproteasome) or in IFN-y
receptor signalling components (IFNyR, JAK1, JAK2)°S. Additionally, tumor cells become
resistant to immune cell mediated cytotoxicity by upregulating anti-apoptotic mechanisms

for enhanced survival, as STAT3, BCL-XL or FLIP.
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Alternatively, tumors can also actively escape by driving immune cell dysfunction or
exclusion®’. For instance, establishment of a so called immune suppressive
microenvironment can negatively impact the function of T and NK lymphocytes. For
example, expression of immunoregulatory molecules such as PD-L1, galectin-9, IDO,
HLA-E or HLA-G by the tumor dampen the cytotoxic activity of lymphocytes.
Additionally, chronic exposure to tumor antigens can drive exhaustion of CD8" T
lymphocytes, an epigenetically imprinted state which hinders the ability of these cells to

respond to subsequent stimuli in a manner which is reminiscent to chronic viral infections™®.

Another critical way in which the tumor evades the immune system is the recruitment of
regulatory immune cells. These can come in many flavours: Foxp3* regulatory T cells can
inhibit effector T cells by producing IL-10 and TFGp, by expressing CTLA-4 or PD-L1
and by depleting IL-2 from the environment, due to the expression of a higher affinity
receptor for this T cell prosurvival cytokine®. Importantly, regulatory T cells function
physiologically to maintain peripheral tolerance but are hijacked by being actively recruited
to the tumor microenvironment (TME), where they exert potent immunosuppressive
activities®. The importance of these cells in driving immune escape is evidenced by a
plethora of studies showing that their depletion, normally by using Foxp3-DTR mice,

unleashes immune responses to drive tumor rejection.

Tumors can favour the expansion of myeloid-derived suppressor cells (MDSCs) by
deregulating bone marrow (BM) hematopoiesis. Production of certain cytokines and
growth factors such as GM-CSF, G-CSF or PGE; by tumors elicits the generation of this
heterogeneous group of cells comprising immature neutrophils and monocytes, which are
then recruited to the TME in a chemokine-dependent manner®. Induction of MDSCs by
the growing tumor mass also supresses immune function at a systemic level, facilitating the
seeding of tumor cells in other organs besides the primary tumor, a process known as
metastasis®!'. Blocking the recruitment of MDSCs into the tumor or their generation in the
BM can boost antitumor immune responses, evidencing their important role in driving
tumor escape from the immune system®. Tumorigenesis also alters other branches of
haematopoiesis, for example by precluding the development of type 1 conventional
dendritic cells (cDCls), which are critical drivers of tumor-specific T cell responses, as

described later®>93,
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Although the role of regulatory T cells and MDSCs in the immune response to cancer is
somewhat clear, tumor-associated macrophages (TAMs) can both inhibit or favour
effective antitumor immunity by multiple mechanisms. For instance, IL-10, TGF, ROS or
L-arginine production, promotion of stromal development and hypoxia, generation of a
dysfunctional vasculature or recruitment of other regulatory populations are some of the
mechanisms that TAMs use to supress antitumor responses®*. Normally, the phenotype of
these immune suppressive TAMs reflects that of tissue-remodelling or tissue-repair
macrophages. However, when properly activated, TAMs can also exert antitumor
functions, such as T cell recruitment and priming, secretion of immunostimulatory
cytokines or even direct tumor cell killing, reminiscent of their role in defence against
bacterial or viral pathogens. The importance of this cellular subset in tumor immunology is
evidenced by the undergoing preclinical and clinical development of numerous TAM-

directed therapeutic strategies, either by depleting them or by modulating their activity®>-6,

In summary, the balance between immune inhibitory and stimulatory mechanisms
determines whether the growing tumor mass escapes or not the vigilance of the immune
system and its growth rate. Conceivably, progressively growing tumors reach a point of no
return in which the immune system is overwhelmed by inhibitory signals, and immune-
mediated rejection is no longer possible. This is best exemplified by the fact that therapies
that target the immune system are far more effective at earlier stages of tumor growth, when
immune-stimulatory signals overcome inhibitory mechanisms. At later stages, the balance
is shifted into immune-inhibition and therapeutic interventions are less effective at

controlling tumor growth and completely incapable of driving tumor rejection.

1.1.3 The cancer-immunity cycle

For an effective antitumor immune response leading to tumor growth control to happen, a
series of sequential steps are required (visually summarized in Figure 3). Critically, these
steps can function in an iterative self-propagating manner in order to amplify the ongoing

immune response. This is what has become to be known as the cancer-immunity cycle®’.

The first step (1) requires the release of tumor neoantigens to be captured by DCs for
processing. Different triggers exist for inducing initial cell death and release of tumor
antigens: tumor cells can initially be targeted by innate immune cells such as NK or NKT

cells, or cell death can be induced by treatment such as radiotherapy, chemotherapy or
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adoptive T cell therapy. In the recent years it has become apparent that the way in which
tumor cells die is critical for the subsequent priming of antigen-specific responses®®. For
instance, optimal priming requires cell death to be immunogenic as opposed to tolerogenic,
being characterized by the release of proinflammatory cytokines (type I IFN) and alarmins
such as ATP, HMGBI or STING ligands, which trigger the activation and maturation of
DCs%. Recent reports suggest that necroptotic, pyroptotic or ferroptotic cell death could be
more immunogenic than apoptosis, and efforts are undergoing to induce specific modes of
death in tumor cells to enhance priming of adaptive immune responses’’. Remarkably, cell

death induced by cytotoxic lymphocytes is particularly immunogenic’'.
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@ (CTLs)
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Figure 3. The seven steps of an effective antitumor immune response. Taken from Mellman et al.
(2013)%".

Following capture of tumor antigens, DCs are the cellular subset responsible for tumor
antigen presentation to T cells (2). This event primarily happens in the tumor-draining
lymph nodes (tdLNs) and requires the maturation of DCs which have acquired tumor

antigens for their optimal processing into peptides, for migration to the tdLNs by a
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mechanism dependent on CCR7 expression, and for providing T cells optimal

costimulatory cues to guide their development into effector cells (3)72.

It is important to note that presentation of exogenously acquired tumor antigens to CD8"T
cells via MHC-I, a pathway which classically was thought to drive presentation of peptides
derived from endogenous proteins, requires a process known as antigen cross-presentation.
Importantly, it is type 1 conventional dendritic cells that are specialized in cross-
presentation of tumor-antigens to CD8" T cells, and their depletion completely abrogates
antitumor adaptive immune responses’>. The concept of cross-presentation took years to be

75,76

established’®, and although we are starting to understand it more’>’%, it is still not fully

discerned at the molecular level, and specially why is it restricted to cDCls in vivo.
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Figure 4. cDC1s prime tumor-specific T cells in the tumor draining lymph node. First, damage
sensing by TLRs allows maturation and migration of DCs to the lymph node, where they prime and
become licensed by tumor specific CD4* T helper cells. Licensed cDC1s by CD40-CD40L interactions
then go on to prime tumor-specific CD8* T cells, aided by costimulation signals (CD28-CD80/CD86)
and cytokine secretion (IL-12). Adapted from Kurts et al. (2011)".

Effective priming of T cells in the tdLLN (Figure 4) requires costimulatory signals provided
by the DC (CD80/86 mediated engagement of CD28 in the T cell) as well as an appropriate
cytokine milieu (IL-2, IL-12). It has become increasingly clear that cDC1s must be first

licensed by CD40/CD40L interactions to allow effective priming of tumor-specific CD8"
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T cells, as deletion of CD40 in ¢DCls abrogates antitumor T cell responses’®”". CD40-
dependent licensing is thought to be provided by CD40L expressing-CD4" T cells,
conforming the historical concept of T cell help’®. In some instances, cDCls are
indispensable for priming tumor-specific CD4" T cell responses by MHC-II dependent
antigen presentation’®. Of note, MHC-II restricted neoantigens and tumor-specific CD4" T
cell responses are required for the development of efficient antitumor immunity and

response to immunotherapy®’.

Following priming in the tdLN, effector T cells must then traffic to the tumor (4) guided
by gradients of chemokines such as CCL5, CXCL9 or CXCL10®! and extravasate from the
circulation to the tumor bed, a process that can be hindered by a tumor-induced abnormal
vasculature (5)%2. Finally, infiltrated T cells need to recognize their cognate antigen through
interactions between their TCR and tumor MHC-I molecules (6) to kill their target cell.
Killing of target tumor cells causes release of additional tumor antigens, kickstarting the

cancer immunity cycle once again (7).

Although here we have described a successful antitumor immune response, it is clear that
in patients with overt tumor growth the cancer-immunity cycle has failed at some point.
Briefly, tumor antigens may not be immunogenic enough or treated as self, T regulatory
cells can overcome effector responses, or T cell homing into tumors might be precluded®’.
Most importantly, the TME can suppress the activity of correctly primed and recruited

CD8" T cells®.

As discussed before, tumor cells can escape CD8" T cell targeting by losing MHC-I
expression or other components of the antigen presentation machinery. Interestingly, loss
of tumor MHC-I expression, which is an inhibitory ligand for NK cells, can facilitate
targeting and killing by this innate cellular subset. It is now clear that NK cells play an
important role in the cancer-immunity cycle both for MHC-I sufficient and deficient

tumors, as well as for the prevention of metastatic spread®*.

1.1.4 Natural Killer cells in the cancer-immunity cycle

In stark contrast to T cells, NK cell-mediated killing of tumor cells relies on an intricate
balance between inhibitory and activating signals provided by target cells (Figure 5).
Inhibitory receptors expressed by NK cells mostly recognize target MHC-I (HLA in
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humans) molecules. Therefore, this innate cellular subset preferentially kills targets that
have lost MHC-I expression, a phenomenon that has become to be known as “missing-self”
recognition®>. In humans, inhibitory receptors are encoded by the killer-cell
immunoglobulin-like receptor (KIR) family of genes®®, whereas in mice seven lectin-like
Ly49 receptors play a similar role®’. Importantly, in mice and humans different inhibitory
receptors recognize distinct class I molecules. An interesting aspect of NK cell biology is
that inhibitory receptors are randomly distributed amongst individual NK cells in an
overlapping manner®®. Indeed, as much as 30.000 distinct NK cell phenotypes, regarding
inhibitory receptor expression, have been found in individual humans®. Therefore, if a
tumor cell loses even one class I molecule, it could be recognized by the subset of NK cells
which only express the corresponding inhibitory receptor. Inhibitory signals are transduced
to NK cells via immunoreceptor tyrosine-based inhibitory motifs (ITIMs) present in their
cytoplasmic regions. Apart from KIRs, the NK cell CD94-NKG2A inhibitory receptor
recognizes the non-classical HLA-E molecule in humans and the corresponding Qa-1

molecule in mice®’.

Regarding activating receptors, NK cells express high-affinity Fc receptors (CD16/32),
which allows them to bind antibody-coated cells to trigger antibody-dependent cellular
cytotoxicity and cytokine release’!. Other examples of activating receptors include natural
cytotoxicity receptors (NKp30, NKp46), some of the KIRs and Ly49 receptors and C-type
lectins such as NK1.1 and NKG2D®. These receptors mostly recognize ligands which are
preferentially expressed in stressed cells, such as virally infected or transformed cells. The
most studied NK cell receptor, NKG2D, binds numerous ligands, such as MICA/B, the
ULBP family, the RAE1 family members in mice, MULT1, H60 and others®*. Adhesion
molecules also play an important role in NK cell activation. For instance, NK cell expressed
LFA-1 binds to ICAM-1, enhancing their cytotoxic potential by organizing the
cytoskeleton to facilitate granule exocytosis. DNAM-1 (CD226) also activates NK cell
migration and activation upon binding CD155, which interestingly also interacts with the

inhibitory receptors TIGIT and CD96.
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Figure 5. The cytotoxicity of NK lymphocytes towards target cells is balanced by a series of
activating (e.g., MICA/B, ULBP, RAE1) and inhibitory (e.g., HLA) ligands. Taken from®*.

o Natural Killer cells in the control of metastatic disease

The prominent role of NK cells in controlling metastasis has been clearly established in
numerous preclinical studies, which usually rely on tail vein injection of melanoma cells or
spontaneous metastasis of primary mammary carcinomas’>. It is believed that epithelial to
mesenchymal transition (EMT) in tumor cells, required for efficient metastasis to
secondary organs, favours their recognition by NK cells as it entails a higher expression of

96-98,

activating receptors for these cells which could explain their crucial role in preventing

metastatic spread.

Evidencing their critical contribution to metastatic control, depletion of NK cells by
antiNK 1.1 or anti-asialoGM1 administration greatly increases tumor burden in lungs, liver
and bone marrow after intravenous inoculation of tumor cells in mice®'*°. Seminal studies
showed that expression of both perforin and IFN-y (and TRAIL in some instances) was
critical for the antimetastatic activity of NK cells'"~19, Subsequent work showed that
abrogation of key steps in NK cell development and maturation, survival, activation' or
trafficking to tumors greatly impaired control of experimental metastasis'® %, In a
complementary manner, boosting NK cell function confers robust protection against

metastasis in multiple preclinical mouse models!%>-19%-119,
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Whereas the role of NK cell in the control of metastatic spread and hematological
malignancies is clearly stablished, their role in controlling primary solid tumors is more
controversial®. Although some studies showed a role for NK cells in the control of MCA-
induced sarcomas'!!, other studies evidence that NK cell deficiency does not affect the
growth of established subcutaneously transplanted tumors''2. Importantly, NK cell

113,114, and

infiltration into solid tumors is often very low compared to other lymphocytes
the immunosuppressive TME exerts potent inhibitory effects on these cells''>. Tumor cells
actively employ multiple mechanisms to subvert NK cell-mediated control. A prominent
example encompasses downregulation of activating ligands or inhibitory ligand
upregulation, including the PD-1/PD-L1 axis, TIGIT/CD155 interactions, or ligation of
shed MICA/MICB decoys by NKG2D, all of which can be therapeutically targeted for
enhancing NK cell antitumor activity'!®. In a similar manner to adaptive immunity,
immunosuppressive cytokines or signaling molecules such as IL-10, PGE; and TGF-p,
regulatory immune cells like T regulatory cells, MDSCs and TAMs and an hypoxic TME

have also been shown to inhibit the antitumoral activity of NK cells'!¢.

o Activation and effector functions of NK cells in the TME

As discussed before, following recruitment of NK cells to the TME, relying on a complex
interplay between multiple chemokines and chemokine receptors, NK cell activation is
determined based on a balance between inhibitory and activating signals provided by the
tumor cell. Additionally, it has become clear that type I IFN is required for optimal
induction of NK cell antitumor activity, and its production requires the activation of the
cGAS/STING DNA sensing pathway in tumor cells'!”"!'®, Chromosomic instability is a
characteristic of cancer cells, and the accumulation of cytosolic DNA activates the
cGAS/STING pathway which serves as an innate sensor of tumorigenesis''>. The
production of cyclic GMP-AMP (cGAMP) leads activation of STING, which can happen
either in the tumor or in surrounding myeloid cells!'. In any case, the result is the
production of type I IFN, which is an activating stimulus for NK cells'!’. Evidencing the
critical importance of this pathway, host STING deficiency abrogates spontaneous NK cell
and T cell-mediated antitumor responses in mice'!”"!?°. Importantly, this pathway can be
therapeutically harnessed, as administration of STING agonists potently stimulates NK cell

activity via enhanced type I IFN and IL-15 expression by CD11c" myeloid cells in the
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TME!?!, Proper NK cell activation also requires cytokines provided by other immune cells,
with the common y chain cytokines IL-2 and IL-15, IL-12 and IL-18 being the most
prominent examples. These cytokines critically regulate NK cell proliferation, survival,

maturation, and acquisition of effector function'!®.

pe v -
Suppression o9
o)) = ‘;\ (@:
—/K,/‘J5 / B | & / ’\
O AR
=

o

e
s i HLA class | ®e /
m i Direct tumour

) cell killing

%TCR

HLA class I
/@ HLA class | .
~ Cancer antigens
y Activating receptor
& Activating ligand

4-1BBL

‘/‘ Tcell
J :‘ activation Cancer \
: IFN cell
? oO [FLT3SL @ CCLS
> \ h .‘xcu &
A Ak
N g
o.‘

g PD-1,CTLA4 ’ Release of cancer | ® e
& PD-L1, B7 antigens from lysed \\‘ s . / .
&7 4-1BB tumour cells “ , mbll-15 Recruitment/
2 activation of DCs
& I1-15Re —

Figure 6. The complex role of NK cells in orchestrating antitumor immunity. NK cells can directly
kill tumor cells, facilitating antigen uptake by dendritic cells. Dendritic Cell influence NK cell
function via 4-1BBL/4-1BB or IL-15/IL-15R interactions, while NK cells recruit Dendritic Cells to the
tumor bed and facilitate their survival via chemokine and growth factor secretion. Secretion of
IFN-y by NK cells can directly activate T cells and upregulate MHC-I in tumor cells, facilitating their
recognition by T cells. NK cells can also be cytotoxic towards MDSCs, alleviating immune
suppression in the TME. Taken from Campana et al. (2020)*%2.

Properly activated NK cells can detect tumor cells and kill them, a process which is
generally dependent on perforin and granzyme expression, but that can also rely on FASL,
TRAIL or IFN-y/TNF!%, However, NK cell infiltration in solid tumors is generally low,
raising the question whether direct cytotoxic activity is the only role that NK cells play in
the cancer-immunity cycle!?*. In the recent years it has become increasingly clear that NK
cells have a critical role in driving the initiation and maintenance of adaptive T cell-
dependent responses. For instance, initial killing of tumor cells by NK cells provides
antigens for cross-presentation and priming of T cells, and production of certain cytokines

such as IFN-y, GM-CSF, TNF or FLT3LG and chemokines (CCL5, XCL1) influences the

maturation status and recruitment of cDCls to the tumor bed!'?>~!28, Interestingly, NK cells
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can also edit the DC compartment by killing immature DCs'?’. In summary, NK cells can
exert direct cytotoxic activity towards tumor cells, modulate adaptive T cell responses and

influence DC function in the TME.

1.1.5 Targeting the immune system for cancer treatment

Whereas chemotherapy, radiotherapy and oncogene-directed therapies target tumor cells to
kill them or slow their growth, immunotherapeutic approaches seek to enable immune-
mediated control of tumor growth. Following a series of fits and starts during the 20®
century, the first immunotherapies approved by the FDA for use in cancer were the live-
attenuated bacteria Bacillus Calmette-Guérin (BCG) and the immune-stimulatory
cytokines IFN-a and IL-2. These first approaches evidenced that cancers could be
effectively controlled by the immune system in humans, when properly activated, even

achieving some durable complete responses in small subsets of patients.

Here, we will briefly review the development and mechanism of action of several types of
immunotherapies for cancer treatment. Due to space constraints, immunotherapies which
are most related to this thesis will be prioritized, leaving behind others such as adoptive T
cell therapies, cancer vaccines or cytokines. Of note, therapeutic approaches which a priori
were not thought to engage the immune system, such as chemotherapy, radiotherapy, or
targeted therapy, have also been described to influence antitumor immunity, and in most

instances require a functional immune system to be effective.

o Innate immune stimulants
The first instances of immunotherapy can be traced back into 1900, when Robert Coley
found that erysipelas infection was associated in some cases with spontaneous tumor
regressions in patients. Then, he applied this observation to treat patients with mixtures of
S. pyogenes and S. marcescens (“Coley’s toxins”) to boost antitumor immunity',
Although some responses were observed, the advent of radiotherapy and chemotherapy left
these ideas behind'*!. During the 20" century, the antitumor properties of the tuberculosis
vaccine BCG were thoroughly studied in animal models, with the idea that unspecific
stimulation of the immune system could slow tumor growth. Importantly, these studies
helped in shaping the concept of tumor immunology. The history of BCG and its use in

human cancer will be covered in section 1.2. Today, BCG therapy is a first-line therapy for

a subset of non-muscle invasive bladder cancer (NMIBC) patients. Overall, these findings
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brought forward the idea that utilizing the privileged ability of microorganisms (or parts of
them) to activate the innate immune system could in turn favor the development of tumor-

specific responses.

Perhaps the best-known example of cancer treatment with a living microorganism is
virotherapy'2. Inside this category, the most prominent agent is T-VEC, based on a herpes
simplex virus (HSV) approved by the FDA for use in a subset of melanoma patients'>>.
Viral therapies can be based on replicating on non-replicating viruses. Non-replicating
viruses are normally engineered to deliver toxins, immune stimulants (GM-CSF, 4-1BB,
FLT3LG, IL-12...) or tumor-associated antigens into the TME'**. On the contrary,
replicating oncolytic viruses function by a combination of (1) immunogenic tumor cell
death caused by selective tumor tropism of the virus and subsequent release of tumor
antigens and (2) stimulation of innate immune responses via recognition of viral particles
by host pattern recognition receptors (PRRs), driving T/NK cell recruitment into the TME
and DC maturation!®. Oncolytic viruses can be further engineered to express
immunostimulatory cytokines such as type I IFNs or GM-CSF. This type of
immunotherapy is thought to work best to ignite adaptive immune responses in cold tumors
with low immunogenicity. Importantly, preclinical and human studies have shown that
immune checkpoint blockade can greatly improve the efficacy of oncolytic

virotherapy 3137,

We can also include in this section the administration of innate immune receptor agonists,
such as TLR or STING ligands, since their mechanism of action is somewhat related to the

138 A clear difference between them is that innate

administration of live microorganisms
immune stimulants can be synthesized to target specific pathways, and the safety concerns
of administrating a living organism are eliminated. However, these therapies are not
completely devoid of side-effects, and administration of live organisms can conceivably
achieve the activation of multiple innate immune pathways at once in a more physiological

manner which is reminiscent of their natural role in detecting microbial infection.

The main idea behind the use of innate immune stimulants agonists is the activation of
innate immune pathways that are critical for the optimal development adaptive immune

responses, and which are normally supressed at the tumor site'®.
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Generally, following their recognition by pattern recognition receptors (PRRs), innate
immune receptor agonists trigger the release of type I IFN, induce the maturation of DCs
and elicit proinflammatory cytokine release by TAMs. In some instances, TLR3 agonists
such as Polyl:C or its derivative BO-112 can directly trigger tumor cell death, providing

tumor antigens to DCs!#-14!

, whereas administration of STING agonists, such as cyclic
dinucleotides, rely on type I IFN production by tumor cells, DCs and macrophages,
triggering NK cell-mediated cytotoxicity!'!*121:142143 Contrary to simulation of the STING
pathway, agonists of the RNA sensing protein RIG-I, such as 5’-triphosphorilated RNA,
rely on triggering cell death in tumor cells, which augments the availability of tumor
antigen with the subsequent boost in CD8" T cell responses!**!%>. Therefore, PRRs and
pathways which physiologically serve to detect invading pathogens and/or cell intrinsic

damage, can be hijacked to stimulate antitumor immunity.

Another important example in this category is the topical administration of imiquimod, a
TLR7 agonist, for cutaneous malignancies. In mice, the efficacy of imiquimod therapy was
shown to rely on NK cell and CD4" T cell recruitment and activation at the tumor site'*°.
An improved version of LPS, a TLR4 agonist, was shown to activate TAMs and drive
improved T cell-mediated antitumor responses in mouse models of breast cancer'?’.

Finally, and among many others, CpG oligodeoxynucleotides, which are TLR9 agonists,

are currently in clinical trials for several types of cancer'*®,

In summary, results from preclinical studies involving the use of innate immune receptor
agonists have evidenced their unique potential to engage innate immunity to drive tumor
antigen-specific responses and tumor growth control. The hurdles that these types of
therapies face for translation into the clinical are mostly related to safety and side effects,
particularly in the case of live virus or bacteria-based treatments. It has become evident that
efficacy of TLR/STING/RIG-I agonists is usually highest when delivered

intratumorally!#%130

, which can be done for some tumor types (melanoma, bladder, brain)
but could be hard to implement for others (lung, pancreas, ovarian). Additionally, the
persistence of these agents in the body is generally low, so multiple administrations are

usually needed for achieving an antitumoral effect.
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o Immune checkpoint blockade

Work by Jim Allison’s group in the 1990s revealed that a protein known as cytotoxic T
lymphocyte antigen-4 (CTLA-4) negatively regulated T cells, functioning as a
physiological “brake” to avoid the generation of autoimmune responses'>!!%2,
Mechanistically, following T cells activation CTLA-4 is expressed in the cell surface,
where it outcompetes CD28 in binding to the costimulatory molecules CD80 and CD86
and delivers an inhibitory signal to the T cell, precluding its proliferation and activation.
Allison devised that blocking the CTLA-4 axis could bypass this control mechanism and
allow supraphysiological activation of T cells. Indeed, blocking CTLA-4 with a
monoclonal antibody led to rejection of transplanted tumors in several mouse models'>2. In

subsequent years, this therapeutic strategy moved to the clinic and is nowadays approved

for the treatment of advanced melanoma.

The other example of successful immunotherapy targeting an immune checkpoint is the
administration of antibodies targeting either side of the PD-1/PD-L1 axis. Expression of
the cell surface receptor Programmed Cell Death 1 (PD-1) is induced in T cells following
their activation, and upon binding its cognate ligand PD-L1, generates intracellular
signalling events which drive reduced production of effector cytokines (IL-2, IFN-y, TNF),
reduced ability to proliferate and increased proclivity to undergo cell death. In contrast to
CTLA-4, PD-1 ligation regulates signalling downstream of the TCR to attenuate the

activity of T cells'>.

Lymph node ’ Tumor T cell

Tecell Via bloodstream Anti-PD-L1 (Atezolizumab,

Avelumab, Durvalumab)
TCR CD28 CTLA-4
Anti-CTLA-4
MHC B7 (Ipilimumab)

|
TCR PD-1
MHC PD-L1

i - Anti-PD-1! =
Slgnalt dbls g (Pembrolizumab,
Dendritic Nivolumab)

cell

Cancer cell

Figure 7. Mode of action of CTLA-4 and PD-1/PD-L1 blocking antibodies. Whereas CTLA-4 blocking
antibodies avoid the CTLA-4/B7 interaction allowing CD28-B7 costimulation, PD-1 or PD-L1
blocking antibodies avoid PD-1/PD-L1 interactions. Taken from Ribas et al. (2018).%>
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As with CTLA-4, PD-1 receptor signalling functions physiologically to maintain peripheral
tolerance and avoid immunopathology. Indeed, mice lacking PD-1 are prone to develop
autoimmune disorders and suffer from exacerbated inflammation during infection. The PD-
1 ligand, PD-L1, is expressed by many cells and is mainly upregulated in response to pro-

inflammatory cytokines.

Upon recognition of their cognate antigen presented in MHC molecule by tumor cells, T
cells release proinflammatory cytokines, such as IFN-y. As explained before, IFN-y drives
upregulation of the antigen presentation machinery in tumor cells, facilitating recognition
by CD8" T cells. However, IFN-y is the strongest stimulator of reactive PD-L1 expression

by tumor cells and by surrounding myeloid cells!*

. Therefore, chronic antigen stimulation
of T cells results in upregulated PD-L1 in the TME, and chronic PD-1 signalling in T cells
drives an epigenetically regulated program of exhaustion'>®. Several studies have suggested
that PD-L1 expressed by host myeloid cells in the TME is primarily responsible for driving
CDS8" T cell exhaustion, and not PD-L1 expressed by the tumor cells themselves, as was
previously hypothesized'>’~'®°. Indeed, the antitumoral effect of PD-1/PD-L1 axis blockade
in transplanted tumors in mice was phenocopied by genetic deletion of PD-L1 specifically

on DCs, and not on macrophages or tumor cells, underscoring the importance of this

cellular subset in driving T cell exhaustion'®’.

Tcell Tcell

IFNy
|

PD-1 Anti-PD-1

Anti-PD-L1
PD-L1 i

Cancer cell (or tumor macrophage) Cancer cell (or tumor macrophage)
Figure 8. Mode of action of PD-1/PD-L1 checkpoint blockade. An ongoing antitumor response is
characterized by IFN-y production by tumor infiltrating lymphocytes. IFN-y signals through its
receptor un JAK1/2-STAT1 pathway, driving the expression of PD-L1 on the membrane of tumor
cells or macrophages. Membrane-bound PD-L1 interacts with PD-1 on lymphocytes, interfering in
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their activation. Blocking this interaction allows correct activation and antitumor function of T
lymphocytes. Taken from Ribas et al. (2018).%>*

Mechanistically, PD-1/PD-L1 axis blockade with monoclonal antibodies is thought to drive
tumor rejection by reinvigorating and restoring the activity of exhausted CD8" T cells'®!.
However, the population of exhausted T cells is highly heterogeneous!®?, and it has been
proposed that a small population termed as “precursor-exhausted” CD8" T cells, which
express TCF1, are the ones responsible for the proliferative burst following PD-1/PD-L1
blockade which generates effector T cells and drives tumor rejection!®®. Interestingly, a
recent article posed that PD-1/PD-L1 blockade does not reinvigorate CD8" T cells in the
TME, but instead favors the differentiation of tumor-specific T cell populations in the
tumor draining LNs characterized by canonical memory characteristics and that undergoes
proliferation and infiltration into the tumor upon therapeutic blockade of this axis!®*,
Indeed, this study builds on several works which have demosntrated that the draining LNs
are a critical reservoir of CD8" T cells which mediate responses to therapeutic PD-1/PD-

L1 blockade'®-1¢7,

Intriguingly, other targets of PD-1/PD-L1 blockade besides T cells have been described.
For instance, PD-1 expression in macrophages restrains their ability to ingest tumor cells

by phagocytosis. In turn, therapeutic blockade of PD-1 facilitated tumor cell phagocytosis

168

by macrophages and slowed tumor growth in mouse models'*. Another study revealed

that tumor-driven PD-1 expression by myeloid progenitors and mature myeloid cells
triggers an immunosuppressive state on these cells, dampening antitumor immunity. Upon
genetic deletion of PD-1 specifically on the myeloid lineage, accumulation of MDSCs was
prevented!®. Lastly, the effect of blocking the PD-1/PD-L1 axis on NK cell function is
controversial, since some groups have observed almost negligible PD-1 expression in

114,170

intratumoral NK cells , while others have shown that PD-1 is expressed on the NK cell

surface upon release of cytotoxic granules'’!

immunity dependent on NK cells'”>!”>, Nonetheless, PD-1/PD-L1 blockade could

, or that blocking PD-1 induces antitumor

conceivably influence NK cell function indirectly through T cell or macrophage derived

cytokines.

Although its precise mechanism of action is still being figured, blockade of the PD-1/PD-

L1 axis with monoclonal antibodies such as Nivolumab, Pembrolizumab or Atezolizumab
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is used nowadays in the clinic in a wide array of tumors as diverse as refractory melanoma,
advanced non-small cell lung carcinoma (NSCLC), Merkel cell carcinoma, urothelial
carcinomas, renal cell carcinoma, hepatocarcinoma and microsatellite-unstable cancers of
any origin'>*. In the recent years, a great interest is arising in the rational combination of
checkpoint blockade immunotherapies with other modalities such as TLR/STING agonists,
radiotherapy, chemotherapy, and oncogene-targeted therapies in an attempt to boost

therapeutic responses'>.

o Targeting immunosuppressive tumor-associated macrophages
In the recent years it has become apparent that NK and T cell function is greatly hampered
in the TME. First, physical barriers preclude the infiltration of lymphocytes into the tumor.
Indeed, structures such as dense layers of fibroblasts and/or abnormal extracellular matrix
formation can trap immune cells and prevent them to reach their targets. Furthermore, a
hypoxic environment or metabolic restrictions imposed by the growing tumor mass
negatively also negatively influence antitumor immunity. Although these factors
undoubtedly have a critical effect on antitumor immune responses and can be
therapeutically targeted, in this section we will focus on therapies that target
immunosuppressive mechanisms driven by immune cells themselves, particularly tumor-

associated macrophages (TAMs).

Macrophages are often the most abundant immune cell type in the TME, and historically
there has been a great enthusiasm in therapeutically modulating their activity to enable
effective antitumor immune responses!’*. Tumor-associated macrophages can exert both

)15, Until now, antitumor macrophages

antitumor and protumor roles in the TME (Figure 9
have generally been classified as “M1” or immunostimulatory macrophages, while
protumor macrophages have been coined “M2”, alternatively activated, anti-inflammatory
or tissue-remodeling macrophages. In the recent years it has become clear that this
classification oversimplifies the heterogeneity of the TAM population, which most likely
exists in a spectrum between the archetypic M1 and M2 extremes'’®. Further complicating
TAM biology, they can arise both from recruited BM derived monocytes or from tissue
resident populations of embryonic origin and play different roles during tumor

progression!”’. Importantly, both BM-derived macrophages and tissue-resident populations

have the capacity to exert antitumor roles. Briefly, TAMs can directly kill tumor cells via
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TNF or nitric oxide (NO), ingest tumor cells by phagocytosis, present antigens to T cells
and secrete NK and T cell stimulatory cytokines such as IL-12!", However, their protumor
roles include production of tissue invasive and angiogenic mediators, the secretion of tumor
growth factors, or inhibition of innate and adaptive immunity via production of

immunosuppressive molecules such as IL-10, TGF-B or PGE,'”®,

\ Antitumor macrophages
o ¢ Stimulatory cytokines
| e Antigen presentation

* Cytotoxicity
¢ Phagocytosis

Protumor macrophages

& N\

Inhibitory cytokines
Checkpoints expression
Metastatis/Tumor growth
Immune exclusion
Vascular dysfunction
Metabolic restrictions

| N

Therapeutic
reprogramming

Depletion .
e CD40 agonists
e TLR/STING agonists
e CCR2 inhibition ¢ SIRPa blockade
e CSF1/CSF1R e PD-1 blockade
blockade e PI3Ky or HDAC targeting

e ANG2/TIE2 targeting

Figure 9. Dual role of TAMs in antitumor immunity and therapeutic targets. Created with
BioRender.com.

TAM-directed therapeutic strategies can be divided into those aimed at reducing their
numbers in the tumor and those that reprogram them into an antitumor phenotype (Figure

9)179.

Normally, TAMs are polarized into an immunosuppressive phenotype in the TME by tumor
and immune cell derived factors!'®®!8!. Therefore, depletion of TAMs can be harnessed to
unleash efficient antitumor immunity which was otherwise blocked by this population. For
instance, since an important fraction of TAMs arises from circulating inflammatory
monocytes, blocking CCL2/CCR?2 signalling responsible for monocyte recruitment readily
reduces TAM numbers in tumors'®>-!8 This strategy has been shown to enhance the

therapeutic effect of radiotherapy, chemotherapy, and immunotherapy in preclinical models
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by multiple studies, and clinical trials are ongoing'®®. Importantly, a biomarker study of a
clinical trial involving this approach reported that CCL2/CCR?2 inhibition facilitated T cell
infiltration into the tissue. An important limitation of this strategy is that it cannot target
TAMs already residing in the tumor, or those arising from tissue-resident populations.
Another option is targeting macrophage survival factors, such as the CSF-1/CSFIR axis to
eliminate this population. Inhibition of CSF-1/CSF1R signalling drives TAM depletion in

186-188 " although in the case of glioma its therapeutic activity was

most preclinical models
associated with repolarization of the TAM population'®®~1°!. Regardless of the mechanism
of action, CSFIR inhibition has been shown to facilitate antitumor T cell responses in many
preclinical models, mostly when combined with radiotherapy, chemotherapy, immune
checkpoint blockade or antiCD40 agonistic antibodies, and clinical trials are ongoing

testing these approximations'®*!%,

An important caveat of blocking macrophage recruitment or survival is that their potential
immunostimulatory roles as a professional phagocyte and antigen presenting cell are lost.
Therefore, efforts are being made to find ways to repolarize this population into an
antitumoral “defender” phenotype to sustain immune surveillance against cancer®. In
preclinical models, TAMs can be polarized into an “M1” antitumor phenotype by various
TLR or STING agonists, especially when combined with IFN-y!*+1% Another relevant
example the use of CD40 agonistic antibodies, which strongly stimulate the antitumor

197,198

function of macrophages , although this surface molecule is not macrophage specific

since DCs and B cells also express it and respond to this therapeutic approach!®®2%.
Nonetheless, CD40 agonism synergizes with chemotherapy and immune checkpoint
blockade by unleashing potent T cell-dependent antitumor responses in preclinical models
and is expected to be tested in the clinic?*! 2%, Interestingly, intravesical administration of
CD40 agonistic antibodies demonstrated therapeutic effect as a monotherapy in several
mouse models of bladder cancer. In this case, efficacy of CD40 agonism was attributed to

stimulation of cDC1s and not macrophages®’*.

Other promising therapeutic approaches that target TAM biology and are currently being
investigated include the blockade of CD47, which interacts with SIRPa expressed on

205,206

macrophages inhibiting efficient phagocytosis of tumor cells , the epigenetic

reprogramming of TAMs by inhibiting histone deacetylases (HDAC)?"", or targeting the
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PI3Ky pathway, which is activated in TAMs and is a master regulator of their

immunosuppressive activities?%.

1.2 BCG as an immunostimulatory agent

The discovery of the antitumor properties of mycobacteria can be traced back to the 20™
century. In 1929, Robert Pearl reported a lower incidence of cancer in patients dying of
tuberculosis, while cancer survivors presented a higher incidence of active or latent
tuberculosis than those dying of cancer’®-?!?, Although he did not manage to explain these
findings at the time, a link between mycobacterial infection and cancer was established for
the first time. In this chapter I will first describe the development of BCG as a tuberculosis
vaccine, followed by the application of BCG immunostimulatory properties to cancer
treatment and the recently described ability of BCG to train innate immune responses and

confer non-specific protection against diseases other than tuberculosis.

1.2.1 BCQG as a tuberculosis vaccine

The BCG vaccine was obtained in 1921 by Albert Calmette and Camille Guérin at the
Pasteur Institute in Lille, following the isolation of a virulent Mycobacterium bovis strain
from a cow with tubercular mastitis. This virulent strain was passaged 231 times along 13
years in a medium containing cow bile, glycerin and potatoes. During the subcultivation
process, Calmette and Guérin observed a gradual loss of virulence in guinea pigs and in
calves. Finally, experiments using guinea pigs revealed that following 231 passages, the
bacterium had lost it virulence and was protective against tuberculosis infection in a guinea
pig model. This live-attenuated strain became to be known as bacillus Calmette-Guérin, or

BCG?!!,

Given its initial success, BCG was subsequently distributed all over the world. Importantly,
cryopreservation of glycerol stocks was not stablished until 1960. Before then, BCG was
kept by serial subcultivation, which entailed the appearance of multiple substrains (Figure
10)?12213_ Of note, BCG strains used in this thesis are comprised in the Group IV, namely

BCG Tice, BCG Connaught, and the BCG Pasteur reference strain 1173 P2.
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Figure 10. Genealogy of BCG vaccines, showing genetic regions of difference (RD) with reference
to M. tuberculosis. Taken from Brosch et al. 2007**.

It is now well established that BCG confers an 80 % degree of protection against
disseminated forms (miliary and meningeal) of tuberculosis in young children?!#. On the
contrary, protection against pulmonary disease in adults is still debated and efficacy ranges

215 These differences had been ascribed

from as low to 0 % to 70 %, depending on the study
to race of vaccinees, geographical location and previous exposure to other mycobacteria or
the strain, dose and route of administration used in the studies, although causes are not

currently completely clear?'S,

In this line, although WHO recommends the intradermal route for vaccination, recent
studies have shown that alternative routes, such as mucosal (intranasal or aerosolized) or
systemic (intravenous), are far superior at preventing M. tuberculosis infection than the
intradermal in mouse and macaque models due to superior simulation of lung-specific
immune protective mechanisms?!'7!8, Additionally, BCG vaccination given at birth confers
non-specific protection against other causes of mortality not related to tuberculosis, raising

the question whether the protection that BCG vaccination confers against M. tuberculosis
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infection relies on the induction of antigen-specific T cell responses or on stimulation of

innate immune cells such as monocytes, neutrophils, macrophages, or NK cells?!%-220,

1.2.2 Antitumoral properties of BCG

The spread of Coley’s work, the worldwide distribution of BCG and the increasing interest
in the study of transplant and tumor immunology using inbred mice strains allowed the
investigation of BCG as a potential cancer therapy as early as in 1950. Here I will outline
the two bodies of work which lead to the evaluation of BCG as an anti-cancer agent in
multiple clinical trials, with the resulting approval of intravesical BCG for the prevention

of recurrence and progression of non-muscle invasive bladder cancer (NMIBC) in 1990.

o Systemic infection with BCG leads to resistance to transplanted tumors in mice
In a seminal study from 1959?%!) Lloyd Old et al. applied previous observations reporting
that endotoxins, zymosan or BCG infection enhanced the activity of the reticulo-endothelial
system, which today we know as macrophages, in the host. They hypothesized that since
the reticulo-endothelial system was present and altered in transplanted tumors, stimulating
its phagocytic function could prevent tumor growth. To test this idea, he inoculated mice
with 1 mg of BCG by the intravenous route, and subsequently transplanted mice with

different tumor cell lines.

20—
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ontrot™Mice.  ¥8¢6 infected

Table 1, MORTALITY FOLLOWING S-180 IMPLANTATION.
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Figure 11. (A) Intradermal S-180 tumor growth inhibition in Swiss mice previously infected with
BCG. Data shows the proportion of mice succumbing due to tumor burden. (B) Cumulative
mortality following intraperitoneal Ehrlich ascites tumor inoculation in Swiss mice infected or not
with BCG 17 days prior to tumor challenge. Adapted from Old et al. 19592,
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As seen in Figure 11A, transplanted S-180 tumors progressed normally in 68 out of 79
control non-infected Swiss mice, and when tumors were inoculated one day after BCG
infection, no differences were observed. However, when tumors were grafted 7, 14, 19, 25
or 67 days after BCG inoculation, mice were almost completely resistant to tumor growth.
Importantly, Old observed that, in protected mice, tumors grew for the first 7-14 days and
then quickly regressed, meaning that protection was not due to an inability of the tumor
cells to initially form a growing tumor mass, suggesting a delayed action of (immune) cells
stimulated by BCG infection. Old tested this approximation in a different tumor model,
consisting in the intraperitoneal inoculation of Ehrlich ascites tumor in Swiss mice. As seen
in Figure 11B, BCG-infected mice were also significantly protected from tumor growth

compared to controls??.

In the following years, Old hypothesized that BCG antitumor activity was indirect and
mediated by the host immunological system, and not due to direct cytotoxic activity on
tumor cells. Indeed, BCG and LPS were found to exert potent effects on macrophages,
stimulating their phagocytic and bactericidal abilities, and at that time it was known that
macrophages could directly kill cancer cells by production of oxygen intermediates®?.
Subsequent work by Old ef al. revealed that inoculation of microbial agents such as BCG,
zymosan, LPS or C. parvum triggered the appearance of a tumor cytotoxic agent in the
serum of mice, which became known as tumor necrosis factor, or TNF?24?25_ Altogether,

Old’s work provided first-time solid evidence that BCG could be harnessed for cancer

treatment.

o Local administration of BCG
Lloyd Old’s work relied on systemic inoculation of BCG, while intravesical BCG treatment
for bladder cancer relies nowadays on local administration of the vaccine. Alvaro Morales
established BCG therapy for bladder cancer in 1976*%°, and his idea was inspired by Burton

Zbar’s works conducted in the previous decade.

Zbar and colleagues worked with transplanted tumors in guinea pigs and studied whether
the co-injection of BCG and tumor cells at the same time, or the inoculation of BCG into
established tumors could restrain tumor growth. Importantly, tumor growth inhibition was
only observed when BCG was injected directly into the tumor and in an adequate dose

(Figure 12A). In Figure 12B, tumor growth follow-up in guinea pigs is depicted after
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intratumoral injection of BCG at day 7. Interestingly, BCG injected tumors grew quicker
than controls for the first week and then progressively regressed. Of note, excision of the
primary tumor, a transplanted carcinogen-induced hepatocarcinoma, did not prevent the
appearance of palpable lymph node metastases, while intratumoral BCG treatment
prevented it in 2 out of 8 animals tested (Figure 12A)*?7. Although not considered at the
time, this could very well be due to the fact that local BCG treatment was capable of
inducing systemic tumor-specific T cell memory responses, precluding metastatic spread
of tumor cells. This important study showed for the first time that established palpable
tumors could be controlled by inducing an immune response against antigens unrelated to
the tumor. Of important note, the antitumor effect of BCG was attributed by Zbar and
colleagues to a host immune response (termed by them a delayed hypersensitivity type
immunological response), since in vitro experiments discarded cytotoxic effects of BCG

towards tumor cell lines??%%%,
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Figure 12. Tumor growth inhibition in guinea pigs following intratumoral BCG injection (107 CFUs).
(A) Guinea pigs inoculated intradermally with 10° cells of ascites tumor cell line 10 were treated
with BCG or diluent intratumorally, or the primary tumor was excised. Results show the proportion
of guinea pigs undergoing primary tumor regression and the proportion of mice developing
palpable lymph node metastases. In (B), follow-up of tumor growth of guinea pigs treated
intratumorally with BCG or diluent is shown. Adapted from Zbar et al. (1971)*%.

Following this experimental work with transplanted tumors in guinea pigs, Zbar and

colleagues established four criteria required for successful BCG therapy?3%23!:
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1. An immunocompetent host

2. Low tumor burden

3. Close contact between tumor cells and BCG
4

An adequate dose of live BCG

Importantly, these criteria were referred by Morales for the establishment of BCG therapy
for bladder cancer and laid the foundations of this type of treatment??®**2, However,
although BCG has only found success for the treatment of bladder cancer in humans, its
use against other types of cancer was tested in numerous clinical trials in the 1970-80

decades?3.

o First clinical trials using BCG in humans
Clinical use of BCG as a cancer immunotherapy started in 1969, when Mathé et al. found
that chemotherapy-induced remissions in acute lymphoblastic leukaemia were prolonged
by percutaneous BCG adjuvant treatment®**. At the same time, in the United States, Morton
et al. observed regression of metastatic melanoma in 5 out of 8 patients treated with
intratumoral BCG**, and in 1975 he reported successful treatment of a bladder cancer
patient following transurethral intralesional injection of BCG?*®. These successful reports
in humans, coupled with the work that Zbar and colleagues were conducting in animal
models at the time, ignited interest in the use of BCG as an anticancer therapy. In the
subsequent years, BCG therapy was used in clinical trials against melanoma, lung, prostate,

colon, kidney and bladder cancers.

In the case of lung cancer, intrapleural and intradermal injection of BCG were used, mostly
as an adjuvant in small cell lung cancer patients (SCLC) following curative chemotherapy

237239 which could be ascribed to

and/or radiation. Generally, results obtained were poor
the fact that intrapleural or intradermal administration cannot reliably achieve close contact
between BCG and the tumor, which is needed for effective treatment, at least considering
Zbar’s preclinical studies and its success in bladder cancer and melanoma. Surprisingly, a
recent 60-year follow-up study revealed lower incidence of lung cancer in American Indian
and Alaska Native populations receiving intradermal BCG vaccination at birth?*°, although
mechanisms behind this finding are unknown and probably are not related to the use of

BCG in a therapeutic setting. This is not the only report of BCG’s ability to prevent cancer

development in humans, since in 1970 work by Rosenthal?*! and Davignon?** separately
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evidenced that the incidence of acute leukaemia was reduced in individuals which had

received BCG vaccination at birth.

BCG therapy was also studied for prostate cancer in several clinical trials around 1980,
administered either intraprostatic or intradermally. Overall, results were modest*>**,
although a study reported that adjuvant intradermal BCG prolonged the survival of
advanced prostate cancer patients undergoing conventional chemotherapy or estrogen
therapy?®. Despite these results, use of BCG in prostate cancer was discontinued in the

following years.

Besides bladder cancer, the only other tumor in which BCG has been successfully applied
leading to recommendation by health authorities is melanoma, concretely for stage III
inoperable subtypes, although currently it is not a first-line treatment>*. The success found
with BCG in melanoma could be explained by the ease of performing intratumoral BCG
injections, considering Zbar’s guidelines for successful BCG therapy. Intralesional BCG
therapy started in the early 1970s, with a series of clinical trials that demonstrated
regressions in 15%-20% of treated patents?*’2*8, In 1993, pooled analysis of 15 different
clinical trials found that intralesional BCG resulted in complete responses in 19% and
extended survival in 13% of stage 11l melanoma patients®*°. Recent studies have examined
intralesional BCG combinated with the topical TLR7 agonist imiquimod, achieving a high

250,251

proportion of tumor regressions across two studies , or with the immune-checkpoint

inhibitor ipilimumab?®2,

Lastly, as already mentioned, adjuvant intravesical BCG treatment of superficial bladder
tumors, following endoscopic eradication of the tumor was developed by Morales ef al. in
1976. BCG adjuvant therapy in this first study prevented the recurrence of superficial
bladder tumors, which frequently appeared following initial resection of the tumor, in the
seven patients tested??®. Indeed, intravesical inoculation of a solution containing BCG into
the bladder represented a unique opportunity, since no other cancer allowed the possibility
to locally administer BCG into the tumor, to maintain BCG for a fixed time period at the
tumor site and then to be released by urinating. Keeping in mind Zbar criteria for successful
BCG therapy, it is not surprising that it is in bladder tumors where BCG has found the
highest success across all cancer types studied. Today, almost 50 years later, adjuvant BCG

immunotherapy is still the front-line treatment in NMIBC patients to delay recurrence and
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disease progression. The use of BCG in bladder cancer will be further developed in section

1.3.

1.2.3 BCG-induced trained immunity

In the last two centuries, vaccines have represented one of the most significant public health
interventions, reducing child mortality and morbidity due to protection against the specific
pathogen targeted by the vaccine. The most notable examples include the smallpox, BCG,
the polio, and measles vaccines. It is now clear that protection conferred by vaccines can
be primarily attributed to the generation of immunological memory against antigens present
in the pathogen. However, in the recent years it has become increasingly studied that
vaccines, and especially live vaccines given at birth, confer protection against all-cause
mortality that goes beyond protection against their respective target pathogen®. For
instance, epidemiological studies have shown that vaccination with BCG, measles or oral
polio vaccines reduce all-cause mortality independently of their efficacy against measles
polio or tuberculosis disease. The heterologous effects that vaccines confer against
unrelated pathogens, against tumor growth or against all-cause child mortality have been

termed “off-target” or non-specific effects?>*.

Non-specific or heterologous effects have been primarily described with live vaccines, and
one of the most studied examples has been BCG, due to its widespread use worldwide as a
vaccine against tuberculosis. In a pioneer study in Guinea-Bissau, BCG administration at
birth reduced mortality rate by 40 % in the first month following vaccination®>>?°®, In Spain,
an epidemiological study reported a 70 % decrease in hospitalization due to respiratory
infections not related to tuberculosis in 10—14-year-old children who had received BCG at
birth, compared to those who did not>*”?*®, Importantly, these observations have been
replicated across several studies and locations and are not restricted to resource poor
settings or to children. Indeed, in a recent clinical trial in which elderly patients were
vaccinated with BCG, the incidence of respiratory tract viral infections was significantly

lower in the vaccinated group.

Mechanistically, the fact that a vaccine designed to target a specific pathogen influences
the host immune response against subsequent unrelated challenges has been explained
either by the induction of heterologous lymphocyte responses or by the generation of innate

immune memory through metabolic changes and epigenetic modifications®>*.
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In the last decade, it has been thoroughly demonstrated that the ability to respond to a
secondary challenge quicker and stronger (i.e., immunological memory) is not
circumscribed to the adaptive branch of the immune system but can also be observed in

23 Innate immune memory, or trained immunity, refers to a

innate immune cells
mechanism of long-term adaptation of innate immune cells leading to altered (either
stronger or weaker) responses to a secondary stimulus (Figure 13). Importantly, different
innate immune system stimuli (e.g., BCG, B-glucan, LPS) can lead to distinct trained
immunity programmes (Figure 13)*>>. It is generally believed that training of the innate
immune system is mediated by metabolically driven epigenetic reprogramming of
transcriptional pathways in innate immune cells, which can lead to easier access and more

efficient transcription of genes involved in innate immune responses such as

proinflammatory cytokines®™.

Trained
immunity
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modifications || reprogramming

.
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Figure 13. Innate immune memory refers to the ability of the innate immune system to, following
a primary challenge and subsequent return to baseline, mount a weaker (tolerance) or stronger
(trained immunity) “modified” response to a secondary stimulus. Trained immunity involves
metabolic reprogramming of innate immune effectors as well as epigenetic modifications leading
to altered transcription of genes involved in the inflammatory response. Taken from Netea et al.,
(2020)%*.

Although initially trained immunity was thought to happen in circulating myeloid cells, this
hypothesis met with the problem that mature myeloid cells, such as monocytes or
neutrophils, are very short-lived in humans and mice (about 1 week for monocytes and less

for neutrophils). Therefore, to explain that trained immunity could be maintained in humans
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and mice for longer periods of times, ranging from months to years, it became apparent that
immune cell progenitors in the bone marrow should be involved, and this has been
experimentally demonstrated in the recent years*>*. Indeed, p-glucan or BCG can train bone
marrow myeloid progenitors?*®262, Jeading to the generation of mature myeloid cells with
enhanced responses to subsequent challenges. Additionally, tissue-resident immune cells,

such as alveolar macrophages, can also present traits of trained immunity after bacterial or

263,264 265

viral challenges , as well as NK cells*® or non-immune cells such as stromal or

epithelial cells?>-2%,

The ability of BCG vaccination to confer resistance to infection by unrelated pathogens has
been thoroughly studied in animal models and observed in human studies?*’2"°. Moreover,
the resistance that intravenous inoculation of BCG confers against tuberculosis infection
was ascribed to training of hematopoietic myeloid progenitors in the bone marrow, which
lead to the generation of macrophages which more effectively restricted M. tuberculosis
growth. Importantly, this was not observed when BCG was administered subcutaneously,

260 More recently, intravenous BCG

and functioned by a mechanism dependent on IFN-y
was found to be far superior to other administration routes such as intradermal or
aerosolized at preventing tuberculosis infection in a rhesus macaque model, although this

was not solely ascribed to the induction of trained immunity?>'%.

As described in previous sections, myeloid cells are driven into a dysfunctional state in the
TME and acquire potent immunosuppressive traits. At least hypothetically, therapeutic
training of innate immune cells and/or progenitors could change the ways in which myeloid
cells respond to tumor-derived factors, perhaps precluding their acquisition of a protumor

271 Additionally, tumorigenesis also engages hematopoiesis in the bone marrow,

phenotype
favoring the generation of immature suppressive populations of neutrophils and monocytes.
Rebalancing this aberrant hematopoiesis via trained myelopoiesis with agents such as 8-
glucan or BCG might overcome the generation of an immunosuppressive

microenvironment?’2.

Indeed, recent evidence suggests that intravesical BCG efficacy for bladder cancer
treatment involves local trained immunity mechanisms in the bladder?”>~*7, perhaps even
conferring protection against respiratory infections. In animal models, prophylactic -

glucan administration favors antitumor responses driven either by trained neutrophils in
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6

subcutaneously transplanted tumors®’® or monocyte-derived macrophages in orthotopic

277

pancreatic tumors~’’. Additionally, a trained immunity-inducer nanotherapeutic facilitated

the control of transplanted B16-F10 tumors in mice and sensitized this tumor to immune

2% In two of those studies, training of bone marrow myeloid

checkpoint blockade
progenitors was observed, and protection could be conferred by transferring bone-marrow
cells to naive mice. Interestingly, B-glucan was already being explored as a cancer therapy
well before the emergence of the trained immunity concept. However, epigenetic
reprogramming of innate immune cells can also facilitate tumor growth in some instances,

as observed following myocardial infarction in humans and mouse models of breast

cancer?”’,

Summarizing, although pioneer studies have shown that trained immunity mechanisms can
be therapeutically harnessed for cancer treatment, more studies are needed in order to
understand the underlying mechanism of action, especially to avoid the reprogramming of
innate effectors into a protumoral state. Ideally, trained immunity-based approaches could
be used to potentiate other therapies such as immune checkpoint blockade or chemotherapy,
since myeloid cells have been shown to preclude their efficacy. However, besides their
potential prophylactic use, it remains to be studied whether trained-immunity stimuli can
overcome the (negative) effects of cancer on myeloid cells and hematopoiesis once the
tumor is already present, which will be the scenario found in the clinic. Additionally,
whether the training of other innate immune effectors besides monocytes and neutrophils,

such as NK cells or DCs, can influence antitumor responses remains to be studied.

1.3 Bladder Cancer

In this chapter, generalities regarding the anatomy of the bladder and the epidemiology and
pathogenesis of bladder cancer are briefly described. Then, existing and emerging treatment
options for urothelial carcinomas will be discussed, with a special focus on intravesical

BCG therapy for NMIBC.

1.3.1 Disease pathogenesis

The healthy bladder tissue is composed by 3 anatomic structures (Figure 14):

- A thin mucosal layer, comprising a transitional epithelium (urothelium) and the

supportive lamina propria.
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- A submucosal layer composed of connective tissue.

- A muscle layer that allows voiding upon contraction.

Transitional
epithelium

Lamina propria

Detrusor muscle

Serosal layer

Figure 14. Anatomical structure of the bladder. Taken from Singh et al. (2016)%°.

In the innermost section of the urothelium, a layer of cells known as umbrella cells are
linked together through very tight junctions, and this, together with the secretion of the so-
called uroplakin proteins establishes a highly impermeable layer which is needed to prevent
urine leakage through the epithelium and to isolate toxic substances carried by urine from
the rest of the organism. Interestingly, the high degree of impermeability makes the bladder
an organ relatively unexposed to pathogens, except for urinary tract infections caused by
E. coli, which can effectively invade underlaying bladder tissue. This is in stark contrast
with other mucosal layers of the organism, such as the lung or the intestine, which are
continuously exposed to microorganisms, making the bladder mucosa a unique anatomical

site?®,

Bladder cancer is the 9" most common cancer and the 13" most common cause of cancer-
related death worldwide. Interestingly, it is the 4™ most common cancer in the male
population in developed countries, with a significantly lower incidence in the female
population, with almost a 3:1 ratio®®!. The most common symptom leading to diagnosis is

the (painless) appearance of blood in the urine, i.e., hematuria.
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Risk factors for developing bladder cancer include cigarette smoking, which has been
estimated to underly almost half of the cases, and other factors such as urban living,
exposure to food or water polluted with arsenic, alcohol intake, or occupational exposure
to carcinogens such as those found in aluminium and iron processing, gas manufacturing
or industrial painting. Overall, bladder cancer has been described to be most common in
industrial areas, its incidence is almost three times higher in more developed regions and is

tightly linked to carcinogen exposure®®?.

Tumors arising in the innermost layer of the urothelium, composed of transitional epithelial
cells, comprise almost 90 % of all bladder cancers. A smaller fraction of patients develops
squamous cell carcinomas, which are tightly linked to environmental exposure to
Schistosoma haematobium, the causal agent of schistosomiasis also known as

bilharzia?$>283,

Classification of transitional cell carcinoma or urothelial carcinoma is based on staging,
which measures the extent of cancer spread into bladder tissue (Figure 15), and grading,
which measures the degree of differentiation of tumor cells. A clear distinction is made
between non-muscle invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer

(MIBC), which critically differ in prognosis, management, and choice of treatment?83-284,

Regarding grading and following the WHO-recommended classification, G1 tumors are the
most differentiated, resembling normal urothelial cells. In contrast, “high-grade” G3 tumors
present numerous cytologic abnormalities and are comprised by highly undifferentiated
tumor cells. Importantly, high-grade urothelial tumors have a much higher propensity for

invading underlying submucosal and muscle layers®®.

---------------------------------------------------------------------------------------
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Figure 15. Bladder cancer staging following the Tumor, Node, Metastasis (TNM) system. Bladder
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cancer usually originates in the epithelium (urothelium) of the bladder. Ta or T1 tumors are
papillary tumors growing towards the lumen of the bladder that are confined to the mucosa (Ta)
or invade the lamina propria (T1). Carcinoma in situ (CIS; Tis) are flat, high-grade tumors confined
to the mucosa. Ta, T1 and Tis tumors are termed non-muscle invasive. T2 tumors have invaded
superficially (T2a) or deeply (T2b) the muscle layer. T3 tumors have invaded the perivesical fat and
T4 tumors have bypassed bladder tissue, invading either the prostate, uterus, vagina, bowel, or
abdominal walls. Taken from Sanli et al. (2017)?%.

Patient survival depends mostly on bladder tumor stage at the time of diagnosis: for patients
with localized disease such as papillary tumors, the five year-survival is as high as 92 %,
falling to 40 % in muscle-invasive tumors and 6 % in metastatic bladder cancer. Urothelial
carcinomas can progress to a higher stage or grade or recur to the same stage/grade
following the recommended therapy. The risk of progression and recurrence is estimated
based on several clinical and pathological parameters, heavily influencing the choice of

therapy, which will be discussed in the following section®3,

Regarding urothelial tumorigenesis, generally there are two accepted pathways which
generate two different phenotypic tumor variants greatly differing in prognosis, risk of

recurrence and progression and treatment choice (Figure 16)*%.

A first group of low-grade differentiated papillary tumors originate via hyperplasia, and
their most prominent characteristic are the presence of activating point mutations in the
fibroblast growth factor receptor 3 (FGFR3) and the telomerase reverse transcriptase
(TERT), and the deletion of chromosome 9%*°. Low-grade papillary tumors are often
multifocal and recurrent, and rarely progress into muscle-invasive tumors. Low-grade

papillary tumors account for almost 80 % of all urothelial carcinomas?®>.

The remaining 20 % of urothelial carcinomas are comprised by muscle-invasive variants
that are thought to arise from high-grade undifferentiated flat dysplasia and CIS driven by
diverse defects in the TP53 and RB1 tumor suppressor pathways. It is thought that
progression from flat dysplasia confined to the mucosa to muscle-invasive subtypes could
be caused by loss of cyclin-dependent kinase inhibitor 2A (CDKN2A)?*. Interestingly,
high-grade undifferentiated papillary tumors (Ta stage) can also develop from flat
dysplasia, and they have a higher risk of generating muscle-invasive tumors than papillary
tumors which are low grade or highly differentiated. Overall, these types of urothelial

carcinomas have a high risk of progressing into metastatic disease”®°.
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Figure 16. Progression pathways of urothelial carcinomas. Shown are schematic depictions,

cystoscopy images and haematoxylin and eosin (H&E) staining of bladder tumors. Adapted from

several sources: cystoscopy images®’, (H&E) staining images®®, schematic depictions*.

1.3.2 Treatment options

Treatment choice in non-muscle invasive bladder cancer (NMIBC) is heavily influenced
by parameters such as histology, grade, and depth of invasion into the muscle layer, which
in turn estimate the risk of progression or recurrence?®’. Generally, newly diagnosed
bladder tumors, detected either by appearance of hematuria or dysuria, undergo surgery and

subsequent adjuvant therapy that depends on the stage and grade of the tumor.

Following diagnosis, bladder tumors undergo endoscopic resection, a procedure known as
transurethral resection of bladder tumors (TURBT). This procedure has both a diagnostic
intent to determine stage and grade of the tumor, as well as a therapeutic curative role. Most
superficial non-muscle invasive bladder tumors, which are often multifocal, can be easily
resected, although depending on stage and grade some patients present high risk of tumor
recurrence and progression®®. To avoid this, different adjuvant therapies are administered

by the intravesical route. Of note, CIS cannot be fully resected by TURBT?%3,

Page 60/ 299



1. General introduction

RISK
STRATIFICATION

B> ntravesical BCG

J)> 'ntravesical BCG

INTERMEDIATE | or chemotherapy

’ Observation

with cytoscopy

Figure 17. Treatment guidelines for NMIBC, as recommended by the European Association of
Urology (2022)%. TURBT: transurethral resection of bladder tumor. Created with BioRender.com.
In NMIBC, adjuvant therapy is chosen depending on the stage and grade of the tumor
determined after TURBT, which are used to estimate the risk of progression and

recurrence?’%>!:

e The low-risk group comprises solitary low-grade small papillary Ta tumors.
Following TURBT, these patients are followed up and observed with cystoscopy.

e Intermediate-risk tumors are multifocal, large, or recurrent Ta and T1 bladder
tumors. For these cases, repeated adjuvant intravesical therapy with 1 year of
maintenance is recommended. In this group, both intravesical chemotherapy and
BCG are used.

e High-risk tumors are superficial high-grade Ta or T1 lesions or CIS, with a high
risk of recurrence and progression are preferentially treated with intravesical BCG
therapy, which is particularly effective for CIS with complete responses ranging 70-

90 % in some studies.

For MIBC patients, radical cystectomy with pelvic node dissection is the most common
approach, often accompanied with systemic chemotherapy (platinum-based) or
immunotherapy (avelumab, pembrolizumab, atezolizumab) in cases of metastatic

disease?®’.
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1.3.3 Intravesical BCG therapy

Adjuvant intravesical BCG therapy is currently the gold-standard therapy for intermediate
and high-risk NMIBC and consists in 6 weekly instillations initiated two weeks after
TURBT (Figure 17). Treatment design was proposed empirically by Morales et al. in 1976,

as explained in previous sections??%,

Interestingly, BCG dosage is usually measured in mg, and depending on the commercial
preparation (Connaught, Tice, RIVM...), the proportion of live bacteria among the total
lyophilized weight varies. Generally, an estimated dose between 10® and 10° CFUs is
administered in 50 ml of saline??®*?. The solution containing BCG is maintained in the
bladder for two hours, after which the patient is allowed to void. Importantly, some clinical
studies have reported differences in antitumoral efficacy between BCG strains®®, although

others have not found any significant differences***.

The initial period of 6 weekly intravesical instillations is referred to as the induction phase
and is usually followed by a maintenance phase (Figure 18). The recommended
maintenance regimen consists in 3 weekly instillations at month 3, month 6 and then every
6 months up to 3 years, although the benefit of maintenance regimens is currently being

questioned?®3.

INDUCTION PHASE MAINTENANCE PHASE AND FOLLOW-UP

months 0 3
weeks 1 2 3 4 5 6

PR S S N S S S S

+TUR

18 24 30 36

L BCG intravesical instillation

ﬁ Bladder examination (biopsy, cytology)

Figure 18. Schematic of recommended intravesical BCG therapy regimen. Taken from Biot,
(2012)*>,

Following the pioneer study of Morales in 1976, in which BCG therapy precluded
recurrence of non-muscle invasive urothelial carcinomas in 7 out of 10 patients, subsequent
studies showed that BCG eradicated CIS, delayed progression to muscle-invasive stages,

and avoided recurrence, overall improving the survival of high-risk patients with superficial
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bladder cancer, proving much superior efficacy to intravesical chemotherapy in numerous
clinical trials such as those showed in Figure 19. This makes BCG one of the most
successful immunotherapies to date, with complete responses as high as 55-65 % for high-
risk papillary tumors and 70-75 % for CIS. It is important to note that non-muscle invasive
bladder tumors recur in 60 % and progress in 50 % of patients after TURBT without

adjunctive post-resection therapy?*°.
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Figure 19. (A). Time to recurrence in 419 T1 high-grade superficial bladder tumor patients
following TURBT and adjuvant intravesical BCG (green), chemotherapy (black) or no adjuvant
treatment (red). Taken from Garcia Rodriguez et al, (2007)?*®. (B) T1 high-grade bladder tumor
patients received either TUR alone or TUR + adjuvant BCG and followed for 15 years. Taken from
Herr et al, (1997)*".

Despite its success, several problems can arise during BCG therapy. First, as many as 30-
45 % patients do not benefit from therapy and as much as 40 % relapse. Moreover, BCG
therapy entails many adverse effects, with 20 % of patients being intolerant and leading to

suboptimal treatment schedules?®.

Patients who do not respond to BCG (BCG-unresponsive) can be classified into three

categories: BCG refractory, BCG intolerant and BCG relapsing®®®.

e BCG intolerant: BCG intolerant patients are those who cannot tolerate one

induction course of intravesical BCG. BCG-associated toxicities can be local or
systemic. Local toxicities include irritative urinary symptoms, hematuria and
bladder contracture, and are generally transient and more manageable than systemic
side effects. Systemic side-effects include fever, which may indicate systemic BCG

infection (BCG-itis) if it is persistent. Although very rare (1 % of cases), systemic
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BCG infection must be treated with antibiotics and causes treatment interruption,
since it could progress to sepsis and multiorgan failure.

e BCG relapsing: BCG relapse referrers to the reappearance of a tumor after an

apparent disease-free state. In these cases, in spite of an initial response, one or more
recurrent tumors can appear, even with a higher stage or grade, or new CIS lesions.

e BCQG refractory: BCG refractory tumors do not respond to BCG therapy and persist

as a high-grade non-muscle invasive tumor both at 3 and 6 months after treatment
initiation. Alternatively, refractory tumors can progress and become muscle-

invasive.

The gold-standard treatment for BCG-unresponsive disease is radical cystectomy.
Although bladder-preserving strategies are being developed, most of them are still in the
experimental phase and are considered clinically inferior to radical cystectomy. Removal
of the bladder is a life-changing intervention and an invasive procedure associated with
significant morbidities, so there is an urgent need to investigate novel bladder-sparing

therapies for these patients?>.

Here I will briefly review the most promising immunotherapy-based alternatives for
adjuvant BCG therapy in NMIBC, either as replacement or in combination with BCG, as
well as bladder-sparing strategies for BCG-unresponsive NMIBC.

e Immune checkpoint blockade: Antibodies blocking either PD-1 or PD-L1 have
already shown durable objective responses in muscle-invasive and metastatic
bladder cancer scenarios and are being progressively applied in the management of
NMIBC. Interestingly, high PD-L1 expression in the TME has been associated with
BCG-unresponsive disease’®®, and numerous clinical trials are evaluating the
combination of PD-1/PD-L1 blockade (durvalumab, atezolizumab, sasanlimab,
avelumab) with intravesical BCG or as a monotherapy in NMIBC BCG-naive
patients*®. Additionally, pembrolizumab (antiPD-1) was recently granted approval
for BCG-unresponsive NMIBC, and it is currently the only approved bladder-
preserving approach®®'. Moreover, pembrolizumab is also being tested in
combination with intravesical BCG for BCG-unresponsive disease’®. Interestingly,
intravesical administration of pembrolizumab was recently shown to be safe in a

small cohort of NMIBC patients and represents a promising strategy to deliver
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antibodies directly into bladder tumors while reducing potential systemic
toxicities>*2.

IL-15 receptor superagonist (ALT-803): This agent promotes both adaptive and

innate immune responses driven by NK and CD8" T cells and demonstrated robust
antitumor activity in a carcinogen-induced bladder cancer rat model’®. This
approach is currently being tested in a phase II clinical trial, combined with
intravesical BCG in BCG-unresponsive patients, since the combination of both
agents displayed synergy in preclinical studies. In a preliminary phase I/II trial, 9
BCG-naive patients with intermediate-/high-risk NMIBC were found completely
304

disease-free at 24 months

Targeted molecular approaches: Since FGFR mutations are often found in urothelial

carcinoma, an interesting approach for BCG-unresponsive NMIBC patients
harboring FGFR mutations is targeted therapy with erdafitinib, a FGFR1/4
inhibitor, which is currently being tested in phase II clinical trials. The FGFR1/3
inhibitor pemigatinib is also under investigation in phase II clinical trials for BCG-

naive NMIBC patients, as well as the oral FGFR inhibitor BGJ398°%.

CD40 agonism: Recent preclinical work evidenced strong efficacy of Fc-optimized

antiCD40 antibodies given by the intravesical route in three different orthotopic
mouse models of bladder cancer?®*. Mechanistically, stimulation of CD40 in cDC1s
in the bladder TME induced CD8" T cell-dependent antitumor responses in BCG-
unresponsive bladder tumors. This approach is currently being tested in BCG-
unresponsive NMIBC patients in a phase I clinical trial*®.

Nadofaragene firadenovec: This approach consists in the intravesical administration

of a replication-deficient recombinant adenovirus which delivers human IFNa
cDNA into the bladder epithelium as an immune stimulant. Recently, this strategy
has been tested in BCG-unresponsive NMIBC patients in a phase III clinical trial.
Interestingly, as much as 53,4 % of patients underwent complete responses, which
is a notable feat in an already difficult to treat BCG-unresponsive scenario®. This
agent has been granted approval by the FDA for BCG-unresponsive NMIBC in
December 2022.

Oncolytic virotherapy: Intravesical administration of CG0070 showed efficacy in

preclinical mouse models of bladder cancer’®” and has shown strong responses in

Page 65/ 299



1. General introduction

phase I and II clinical trials in the BCG-unresponsive NMIBC scenario*®®. CG0070
is an oncolytic serotype 5 adenovirus encoding GM-CSF and replication selective
for retinoblastoma pathway-deficient tumors, which is often the case in urothelial
carcinomas®’’. Therefore, both direct tumor cell lysis and stimulation of immune
cells by GM-CSF are thought to drive the efficacy of this agent. A recent study
reported surprising efficacy (88,9 % were complete responses) of CG0070 in
309

combination with pembrolizumab in BCG-unresponsive NMIBC patients

e NKG2A blockade: Recent work by the group of Amir Horowitz suggests that

human bladder tumors with high levels of T cell infiltration could still be resistant
to PD-L1 blockade therapy due to high expression of another checkpoint molecule
expressed by CD8" T cells and NK cells: NKG2A, an inhibitory receptor which
binds tumor HLA-E molecules®'’. Indeed, also working with patient-derived tumor
specimens, this group showed that intravesical BCG therapy was associated with
an increase of PD-L1 and HLA-E expression in tumor cells, which could explain
BCG failure. Therefore, PD-1/PD-L1 blockade might not be enough to stimulate
NK and CD8" T cells in BCG-unresponsive NMIBC patients, so targeting other
immune checkpoints such as NKG2A could represent an interesting strategy to

induce curative antitumor immune responses®!' 12,

Thus, although interesting alternatives to BCG are starting to appear, especially to avoid
radical cystectomy when BCG fails, none has yet been able to substitute in the clinic the
gold-standard therapy for intermediate and high risk NMIBC for almost 30 years. Taking
into consideration the success of bacterial-based immunotherapy in the context of urothelial
carcinoma, another feasible strategy is to develop bacterial-based treatments which
improve BCG activity in NMIBC, for example by employing a different bacterial agent
(genetically modified BCG strains, Salmonella strains, other mycobacteria...). Although

efforts are undergoing, no agent has been able so surpass BCG.

1.3.4 Immunological mechanism of action of intravesical BCG therapy

Although the precise mechanism of action of intravesical therapy for bladder cancer is still
incompletely understood, it is well established that it involves an immune response

mediated by the host against the tumor.
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To discuss the antitumoral activity of BCG in the context of bladder cancer, here I have
divided current knowledge based on human data and experimental studies in three different
topics: 1) Interaction between BCG and the urothelium, 2) stimulation of innate immune

responses, and 3) role of T cells and tumor-specific immunity.

1) Interaction between BCG and the urothelium

Following intravesical inoculation, the first interaction between BCG and the host is contact
with the bladder epithelium, either healthy or tumoral. Analysis of urine in patients
undergoing BCG instillations suggests local persistence of BCG in the bladder of patients
only in the short term, since BCG was absent in the urine from most patients by 4 days
following instillation. In a similar manner, BCG was detected by PCR in less than 10 % of

biopsies taken 3 months after the first course of 6 weekly BCG instillations®!?.

In mice, it has been described that BCG can attach to urothelial cells in a process involving
interaction between bacterial fibronectin attachment proteins (FAPs, such as Ag85B) and

host fibronectin'*

. Confirming the importance of this step, blocking of BCG attachment to
the bladder via fibronectin abrogated the antitumor efficacy of BCG in animal models of

bladder cancer’">.

Although BCG clearly can attach to the bladder wall, it is still unknown whether it is
internalized by urothelial or immune cells in the bladder in vivo. In an attempt to answer
this question, several studies have reported that bladder cancer cell lines readily internalize
BCG in vitro, although very high ratios of BCG to bladder cancer cells were used®'¢3!7.
Indeed, at such high ratios even a certain degree of cytotoxicity exerted by BCG can be
observed. Whether this mechanism is relevant in an in vivo scenario is unclear.
Interestingly, BCG interaction with tumor cells could influence their phenotype and
behavior: a recent study reported that BCG internalization by bladder cancer cell lines in
vitro induced downregulation of surface HLA-I expression, which could preclude targeting
by CD8" T cells and difficult immune-mediated rejection, driving BCG therapy failure?'s,
Interestingly, HLA-I downregulation caused by BCG in tumor cells was accompanied by
the secretion of cytokines associated with an immune-suppressive TME. These results can
help us in understanding BCG failure in a fraction of patients, although this phenomenon

remains to be confirmed iz vivo in murine tumor models.

Page 67/299



1. General introduction

Therefore, the fate of BCG in the bladder following intravesical instillation is an
understudied topic. Analysis of human urine following BCG instillations suggests that the
vast majority of BCG is voided after instillation. However, two critical questions remain
unanswered: 1) are persisting bacteria internalized by urothelial cells or immune cells in
the bladder? and 2) is bacterial persistence in the bladder needed to trigger an inflammatory
response and subsequent antitumor immune responses? Indeed, if persistence of BCG in
the bladder tissue is needed to trigger an innate immune response, improving the ability of
the bacteria to colonize the bladder could be harnessed to enhance the efficacy of this type

of treatment.

2) Stimulation of innate immune responses

BCG has been described to activate numerous PRRs: TLR2, TLR4, TLR9, NOD2, dectin-
1, DC-SIGN, etc. TLR signaling depends on MyD88, and a recent study showed that the
beneficial effect of intratumoral BCG treatment was abrogated in MyD88 deficient mice?!”,
suggesting that recognition of BCG derived PAMPs is needed for antitumoral effect, at
least in this model. However, this observation could have another explanation: sensing of
immunogenic cell death also depends on TLR4 and MyDS88 signaling. Indeed, shRNA
mediated silencing in MB49 cells of HMGBI1, a TLR4 ligand secreted by tumor cells

undergoing cell death, abrogated the efficacy of BCG in mouse models of bladder cancer>?°.

The role of macrophages in intravesical BCG therapy is still not very clear. A recent study
showed that high numbers of CD163" CD68" “M2” macrophages in bladder cancer patients
predicted recurrence following BCG therapy>?!*?2. Whether intravesical BCG can change
the phenotype and functionality of macrophage in bladder tumors remains to be tested in

experimental mouse models and in human samples.

Following BCG therapy, neutrophils are the most abundant immune cell subtype in the

urine>?

. Moreover, in vitro BCG-stimulated neutrophils can secrete the cell death ligand
TRAIL and exert cytotoxicity against human bladder cancer cell lines*?*. Interestingly, in
orthotopic models of bladder cancer, neutrophil depletion abrogated the therapeutic effect
of BCG3232%, These results support a role for PMNs in the mechanism of action of
intravesical BCG, although their precise role is still unclear. Whether BCG-stimulated

neutrophils exert significant cytotoxicity against tumor cells remains to be verified in vivo.
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Alternatively, neutrophil recruitment to the bladder following BCG instillation could
represent a first step in the local inflammatory reaction driving effective antitumor
responses by other immune cells, such as NK or T cells. Indeed, in naive mice, neutrophil
depletion abrogated recruitment of CD4" T cells to the bladder following intravesical BCG
instillation, suggesting that BCG-activated neutrophils could be responsible for the

recruiting T cells®?,

Indeed, NK lymphocytes can become activated by exposure to BCG, which enhances their
cytotoxic activity towards human bladder cancer cells in vitro*?’. Additionally, BCG-
infected bladder cancer cells are more susceptible to NK lymphocytes cytolytic activity>®.
Importantly, the cytotoxic activity of BCG-stimulated NK cells was completely dependent
on perforin®*23!. In the MB49 orthotopic mouse model of bladder cancer, NK cell
depletion abrogated the therapeutic benefit of intravesical BCG*?, indicating that this
subset is required for the efficacy of this kind of therapy. However, conclusive evidence

about the precise role of NK cells following intravesical BCG therapy is still lacking,

especially in experimental mouse models in vivo.

Lastly, in stark contrast to other types of immunotherapies, the role of DCs, and especially
Batf3-dependent c¢DCls, in BCG therapy for bladder cancer has been somewhat
overlooked, given their specialized ability to prime tumor-specific T cell responses.
Importantly, DCs have been found in the urine of patients undergoing BCG instillations®*.
However, whether DCs and Batf3-dependent ¢cDCls are needed for BCG efficacy in the
context of bladder cancer remains unknown. Besides their role in priming adaptive immune
responses, DCs can also influence the activation status of NK, NKT and y6 T cells in the
tumor. Indeed, in humans, BCG-activated DCs improved the cytolytic activity of NKT and

¥8 T cells against bladder cancer cell lines in vitro®**

. Another interesting hypothesis that
remains to be tested in experimental mouse models is whether exposure to BCG could
impact the functionality of bladder DCs, either by enhancing their maturation status or their
expression of costimulatory molecules, or even by facilitating their migration to the

draining LNs, where they could better prime T cells.

Therefore, although innate immune populations are clearly activated by intravesical BCG
in vivo or by BCG in vitro, data concerning their specific roles in the orchestration of

effective antitumor responses in the bladder is still lacking.
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3) Role of T cells and tumor-specific immunity

The importance of T cells in BCG immunotherapy was established in seminal studies using
experimental mouse models of orthotopic bladder cancer: intravesical BCG was totally
ineffective in mice lacking T cells**, and depletion of either CD8" and CD4" T cells
abrogated treatment efficacy*®. In humans, following BCG therapy, T cells can be detected

3 and infiltrating the bladder mucosa, even months after instillation®¥’.

in the urine*
Interestingly, these T cells found in the urine and bladder mucosa are predominately of the
CD4" lineage. Regarding the function of this recruited CD4" T cells, BCG induces a Thl-
skewed response in the bladder, detected by increased IL-2, IL-12, IFN-y, IL-18, IL-8,
TRAIL, and TNF cytokine levels in the urine of patients®*. Indeed, mice bearing bladder
tumors and genetically lacking IL-12 or IFN-y are insensitive to BCG therapy, whereas
knock-out of IL-10 potentiates therapeutic effect®*, so it is likely that the ability of BCG

to induce a Th1-skewed response plays a significant role in the antitumoral mechanism of

action.

It is still debated whether intravesical BCG therapy requires the development of tumor-
specific T cell-dependent immunity. What has become clear is that BCG-specific T cells
might participate in the antitumoral effect of BCG. First, a critical body work by Biot ef al.
showed that subcutaneous vaccination with BCG before intravesical treatment in an
orthotopic mouse mode of bladder cancer greatly accelerated T cell recruitment to the
bladder and improved tumor rejection. In the same work, NMIBC patients with a positive
PPD skin test, which indicates previous exposure to mycobacteria, responded better to
intravesical BCG therapy than those with a negative test’**’. These results suggest that the
immune response to mycobacteria determines the therapeutic efficacy of BCG. Second, Ji
et al. found that both BCG-specific and tumor-specific aff T cells, as well as yo T cells,
were needed for the therapeutic effect of intratumoral BCG in subcutaneous MB49
tumors>*!. Third, Antonelli ef al. recently found that mice cured of MB49 bladder tumors
following intravesical BCG therapy developed tumor-specific immune memory dependent
on CD4" T cells**?. Therefore, the existing literature suggests that both BCG-specific and
tumor-specific T cells are needed for the antitumoral effect of intravesical BCG. However,
a better understanding of the link between the BCG-specific and the tumor-specific T cell

response is still lacking.
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1.4 MTBVAC

The closest relative to the tuberculosis vaccine BCG is MTBVAC?*#. Although both are
live-attenuated vaccines obtained from a virulent Mycobacterium strain, MTBVAC was
generated by rational attenuation of a clinical isolate of the human pathogen M.
tuberculosis, by stable deletion of the phoP and fadDZ26 genes, in contrast to BCG which
was attenuated by serial in vitro subcultivation from a M. bovis strain***3% Deletion of
phoP and fadD26 markedly alters the phenotype of the mycobacteria, including both the
composition of the cell envelope and the expression of secretion systems (Figure 20),
explaining the attenuation of MTBV AC with respect to its parental M. tuberculosis virulent
strain. MTBVAC has become the first live-attenuated vaccine based on M. tuberculosis to
be tested in clinical trials (phase I and II)**’. Critically, MTBVAC confers protection

348-350

against pulmonary tuberculosis infection in several preclinical models , and has been

shown to be safe and immunogenic in humans?>!

Mycobacterium tuberculosis (Aphhg;i\;ggnzs)
0 oo 9, oo " L 'I‘ PDIM
o o & -
. \\\ W By, o AT
o

’o{\

i
1
I
|
1
|
|
I
1
I
:
! N o
T P 4 ﬁ PAT
‘§ 2 o © i o o
o e o o @ ! e o - - 0o SL
o . . o : o o b o 1
e © °o. © o = 9
o o ! ° ) | Lawm
°o o ¥y o ' o o o
v : Re™ © |
/ I 7 Le) «= secretion

{ / ' ' i ' ' ' \ 0© systems

. ‘! & i ® o @ ESAT6
! (¢} ® O

. o ©. ° ° o 00 Ag85complex
o . ! [o] o

Figure 20. Main phenotypic differences between M. tuberculosis and MTBVAC, a phoP and fadD26
mutant. ESAT-6: Early secreted antigen target 6, Ag85: Antigen 85, PDIM:
phthiocerol/phthiodiolone dimycocerosate, DAT: diacyltrehaloses, PAT: penta-acylated
trehaloses, SL: sulfolipids, LAM: lipoarabinomannan. Adapted from Gonzalo-Asensio et al.
(2017)3%.
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In a recent study, the superior efficacy of intradermal MTBVAC vaccination compared to
BCG at preventing M. tuberculosis infection in mouse models was explained by the fact
that MTBVAC conserves strong immunogenic proteins such as ESAT-6 and CFP10, which
are expressed by M. tuberculosis during pulmonary infection but that were lost during the
attenuation process of M. bovis leading into the BCG vaccine®>?. Importantly, intradermal
vaccination with MTBVAC triggered ESAT6 and CFP10-specific immune responses in
humans, while BCG did not*>2.

As we have explained, the protection conferred by BCG against M. tuberculosis and other
infections cannot be solely ascribed to the induction of antigen-specific immune
responses®>. For this reason, candidates to replace BCG as a tuberculosis vaccine must
demonstrate a comparable ability to non-specific effects. With MTBVAC, this has been
recently demonstrated in mice®>, and will be an important aspect to be evaluated in phase

III clinical trials, which recently started in tuberculosis endemic countries (NCT04975178).

It is noteworthy that MTBV AC resulted more effective than BCG (Pasteur) as an anticancer
agent in a mouse model of bladder cancer, owing to an increased ability to infect several
mouse and human bladder cancer cell lines when compared to BCG*>. Further studies will
be needed to explain how genetic differences between distinct mycobacteria shape their

antitumor properties, especially in the context of bladder cancer.

Page 72 /299



1. General introduction

Page 73 /299



Page 74 /299



Materials and methods

Page 75/ 299



2. Materials and methods

2.1 Mice

C57BL/6JR mice were purchased to Janvier Biolabs or bred in the facilities of the Centro
de Investigaciones Biomédicas de Aragon (CIBA). Mouse strains deficient for IFN-y,
Perforin, Batf3, Granzyme B, Ragl or TLR4 were bred in the facilities of the Centro de

Investigaciones Biomédicas de Aragon (CIBA).

The use and care of animals for experimental work were performed in agreement with the
Spanish Policy for Animal Protection RD53/2013 and the European Union Directive
2010/63 for the protection of animals used for experimental and other scientific purposes.
Experimental procedures were approved by Ethic Committee for Animal Experiments of
University of Zaragoza. Mice were housed and maintained in specific pathogen-free

conditions and observed for any sign of disease.

Mice were acclimatized during one week before experiments started. Food and water were
provided ad libitum and room temperature was 20-24 °C, humidity 50-70% and light
intensity 60 lux with the light-dark cycle of 12 hours.

Female mice aged 8 to 12 weeks were used for implantation of bladder tumors and
intravesical treatments, due to (our) inability to perform intravesical instillation in male
mice. For experiments involving intravenous inoculation of B16-F10 cells, female mice
were used due to lower tumor take observed in male mice, which is described in the

literature®*®. For the remaining experiments, female and male mice were used indistinctly.

2.2 Cell lines

The MB49 cell line is a urothelial carcinoma line originally obtained by exposing bladder
epithelial cells obtained from a C57BL/Icrf-a> mouse to the carcinogen 7,12-
dimethylbenz[a]anthracene (DMBA) for 24 h. This transformed cell line was shown to
generate carcinomas when transplanted into syngeneic mice*>’. MB49 cells used in our
laboratory were purchased from the ATCC. MB49 expressing the fluorescent protein GFP
(MB49-GFP) were given by Dr. Denise Nardelli-Haefliger’>®. MB49 expressing the
fluorescent protein ZsGreen and the reporter luciferase (MB49-ZsGreenLuc) were made in
the laboratory as described below. MB49 cells lacking MHC class I (MHC-I) expression
were made in the laboratory as described below. Res50 cells were derived from a MB49
bladder tumor arising at day 50 post tumor cell inoculation in a mouse receiving MTBVAC

intravesical treatment.
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The B16-F10 line is a melanoma cell line originally obtained from a pulmonary melanoma
nodule after 10 passages of the B16 parental cell line by intravenous inoculation in
C57BL/6 mice*’. B16-F10 cells used in laboratory were purchased from the ATCC. B16-
F10 expressing the lymphocytic choriomeningitis virus (LCMV) antigen gp33-41 were given
by Dr. Hans Pircher (Freiburg, Germany)*®. B16-F10 cells lacking MHC-I expression
were made in our laboratory as described below. B16-F10 cells expressing the fluorescent

protein ZsGreen and the reporter luciferase were made in our laboratory.

The LLC (from Lewis Lung Carcinoma) cell line was originally established from the lung
of a C57BL/6 mouse bearing a tumor resulting from the implantation of a primary Lewis
Lung Carcinoma, which originally arose as a spontaneous carcinoma in the lung of a
C57BL/6 mice*®!. LLC cells used in our laboratory were given by Dr. David Sancho and
were originally purchased from the ATCC. LLC cells expressing ZsGreen and luciferase

were made in the laboratory. LLC cells lacking MHC-I were made as described below.

The KC8.1 lung adenocarcinoma cell line was established in our laboratory from a lung
carcinoma arising in a GEM mouse bearing the Cre recombinase-inducible allele

LSLG12Vgeo

Kras . The generation of this cell line is described in detail in chapter 2 section 2.

The HEK-293T-GP2 (293T) cell line used for lentivirus production was given by Dr. Julian
Pardo and was originally purchased from the ATCC. The X63Ag8653 cell line is a murine
myeloma transfected with a plasmid encoding granulocyte-monocyte colony stimulating
factor (GM-CSF)*%? and was given by Dr. Julidn Pardo. The L929 cell line was used as a

source of monocyte colony stimulating factor (M-CSF) and was given by Dr. Julian Pardo.

All cell lines were cultured in DMEM (Gibco) or RPMI (Gibco, for X63Ag8653)
supplemented with 10 % heat inactivated fetal bovine serum (FBS; Gibco), Glutamax
(Sigma) and penicillin-streptomycin (Sigma). Adherent cells were routinely passaged by
addition of trypsin/EDTA (Sigma) and were always used with less than 10 passages from
thawing. Cell lines were stored frozen in liquid nitrogen at a concentration of 3-5x10° cells
ml! in complete DMEM supplemented with 10 % dimethyl sulfoxide (Sigma-Aldrich).
Mycoplasma contamination was routinely checked in cell culture supernatants. Cell line

authenticity was not checked.
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2.3 Generation of cell lines expressing ZsGreen and luciferase

The E.coli strain containing the pHIV-Luc2-ZsGreen plasmid encoding the proteins
ZsGreen and Firefly Luciferase (Luc2) and the strains containing the plasmids necessary
for lentivirus packaging and production (psPAX containing GAG and POL genes, and
pM2D-G containing VSV-G) were given by Dr. Julian Pardo. Bacterial strains were grown
in LB with Ampicillin and plasmid DNA was purified with a Plasmid Maxi Kit (Qiagen).
293T cells were seeded in 10 cm Petri dishes and transfected with 5 pg psPAX, 2,5 ug
pM2D-G and 7 pug of pHIV-Luc2-ZsGreen in the presence of polyethyleneimine (Sigma-
Aldrich). 72 h later, supernatants containing lentivirus were harvested following
centrifugation for 5 min at 1250 rpm, to eliminate cell debris. For lentiviral transduction,
tumor cells were seeded in 6-well plates and 2 ml of lentivirus-containing supernatant was
added in the presence of 8 ug ml! of polybrene (Sigma-Aldrich). Upon reaching
confluence, transfected tumor cells were detached and sorted by fluorescence-activated cell
sorting (FACS) in a SH800S Cell Sorter (Sony) to generate tumor cell lines stably
expressing ZsGreen. Before each in vivo experiment performed with these cell lines,

ZsGreen expression was validated by flow cytometry.

2.4 Generation of cell lines lacking MHC-I expression

Tumor cell lines were transfected with CRISPR plasmids (SantaCruz Biotechnology)
containing three different sgRNAs targeting the PB.-microglobulin gene, a puromycin
resistance gene and RFP for selection of transfected populations. For efficient transfection,
UltraCruz transfection reagent was used following the manufacturer instructions. Briefly,
CRISPR plasmids diluted in transfection reagent and 1 ml of complete DMEM were added
to tumor cells seeded in 6-well plates. Following overnight incubation, media was changed,
and cells allowed to grow for 1-2 days more. Then, cells were selected with puromycin at
the optimal concentration previously titrated for each cell line. After one week of selection
in the presence of puromycin, growing cells were FACS-sorted based on lack of MHC-I
expression after staining with an APC-conjugated H2K®/D® antibody, and sorted again if
necessary. When a pure tumor cell population completely lacking MHC-I was obtained,
cells were incubated for 24 h in the presence of 50 ng ml"! of mouse recombinant IFN-y

(Miltenyi) and analyzed by flow cytometry to confirm lack of H2K®/D® expression.
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2.5 Generation and culture of bone marrow derived macrophages

(BMDMs) and dendritic cells (BMDCs)

Conditioned media containing M-CSF for BMDM generation was obtained from the
supernatant of 1L.929 cell cultures. Conditioned media containing GM-CSF for the
generation of BMDCs was obtained from the supernatant of X63Ag8563 cell cultures.

BM cells were flushed out from the tibias and femurs of mice with RPMI medium, the
obtained cell suspension was filtered through a 70 pum mesh and red blood cells were lysed

in 1 ml Red Blood Cell Lysing Buffer (Sigma-Aldrich) for 1 min.

Then, for BMDM generation, cells were counted, resuspended in DMEM with 10 % FBS,
Glutamax, penicillin/streptomycin and 10 % of L929 supernatant and 10x10° cells seeded
in a 10 cm Petri dish. Cells were cultured for 7 days and then detached with Trypsin/EDTA

and a cell scraper for use in subsequent experiments.

For BMDC generation, cells were counted and resuspended in RPMI with 10 % FBS,
Glutamax, penicillin/streptomycin and 10 % of X63Ag8563 supernatant. 10x10° cells were
seeded in a 10 cm Petri dish. Fresh medium was added at day 3, and at day 6 the cells in
suspension were collected, spun and seeded in fresh medium in another 10 cm Petri dish.
At day 9, cells in suspension were collected and used in subsequent experiments.
Expression of the dendritic cell markers CD11c and MHC-II was checked in the resulting
cell population by flow cytometry.

2.6  Bacterial strains

Mycobacterial strains used in this study were grown at 37°C in Middlebrook 7H9 broth
(BD Difco) supplemented with 0.05% Tween 80 (Sigma) and 10% Middlebrook albumin
dextrose catalase enrichment (ADC; BD Biosciences), or on solid Middlebrook 7H10 agar
(BD Difco) supplemented with 10 % ADC (BD Biosciences). Mycobacteria were grown to
mid-log phase in liquid 7H9 supplemented broth, and cultures were centrifuged and
resuspended in PBS with 0.05 % Tween 80. Bacterial suspensions were kept for 10 minutes
at room temperature to allow clump sedimentation, and the resulting supernatants were
centrifuged to remove additional clumps at 1400 rpm for 10 minutes. Supernatants were
kept and stored frozen at -80°C after the addition of glycerol to achieve a final concentration

of 5 %. One week after freezing the cultures, a vial of the batch was thawed, plated on solid
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Middlebrook 7H10 agar and 3 weeks later colonies were counted to determine the CFU
concentration of each batch. All experiments were performed with bacteria from quantified

stocks kept at -80°C.

BCG Tice was originally obtained and cultured from a commercial vial of OncoTICE (used
for NMIBC treatment) and BCG Connaught from a commercial vial of ImmuCyst (used
for NMIBC treatment). The BCG Pasteur reference strain 1173P2 and BCG Pasteur
recomplemented with the genomic region RD1 (BCG::RD1) were a gift from Roland
Brosch (Institut Pasteur, France). BCG Moreau was obtained and cultured from a
commercial vial of ImunoBCG (Biofabri). GFP-expressing MTBVAC and BCG Tice
strains were generated in the laboratory by transformation with the pJKD6 plasmid (a kind
gift from Luciana Leite, Butantan Institute, Brazil). The MTBVAC strain lacking ESAT6
and CFP10 (MTBVAC AE6C10) was constructed and characterized in our laboratory>>2,

The MTBVAC parental strain was constructed and characterized in our laboratory™*.

Heat-killed (HK) BCG Pasteur was prepared by incubating the desired inoculum for 30 min
at 90°C and allowed to cool for 2 hours before inoculation. The resulting inoculum was

plated in solid medium to confirm lack of viability.

2.7 Experimental murine tumor models

For tumor cell inoculation, cells were cultured as described, detached with trypsin/EDTA,

counted and resuspended at the desired concentrations in serum-free RPMI.

For the induction of subcutaneous tumors, tumor cells at the desired concentration were
inoculated subcutaneously in the shaved flanks of mice in a volume of 100 pl. The size of
subcutaneous tumors was measured every 2 days with a digital caliper and determined by
using the following formula: [(tumor width)? x (tumor length)]/2. Mice were sacrificed

when tumor volume exceeded 1 cm? or became ulcerated.

For the induction of lung tumors, tumor cells at the desired concentration were inoculated

into the tail vein of mice in a volume of 200 pl in serum-free RPML.

For the induction of orthotopic bladder tumors, female mice were anesthetized with
isoflurane and intravesically instilled with 50 pul of a 0.01% poly-L-lysine (Sigma) solution
using a 24-gauge catheter (BD Insyte) attached to a syringe. The poly-L-lysine solution

was maintained in the bladder for 20 minutes, and then the catheter was removed and the
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bladder emptied by manually applying gentle pressure. Then, 50 pl of a solution containing
4x10° tumor cells was intravesically instilled and retained in the bladder for 1 h, after which

the bladder was emptied, and the mice allowed to recover from anaesthesia.

2.8 Intravesical treatments

Bacteria from frozen quantified stocks were resuspended in PBS at a concentration of 1x10%
CFUs ml™!. Part of the inoculum used in every experiment was plated in solid 7H10 medium
and counted 3 weeks later for CFU determination and quality control. Mice were
anesthetized with Isoflurane using a vaporizer (5 % for induction and 1,5 % for
maintenance) and intravesically instilled using a 24-gauge catheter with 50 ul of the
bacterial suspension and maintained in the bladder for 2 hours. Then, the bladder was
manually emptied and the mice were allowed to recover from anesthesia. Treatment

schedules followed in the experiments are detailed in the Figures along the results section.

2.9 Intranasal inoculation

Bacteria from frozen quantified stocks were resuspended in PBS at the desired
concentrations. Part of the inoculum was plated in solid medium for CFU determination
and quality control. Mice were anesthetized and intranasal administration was performed
with two sequential instillations of 20 pl of the bacterial suspension by adding it drop by

drop into the mice nostrils.

2.10 Intravenous inoculation

Bacteria from frozen quantified stocks were resuspended in PBS at the desired
concentrations. Part of the inoculum used for treatment was plated in solid medium for
CFU determination and quality control. Bacterial suspensions at the desired concentrations

were inoculated into the tail vein of mice in a volume of 200 pl.

2.11 Subcutaneous inoculation

Bacteria from frozen quantified stocks were diluted in PBS at the desired concentrations

and 200 pl were injected subcutaneously.

2.12 Antibody based cell depletion and treatments

For CD4" and CD8" T cell depletion, mice were injected intraperitoneally with 200 pg of
anti-CD4 (clone GK1.5, BioXCell) or 200 pg of anti-CD8a (clone 2.43, BioXCell) two
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days before tumor challenge or the day before bacterial treatment, depending on the
experimental setting. For NK cell depletion, mice were injected with an initial dose of 200
pug of anti-NK1.1 (clone PK136, BioXCell) following a schedule that depended on the
experimental setting and is detailed in the corresponding Figures. Repeated doses of 100
pg were administered twice a week to achieve continuous depletion if needed. Depletion
of cell populations was confirmed at endpoint in all experiments by flow cytometry analysis

and representative examples are shown below.

NK cell depletion in the lung NK cell depletion in the spleen
non-depleted depleted

s non-depleted . depleted

T cell depletion in the lung

Non-depleted CD8-depleted CD4-depleted
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T cell depletion in bladder tumors
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For antibody-based treatments, 200 pg of anti-PD-L1 (clone 10F.9G2, BioXCell) was

administered intraperitoneally twice a week for a total of 4 doses.

2.13 In vivo CDA45 labeling

For intravenous CD45 labeling, mice were intravenously inoculated with 2 pg of CD45-
PerCP-Vio0700 (Clone REA737, Miltenyi) diluted in 200ul of PBS 5 min before euthanasia.
After euthanasia, lungs were immediately placed in 20 ml of RPMI medium to allow

dilution of unbound antibodies and processed as described below.

2.14 Bacterial load determination in mouse tissues

Bladders, bladder draining lymph nodes and kidneys were aseptically harvested from mice
were homogenized using a GentleMacs dissociator (Miltenyi) in 1 ml of H,O and kept at -
80°C. After unfreezing, serial dilutions were prepared in PBS, plated in solid 7H10 medium

supplemented with 10% ADC and 3 weeks later bacterial colonies were counted.

2.15 Preparation of single cell suspensions from the bladder

Bladders or bladder tumors were harvested from mice and processed first by manual
dissection using scissors and a scalpel, followed by vigorous pipetting and digestion in
RPMI containing 0.17 U ml"!' Liberase TM (Roche), 2 mg ml! Collagenase D (Roche) and
40 U ml"! DNAse I (ApplyChem) for 45 min at 37°C, followed by filtration through a 70
um cell strainer (Miltenyi). Red blood cells (RBC) were lysed in 1 ml Red Blood Cell
Lysing Buffer (Sigma-Aldrich) for 1 min. Cells were resuspended in PBS with 2 % FBS

and stained for surface and intracellular markers.
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2.16 Preparation of single cells suspensions from lymph nodes

Lymph nodes were mashed with the back of a syringe in 24-well plates in 1 ml of RPMI
with 2 mg ml!' Collagenase D and 40 U ml! DNAse I, incubated for 30 min at 37°C after
vigorous pipetting and strained through a 70 pm cell strainer. Cells were resuspended in

PBS with 2% FBS and stained for surface and intracellular markers.

2.17 Preparation of single cell suspensions from the spleen

Spleens were mashed with the back of a syringe in 6-well plates in 5 ml of RPMI with 2
mg ml! Collagenase D and 40 U ml™! DNAse I, incubated for 30 min at 37°C after vigorous
pipetting and strained through a 70 um cell strainer before lysing erythrocytes with RBC
Lysing Buffer for 1 min. Single cells were resuspended in PBS with 2% FBS and stained

for surface and intracellular markers or in complete RPMI, depending on the experiment.

2.18 Preparation of single cell suspensions from the lung

Lungs were harvested from mice and homogenized in 5 ml of RPMI containing 40 U ml’!
DNAse I and 2 mg ml™! collagenase D using a GentleMacs dissociator (Miltenyi) according
to manufacturer’s instructions for lung tissue. After vigorous pipetting, lungs were
incubated at 37°C for 30 min and further homogenized with the GentleMacs dissociator.
The homogenates were filtered through a 70 um cell strainer and erythrocytes were lysed
with RBC Lysing Buffer for 1 min. Single cells were resuspended in PBS with 2% FBS
and stained for surface and intracellular marker or in complete RPMI, depending on the

experiment.

2.19 Restimulation and intracellular cytokine staining

For the detection of cytokine secreting cells, single cell suspensions were stimulated in
vitro in complete RPMI medium (supplemented with with non-essential aminoacids, 10
mM HEPES and 50 uM 2-mercaptoethanol) with 50 ng ml"' phorbol-12-myristate 13-
acetate (PMA, Sigma-Aldrich) and 1 ug ml' ionomycin (Sigma-Aldrich) in the presence
of Brefeldin A (eBioscience) for 4 h at 37°C. Alternatively, for T cell stimulation single
cell suspensions were stimulated with 2 ug ml™! of plate bound aCD3 and 5 pg ml! of
soluble aCD28 in complete supplemented RPMI containing for 4 h at 37°C in the presence
of Brefeldin A. For NK cell stimulation, single cell suspensions were stimulated with 40

png ml! of plate bound aNK1.1 in complete supplemented RPMI in the presence of
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Brefeldin A and aCD107 antibody, for the detection of degranulating cells, for 4 h at 37°C.
For DC restimulation and IL-12 detection, single cell suspensions were stimulated with 10
ng ml"! of LPS (from E. coli O111:B4, Sigma Aldrich) and 10 ng ml™! of mouse recombinant
IFN-y (Miltenyi). After restimulation, cells were stained for extracellular and intracellular
markers as described. In all experiments cells were stimulated for 1 hour and then Brefeldin

A was added for the remaining 3 hours of the assay.

2.20 IFN-y ELISpot

Single cell suspensions prepared from the spleen as described were counted, and 5 x 10°
cells were seeded in 96-well ELISpot plates (MSIP PVDF-plates, Millipore) which were
pre-coated overnight with primary anti-mouse [FN-y antibody (clone AN18, Mabtech), and
incubated overnight with either only media as a control or 10 ug ml™! of different peptides
(Table 1).The next day, IFN-y producing colonies were detected using a biotinylated anti-
mouse IFN-y detection antibody (clone R4-6A2, Mabtech) following manufacturer
instructions. Spot forming units (IFN-y spots) were automatically counted using AID
ELISpot Reader (GmbH). Results were expressed as the difference between the number of
IFN-y spots obtained in response to a given peptide and the number of IFN-y spots obtained

when incubated with media alone.

Peptide Sequence MHC Allele  Source

OVAz2s7-265 SIINKEFL H2-K" Genscript
HY Uty246-254 WMHHNMDLI H2-DP Genscript
HY Dbysos.s22 | NAGFNSNRANSSRSS H2-A° Genscript
LCMV gpss.qi | KAVYNFATM H2-D° Genscript
MulV pl5E KSPWFTTL H2-K° Genscript

Table 1. Peptides used for splenocyte stimulation

2.21 Splenocyte cytotoxicity assay

1x10* MB49-ZsGreenLuc, B16-F10-ZsGreenLuc or LLC-ZsGreenLuc tumor cells were
seeded in dark flat 96-well plates (ThermoFisher) as target cells. Splenocytes from tumor
bearing mice were obtained as described, counted, and seeded at a 100:1 ratio over the
target cells in complete RPMI supplemented with non-essential aminoacids, 10 mM

HEPES and 50 uM 2-mercaptoethanol. After 20 h, live tumor cells were detected by adding
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150 ug ml! of Xenolight D-luciferin Potassium Salt (Perkin Elmer) to the wells and
incubating for 15 min at 37°C. The resulting luminescence was measured in an Epoch
Microplate reader (BioTek). Percentage cytotoxicity was calculated in reference to wells

incubated without splenocytes.

2.22 NK cell cytotoxicity assay

1x10* tumor cells labelled with CellTrace Violet (CTV; Invitrogen) were seeded in flat 96-
well plates as target cells. NK cells were isolated from the spleens of mice by magnetic
separation with anti-CD49b (DX5) microbeads (Miltenyi). Purity of NK cells isolated by
this method was around 70 %, analysed by flow cytometry in every experiment. Isolated
NK cells were seeded over target tumor cells at different effector to target ratios in
triplicates in complete RPMI supplemented with non-essential aminoacids, 10 mM HEPES
and 50 uM 2-mercaptoethanol. After 20 h, cells were detached with trypsin-EDTA, stained
with FITC-conjugated Annexin V (Miltenyi) and 7-AAD (Miltenyi) and analysed by flow
cytometry. Cell death was analysed in the CTV" tumor cell population.

2.23 Proliferation assay

BMDCs prepared as described were loaded with 1 pg ml™! of LCMV gps341 peptide (Table
1) for 2 h at 37 °C. Lung single cell suspensions from tumor-bearing mice prepared as
described were stained with CTV following manufacturer instructions. Then 2,5x10° lung
cells were mixed with 4x10* loaded BMDCs in round 96-well plates and incubated for 72
h. Then, cells were stained with CD45, CD3 and CD8-directed antibodies and CTV dilution
was analysed in CD3" CD8" T cells. Results were expressed as the percentage of cells that

have undergone proliferation.

2.24 Staining of single cell suspensions with fluorochrome-conjugated

antibodies

Single cell suspensions were first incubated with mouse Fc receptor blocking reagent
(Miltenyi) for 20 min at 4°C in FACS buffer (PBS, 2 % FBS, EDTA 2 mM), washed,
stained with different combinations of fluorochrome-conjugated antibodies (Table 2) for
20 min at 4°C in FACS buffer, washed again and fixed in 4 % paraformaldehyde (PFA) for

20 min at room temperature. For staining of intracellular proteins, cells were further fixed
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and permeabilized with the FoxP3 staining set (Miltenyi) and stained with fluorochrome-

conjugated antibodies (Table 3) for 30 min at room temperature.

ANTIBODY CLONE SOURCE FLUOROCHROME
CD45 REA737 Miltenyi Vioblue,FITC, PerCP-Vio700
CD11b REA592 Miltenyi PerCP-Vio700, PE
CDl1l1c REA754 Miltenyi PE, FITC

F4/80 REA126 Miltenyi PE

CD4 REA604 Miltenyi FITC, APC-Vio770
CDS8 REA601 Miltenyi PE, FITC, APC
CD3 REA641 Miltenyi PerCP-Vio700, PE
MHC-II REAS813 Miltenyi Vioblue, APC
XCR1 REA707 Miltenyi APC

SIRPa REA1201 Miltenyi APC-Vio770
CCR7 4B12 Biolegend PE

H2K"/DP REA932 Miltenyi APC, PE

CD86 REA1190 Miltenyi VioBright, PE
CD40 REA965 Miltenyi VioBright

NKp46 REAS815 Miltenyi FITC, PE

CD49b DX5 Miltenyi APC-Vio770

CDo4 REA286 Miltenyi APC-Vio770, PE
SIGLECF REA798 Miltenyi APC, PE

LY6C REA796 Miltenyi APC

LY6G REAS526 Miltenyi Vioblue

PD-L1 MIHS BD PE

CD206 C068C2 Biolegend  PerCP-Cy5.5

PD-1 J43 BD APC

PD-1 REAS802 Miltenyi PerCP-Vio700
TIM-3 5D12/TIM-3  BD BV421

KLRGI1 2F1 Miltenyi APC-Vio770
QA-1P 6A8.6F10.1A6 BD PE

GALECTIN9 RG9-35.7 Miltenyi PE-Vio770
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LAG-3
CD69
ICOS
CD107a
CD49a
CD44
CD48
CD34
CD150
FLT3
c-KIT
SCA-1
TER119
B220

CI9B7TW
REA937
7E.17G9
1D4B
Ha31/8
IM7.9.1
REA1238
REA383
Q38-480
A2F100.1
REA791
D7
Ter-119
RA3-6B2

Miltenyi
Miltenyi
Miltenyi
BD
Biolegend
Miltenyi
Miltenyi
Miltenyi
BD

BD
Miltenyi
BD
Miltenyi
Miltenyi

FITC
FITC

PE

FITC
AF647
Vioblue
PerCP-Vio700
FITC
BV421
PE-CF594
APC
APC-Cy7
PE

PE

Table 2. Fluorochrome-conjugated antibodies for extracellular staining

ANTIBODY CLONE  SOURCE FLUOROCHROME
IFN-y REA638  Miltenyi  FITC, PE, APC
TNF MP6-XT22 BD PE

IL-2 JES6-5H4  BD FITC

IL-12 (p40/p70) | REAI36  Miltenyi PE

iNOS REA982  Miltenyi  PE, FITC
T-BET REA102  Miltenyio PE

GATA3 REA174  Miltenyi ~ APC
GRANZYME B |REA226  Miltenyi  FITC, PE
TCF1/7 $33-966 BD AF488

CCL5 2E9/CCL5  Biolegend PE

STATI 1/STATI  BD AF647
STAT3 M59-50 BD PerCP-Cy5.5
pSTATI (PY701) 4a BD BV421
CLEAVED C92-605 BD AF647
CASPASE 3
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Table 3. Fluorochrome-conjugated antibodies for intracellular staining

2.25 Dextramer staining

For staining with gp33-specific (KAVYNFATC) H2-DP Dextramers (Immudex), lung or
spleen single cell suspensions were blocked with Fc receptor blocking reagent, washed, and
stained with fluorochrome-conjugated dextramer for 10 min at room temperature in FACS
buffer. Without washing, antibodies for extracellular proteins were added and incubated
for 20 min at 4°C. Then, cells were washed 5 times in FACS buffer, fixed in 4 % PFA and

further stained for intracellular markers if needed.

2.26 Flow cytometry

Cells were acquired using a Gallios flow cytometer (Beckman Coulter). Fluorescence
minus one (FMO) stained controls were used for the discrimination of negative and positive
populations and for the correction of fluorescence spill-over of the different fluorochromes.
Data concerning optimization and compensation of the different flow cytometry antibody
panels used in this study is not shown although it was performed for each panel described.
Flow cytometry results were analysed using Weasel software (version 3.0.2), following the
gating strategies described below. Results have been expressed either as the percentage of
cells staining positive for a marker inside a given population of cells, or as the Mean

Fluorescence Intensity (MFI) of a marker inside a population of cells.

Generic gating strategies and FMOs for bladder and lung tumors are shown below, although
more detailed descriptions and specific gating strategies are given throughout the results

section.
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Flow cytometry gating strategy for T cell and DC identification in bladder tumors.

Page 90/ 299



2. Materials and methods

W 10 10 109
800° Q. " 0103 " / O 1o35
z S S Q"
- X 2 < 2 ~ 2:
<0 10
— a ., o w3
& . mao W' A 1o1§
n (. N 3
% 0 w0 0 800 wﬂmo Tt 02 10° mo,oﬁ' TR0t a0t Teo® a0t
FS INT LN SS INT LOG CDASNiobiue
Gated on CD45* "
o = o
. 2 5
o oo K
< o 104
0 s 3
8 . <, FMO | .
< ]
o ol

IFNg-FITC

”d| 10% R4

«4 FMO |+ GzmB* FMO | . T-bet”

0. 0.
10
o 1 2 3 a0
107 1?

10 10 10° 10 2 2 4

1 0,
10 10° 10 10 10 10" 5 T T T T TS T T
10° 10 10° 10° 0% 10® 10! 10° 10° 10

Granzyme B-PE T-bet-PE

a

Flow cytometry gating strategy for T cell identification in the tumor-bearing lung and FMOs for
specific markers.

Gated on CD45*

o< NKcells O ]
': ERe L, LT.' 0 3 [
Lémz %oz . : 3 o g
Q X, ) ]
=7 z¢ FMO |- GzmB*Y | FMO
wowo 10! 10° .103 10° "'“mo 10 102 10° 10° wnvoo 10 10° 10° 10° B
CD49b-APCVio770 Granzyme B-PE T T e
10
8 g
= 1 NKcells . - C
S AT .
full 10% Y
3 | | @ IFNg*
|
&1 FMO | | CD107a" |
— . e 10' 10° 10° 10°
8 wﬂqo‘) 10 10° 10° 10? 5 5 I F N g—APC
CD49 b-APCViO77O e® 10! 10% ? 0 10" 10 10° 10°

" CD107a-FIT

Flow cytometry gating strategy for NK cell identification in the tumor-bearing lung and FMOs for
specific markers.

Page 91/299



2. Materials and methods

Lung, gated on CD45+

4 1L12 DC 1.3 00103180 503 LMD:RO"R1"R2'R3"R'RS

O 10 - 10
~
% an:'- CDCZS 10° 104
'9 a 2. 2. 2.
>I n-m 10 FMO 10
= < ]
(@] Lo R e —p ¥
I 8_;0 pems g 10
= . = cDC1s
J o 10° 0° wwﬂw" 10" 10° 10° 10° O 10 10° 10° 10 ow o' 10° 10° 10*
CD11c-FITC XCR1-APC IL12- PE
Lung, gated on CD45* Lung, gated on CD45*
80 1 coo0rnn 20 Monocytes
=3l T BN O 10 10 10
N 0
‘ID3 o 10° 103
a S S
—6102 8 10° § 104 & g naa %
— < o b
— 1 E + s
S« LD n CDllb "% Neutrophils
= 0
ol r- o 0, s () 0,
SlglecF APC © CD1lb-PE CD11b Perch|o700 LyGG Vloblue

Flow cytometry gating strategy for myeloid cell identification in the tumor-bearing lung.

1K] 10 3 10 3
§ >
g00] w103; (9103;
Z 2" g
-l 8007 A .
I_ <1°2§ é1°2§
=2 Ll 3 E
= a00] a a3
) —» R
g Aol 2}

% 2o w0 e o Tl 10?100 10°

FS INT LIN FS INT LOG
10 § E
] . v ]
ChE L™ =
@) v o B 0o 3
- 1 b —_ 4
b= 10% o art
< 7 g ]
A o CD45* <
§ cDC1s
0 1o°l ':6 ' .7....;.;2. ”"'::)3' o 10 0 10 10° 10° 100' T 2 3 4
CDA45 — Percpvio700 CD11c-PE XCR1 APC

Flow cytometry gating strategy for DC identification in the mediastinal and bladder draining lymph
nodes.

Page 92 /299



2. Materials and methods

2.27 Histological analysis

For lung histopathology analysis, lungs were aseptically removed and fixed in 4 %
formaldehyde for 24 h prior to hematoxylin-eosin (H&E) staining. Histological staining
was performed in the Pathological Anatomy Service from CIBA (Zaragoza, Spain) and

images were obtained with a Leica DM5000B optical microscope.

2.28 Protein extraction from tissue

Lung tissue was weighted and homogenized in a GentleMacs Dissociator in serum-free
RPMI medium using a protocol for protein extraction. The homogenates were spun at 1500
rpm for 5 min and the supernatant was collected. Then, cOmplete Protease Inhibitor
Cocktail (Roche) was added to the supernatants following manufacturer instructions and

samples were kept frozen at -80°C until protein determination.

2.29 Cytokine measurements

Cytokine concentration in lungs lysates or coculture supernatants was measured by ELISA
(CCLS5: Mouse CCL5/RANTES DuoSet, R&D Systems; IFN-y: ELISA Flex Mouse IFN-
v, Mabtech; IL-12: ELISA Flex Mouse IL-12, Mabtech), and expressed as amount of

cytokine per mg of tissue homogenized.

2.30 Study design and statistical analysis

Mice were randomized into different treatment groups after tumor inoculation. To avoid
cage-associated variability, each cage contained mice from every experimental group,
when possible. The number of biological replicates and repetitions for each experiment are

indicated in figure legends. Animal monitoring and data analysis were not blinded.

Data from all biological replicates were included for analysis unless there were technical
issues with experimental setup or data collection (flow cytometry). Outliers were not
excluded. GraphPad Prism software (version 8) was used for graphical representation and
statistical analysis. Kolmogorov-Smirnov test was used to check normal distribution of the
data. To compare two group means, two-tailed unpaired Student’s t-test (for normal
distribution of data) or Mann-Whitney test (not normal) were used. To compare means
between more than two groups, unpaired one-way ANOVA (for normal distribution of

data) with Bonferroni’s multiple comparisons post test or Kruskal-Wallis (not normal) with
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Dunn’s multiple comparisons test were used. For survival analysis, log-rank Mantel-Cox
test was used. P values < 0,05 were considered significant: * p < 0,05, ** p < 0,01, *** p
< 0,001, **** p < (,0001. Data shown in graphs depicts mean +/- standard error of the
mean (SEM).

Following initial optimization, studies designed for analysis of immune populations in
tumor-bearing mice were generally planned to end on day 12 for bladder tumors or day 20
for lung tumors after tumor inoculation. If changes in body condition or other health issues
required euthanasia before said timepoints, those mice were sacrificed and excluded from
the study. In studies involving bladder tumors, absence of hematuria was considered as a

sign of failed tumor implantation and those mice were excluded.
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3 Objectives

In the first part of this PhD project, we optimized an orthotopically transplanted model of

bladder cancer in mice in order to test different intravesical treatments with live-attenuated
mycobacteria, such as BCG or MTBVAC. We studied the genetic differences between both
vaccines in order to explain their differential efficacy against bladder tumors, unveiling
bacterial factors that can influence antitumor potency in this context. Next, we
hypothesized that intravesical MTBVAC could function by inducing tumor-specific
responses against bladder tumors relying on the cross-presenting activity of cDCls, and
experimentally tested this idea. Furthermore, we devised a therapeutic strategy combining
intravesical administration of bacteria with systemic antiPD-L1 mAbs which drove tumor

rejection in most mice bearing bladder tumors.

In the second project of this thesis, we hypothesized that contact of BCG with the tumor
may be a key factor behind its antitumor efficacy, and therefore conceived a strategy for
the treatment of lung tumors consisting in intravenous inoculation of BCG, a route of
administration which had previously been shown to be highly efficient at preventing
tuberculosis infection. We hypothesized that BCG given by this route could strongly
stimulate tumor-specific immunity in the lung, as well as modulate the TME to favour

adaptive immune responses.
The main objectives of this thesis will be:

- To identify the genetic determinants which explain the differential efficacy of the
live-attenuated mycobacterial vaccines BCG and MTBVAC when used as
intravesical therapy for bladder cancer.

- To study the mechanism of action of bacterial immunotherapy for bladder cancer,
focusing on the induction of tumor-specific adaptive immune responses and the
requirement for Batf3-dependent cDCls.

- To establish a combined immunotherapeutic approach to potentiate antitumor
immune responses in mice bearing orthotopic bladder tumors.

- To devise a strategy to deliver BCG into the lung TME for inducing efficient
antitumor immunity.

- To decipher which immune cell compartments and pathways participate in

successful intravenous BCG immunotherapy against tumors growing in the lung.
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“If some resistance based on an immunological response exists to
the development and progression of spontaneous neoplasms, the
BCG infected host with its greatly enhanced capacity to respond to
antigenic stimulation deserves special attention in studies

concerning tumor immunity.”’

Lloyd J. Old, 1959 “Effect of BCG Infection on Transplanted

Tumours in the Mouse”
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attenuated mycobacteria

Chapter 1

Bacterial and host factors involved in
intravesical therapy for bladder cancer

with live-attenuated mycobacteria
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4.1 Chapter introduction

BCG therapy of NMIBC is one example of successful immunotherapy in the clinic and
offers us a unique opportunity to study immunological mechanisms that drive tumor
rejection. Following decades of work in the antitumor properties of BCG?*’, Morales and
colleagues devised the use of 6 weekly instillations of BCG following resection of the
tumor?*!3%% which is still today the standard of care for high-risk NMIBC, namely

carcinoma in situ and high-grade Ta/T1 bladder tumors>®*.

In NMIBC patients receiving BCG, relapses or resistances appear in approximately 50 %
of cases. Currently, there are limited options for BCG-unresponsive disease besides radical
cystectomy, a life-changing intervention. Recently, pembrolizumab was granted approval
for BCG-unresponsive NMIBC (KEYNOTE-057, NCT02625961), although less than 18

% complete responses without recurrence at 1 year were observed>'.

Given the historical success of BCG in the treatment of NMIBC, there have been numerous
efforts to genetically modify this vaccine to make it more effective for bladder cancer
treatment*®>3%7. Recent examples include the recombinant BCG strain VM1002BC36836,

currently in clinical trials, a cyclic-di-AMP overexpressing BCG strain®"%37!

or engineered
strains expressing immunostimulatory cytokines such as IFN-o’’2. Another strategy is
finding other bacteria different from BCG that could improve it. Recent examples studied
in preclinical models include Ty21a/Vivotif, a commercial vaccine against typhoid fever
that showed improved efficacy in an orthotopic model of bladder cancer compared to
BCG*8, or Mycobacterium brumae®’**"*. It is interesting to note that even a priori very
similar BCG strains differ in their antitumoral efficacy in human bladder cancer patients,
as has been reported in several independent studies?**’>. Therefore, an effort should be
made to improve this already successful immunotherapy, especially given the fact that since
its approval in 1990, no agent has come close in replacing BCG for the management of this
subset of NMIBC patients. Understanding its mechanism of action, considering both

bacterial factors and host immune system components which drive efficient curative

antitumor responses, is the first step in order to rationally improve this treatment.
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The ability of bacteria to restrict tumor growth in the context of bladder cancer is thought
to be a consequence of stimulation of the innate immune system, which in turn aids in the
development of tumor-specific adaptive immunity, although this has yet to be formally

proven.

In this chapter, first we will optimize a mouse model of bladder cancer based on orthotopic
implantation of MB49 cells. Then, we will focus on studying the genetic differences
between BCG and MTBVAC that explain their differential antitumor potency when
delivered intravesically into tumor-bearing mice. Lastly, we will dissect the immune
pathways that are triggered by intravesical administration of MTBVAC to drive effective
antitumor immunity, shedding light on the mechanism of action of bacterial

immunotherapy for bladder cancer.

4.2 Optimization of an orthotopic mouse model of bladder cancer

In order to study the therapeutic effect of live-attenuated mycobacteria for bladder cancer,
first we needed to develop a mouse model which allowed us to recapitulate the biology of
the disease. We chose to use orthotopic transplanted tumors, meaning that the tumor grows
in its organ of origin. Importantly, orthotopically transplanted tumors resemble the TME
and immune contexture found in human tumors more faithfully than the traditional
subcutaneously grown models, which was important for us since we wanted to
mechanistically dissect the immune response against bladder tumors®’®37”. Also, the
clinical practice of intravesical BCG treatments cannot be faithfully modeled in

subcutaneous models as in orthotopic bladder tumors.

For bladder cancer, orthotopically transplanted tumors have already been described?’*”

and are based on intravesical inoculation of tumor cells into the bladders of mice. Different
tumor cell lines can be used to this end, although the MB49 bladder cancer cell line is the
most used in the field. MB49 derived epithelial tumors grow towards the bladder lumen in
an aggressive manner without invading the muscle, mimicking the Ta and T1 stage of
human NMIBC. Tumor establishment is usually confirmed by appearance of hematuria,
which generally occurs between 6 and 8 days after tumor cell inoculation. Indeed, mice
which do not show hematuria do not develop tumors and are excluded from survival

experiments.
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In our pilot experiments with the MB49 model, tumor take and kinetics of survival were
highly variable, which prompted us to optimize different parameters before carrying out
therapeutic efficacy experiments. Our goal was to reflect as closely as possible human

disease and the clinical procedure of BCG instillation.

We identified appearance of tumors in the upper urinary tract and kidneys in a considerable
number of mice as the first problem in our model, since it would not allow us to properly
evaluate survival to bladder tumors. We thought that this could be due to using an
inadequate volume for instillations (100 pl), which would cause vesico-ureteral reflux of
tumor cells*®. Indeed, volumes of 50 pl are used in the literature****®!. Lowering the
volume from 100 pl to 50 pl and performing the instillation at a low rate (approximately

)382

10 ul every 10 seconds)’®”, allowed us to solve the issue of tumor implantation in the

kidneys because of vesico-ureteral reflux.

Next, we titrated the number of cells to be inoculated (Figure 22), finding that the dose of
tumor cells inversely correlated with median survival of mice. We chose a medium dose of
4x10° cells, since we wanted enough therapeutic window to administer at least 2 or 3
weekly intravesical bacterial treatments (indicated by arrows in Figure 22), mirroring the
clinical practice, and at the same time aiming for a 100 % tumor take to minimize the

number of mice to be used in each experiment.

Importantly, we also observed that the passage number of MB49 cells is a critical parameter
determining tumor take and survival kinetics. In our hands, a higher number of in vitro
passages decreased the tumorigenic potential of MB49 cells. Therefore, in all the

experiments shown, MB49 cells were used with less than 5 passages from thawing.
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Figure 22. Survival of mice implanted with MB49 cells orthotopically in the bladder with the
indicated doses of MB49 cells. Red arrows indicate the timepoints in which we would want to
perform the intravesical bacterial treatments (days 3, 10 and 17).

In the MB49 model of NMIBC, mice usually succumb either because of inability to urinate,
which causes rapid weight loss, or due to prolonged high tumor burden in the bladder. The
fact that tumor cells inoculated intravesically can be established in any area of the bladder
makes this model highly variable in terms of mice survival*®*. Concretely, we have
observed that tumors established near the urethra can obstruct it, which causes rapid weight
loss due to inability to urinate. Other tumors that are established further away from the
urethra can grow without affecting the ability of to urinate, and therefore these mice survive
longer. This phenomenon can be observed my manual palpation of the bladder. By applying
gentle pressure to the bladder, mice urinate only if the urethra is not obstructed by the
tumor. Therefore, we can find mice that succumb as early as 15 days post-tumor cell
inoculation, or as late as 50 days. We have also consistently found cases of tumor
recurrence in the bladder. In some cases, mice apparently cured from bladder tumors in
which hematuria disappeared and there were no palpable signs of tumor for 20 or more
days, can suddenly go on to develop again hematuria and signs of a visible growing tumor,

succumbing as late as 60 days post tumor cell inoculation.

Lastly, cases of MB49 metastasis to the lung were rarely detected, and only in mice which
survived for long periods of time. In these cases, when mice were sacrificed due to tumor
burden in the bladder and rapid weight loss, small but visible tumor foci were detected in
the lung. These tumor foci were generally small (< 1 mm), most likely not affecting mouse

survival as the primary bladder tumor.
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In summary, we developed a mouse model of NMIBC which recapitulates some aspects
observed in human bladder cancer, such as presence of hematuria, tumors growing towards
the lumen of the bladder without invading the muscle layer and episodes of recurrence in

apparently cured individuals.

4.3 Intravesical treatment of bladder tumors with live-attenuated

mycobacteria

Once we had an optimized model of bladder cancer, we went on to test intravesical
treatments with different live-attenuated mycobacteria. First, we wanted to study the
efficacy of BCG in our model. We used the Tice strain of BCG, which we cultured from a
commercial vial of OncoTice®, used in clinical practice for bladder cancer treatment. We
initially tested BCG Tice starting the three weekly treatments one day after MB49 tumor
cell inoculation in the bladder (Figure 23) because in the literature, BCG administered

332,342.355379  In these

following this schedule generally drives an antitumoral effec
experimental conditions, we found a therapeutic effect of BCG Tice (Figure 23), with
slightly more than 50 % of mice surviving in the BCG group compared to 2 % in the PBS
controls. Therefore, our model of NMIBC responds to intravesical BCG when the treatment

is initiated very early, which agrees with the existing literature.

MB49 PBS or BCG
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Figure 23. Survival of mice implanted with MB49 cells in the bladder and treated with intravesical
PBS or BCG Tice following the indicated schedule. n = 20 PBS, n = 18 BCG, pooled from 2
independent experiments. **P<0.01, log-rank (Mantel-Cox) test.

Next, we chose to delay the weekly intravesical treatments until day 3 after tumor cell

inoculation (Figure 24). Under these experimental conditions, generally BCG is not capable
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of improving mice survival?**3*0, Therefore, delaying intravesical treatments until day 3
could be considered as a strategy to model BCG-unresponsive NMIBC in order to test new

therapeutic approaches for this condition?*.

Previously, we demonstrated that MTBVAC was superior to BCG Pasteur in this
experimental setting®*®, although we wanted to confirm this finding with our refined
protocols and with a BCG strain used in clinical practice (BCG Tice “OncoTice”). We
observed that weekly intravesical treatment with MTBVAC improved mice survival
compared to BCG Tice (65 % tumor-free survival in MTBVAC vs 2 % in BCG), which
was completely ineffective in slowing tumor growth compared to PBS controls in this

experimental setting (Figure 24).

MB4S PBS, BCG or MTBVAC

I } | s
0 3 10 17 days
= — PBS
© J
2 L "“L— BCG :l]****
- — MTBVAC
5
»
'E 504
o
o
| .
)
m 0 1 1 1 1
0 20 40 60 80

Days

Figure 24. Survival of mice implanted with MB49 cells in the bladder and treated with intravesical
PBS, BCG or MTBVAC following the indicated schedule. n = 22 PBS, n = 18 BCG, n = 16 MTBVAC,
pooled from 2 independent experiments. ns: not significant, ****P<0.0001, log-rank (Mantel-Cox)
test.

Therefore, we confirm our previously published results and describe that the live-attenuated
mycobacterial vaccines BCG and MTBVAC differ in their efficacy against orthotopically-
transplanted MB49 bladder tumors. Importantly, MTBVAC showed antitumoral efficacy

in a BCG-unresponsive scenario.

4.4  Bacterial colonization of the bladder following intravesical instillation
Next, we set out to explain the improved antitumoral efficacy of MTBVAC compared to

BCG, given that they are similar mycobacteria with a high degree of genetic homology
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(>99 %)*2. However, genetic differences between both bacteria are mostly defined,

facilitating the identification of potential factors behind this phenomenon.

Colonization of the bladder by the bacteria has been described as a key factor behind its
antitumoral activity in the context of intravesical therapy for bladder cancer in mice and
humans®**. Indeed, BCG attachment to the bladder epithelium through fibronectin-

314315385 "and low attachment

attachment proteins is a prerequisite for antitumoral efficacy
may cause treatment failure’®®*%7. Therefore, we initially hypothesized that MTBVAC
could be more efficient than BCG either in adhering to the bladder epithelium or in

infecting tumor cells.

To test this, we induced MB49 bladder tumors and performed 3 weekly intravesical
treatments with either BCG or MTBVAC. At day 18, we analyzed the bacterial load in
bladder tumors and bladder-draining lymph nodes (bdLNs), also known as the periaortic or
iliac lymph nodes®*, by plating tissue homogenates in solid mycobacterial growth medium.
Our results revealed a higher amount of MTBVAC bacilli both in the bladder and bdLNs
compared with BCG Tice, which was barely detected in both compartments (Figure 25).
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Figure 25. Enumeration of BCG and MTBVAC CFUs in the bladder and bdLNs of tumor-bearing mice
treated as shown in the figure. n = 8 mice per group, pooled from 2 independent experiments.
*P<0.05, **P<0.01, unpaired t-test.

This result could mean either that MTBVAC is superior to BCG in adhering to the bladder
epithelium, at infecting bladder tumor or epithelial cells or better fitted to survive in the

bladder. The higher bacterial load observed in bdLNs most likely is a result of the higher
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load in the bladder in the case of MTBVAC-treated mice. Since mycobacteria are
intracellular pathogens, they travel to the lymph nodes inside DCs, at least in the case of
M. tuberculosis infection®®®. Therefore, myeloid cells may be infected in bladder tumors by

mycobacteria and allow transport to the bdLNs.

Therefore, we hypothesized that intravesically administered mycobacteria do not infect
tumoral or epithelial cells, but that they initially attach to the bladder epithelium and, in
cases of tissue damage such as presence of tumor or following resection, exposed myeloid
cells may be internalizing them. Clasically, BCG has been described to infect diverse
bladder tumor cell lines®!73%-*% but these experiments are peformed in vitro in 2D cultures
in which simply by gravity bacteria are forced to enter in contact with seeded tumor cells.

This does not accurately model intravesical instillation of mycobacteria into the bladder.

To determine which bladder cellular subsets internalize mycobacteria in vivo, we
inoculated tumor-bearing mice with BCG Tice or MTBVAC strains engineered to express
GFP, which originally allowed us to detect infected cells in the lungs after intranasal
inoculation**, and here were used for detecting infected cells in bladder tumors following
intravesical instillation. Since we expected a low number of infected cells, we performed
the analysis 2 hours after the last intravesical instillation to maximize detection (Figure

26A).

Flow cytometry analysis of digested bladder tumors revealed that fluorescent bacteria-
containing cells could be detected when compared to control PBS-treated mice, specially
in MTBVAC-GFP treated mice (Figure 26B). Confirming our results obtained by plating
bladder homogenates, MTBVAC was more efficient than BCG in colonizing bladder
tumors, evidenced by a higher percentage of GFP" infected cells among total isolated cells

(Figure 26C).

Page 108 /299



4. Bacterial and host factors involved in intravesical therapy for bladder
cancer with live-attenuated mycobacteria

4-
A B bgs BCG-GFP MTBVACGFP € % *
i g i A i 34
MB49  BCG-GFP o ) 1 .z o .
4 CERE(©). P o) O [ +
ives  MTBVAC-GFP 3} i 146 & 1 4 o,
| | 1 2h | % 0,29% 56%| | 2,22% o
0 3 10 &l | 5 17
g"*“ﬁmﬁ‘"“’_ﬁ‘“ﬂ > Bk Rt REiie- Riti fi i D~ K e °\° 0_
GFP o 22 R
Q‘be,éo,é
; P\
Bacteria alone F N
D L i E &@
Tumor-free mice 5CG SATBVAC m s &
w 15 I = 100 —
® ‘ 2 s
° 10 ‘ Z
-y ! \ s 60
'
(D 5 \ ] - Date- T R R R é & 40
s BCG-GFP  MTBVAC-GFP © »
X ' ’ 5}
0 ‘ I X 0
R R
& S /| EE S
& & / & W
< N2 g, Vel %&QA
& GFP N

Figure 26. Mice were treated as in (A) and bladders processed into single cell suspensions. (B,C)
Representative flow cytometry contour plots for identification of infected GFP* cells in bladder
tumors and quantification of the % of infected cells among total cells, n = 3 (PBS), n = 4 (BCG Tice-
GFP) and n = 5 (MTBVAC-GFP), from one experiment. (D) Mice were treated as in (A) but without
bladder tumor induction. Shown is the % of infected cells among total cells in the bladder, n =2
mice/group, from one experiment. (E) Flow cytometry representative contour plots of GFP
expression by BCG Tice and MTBVAC wild-type strains and their GFP-expressing counterparts. (F)
Dlifferentiated BMDMs were infected with GFP-tagged mycobacteria at a 10:1 MOI. 4 h later,
BMDMs were detached and % of infected F4/80+ cells analyzed by flow cytometry. n = 3-4
experimental replicates per group, from one independent experiment.

This finding was replicated in tumor-free mice, meaning that live-attenuated mycobaceria
were also capable of colonizing healthy bladder tissue (Figure 26D). As a control, GFP
fluorescence intensity of the two bacterial strains was compared, finding that BCG-GFP
was not less fluorescent than MTBVAC-GFP, therefore the observed differences were not
due to higher GFP expression by MTBVAC-GFP bacilli (Figure 26E). We also evaluated
whether MTBVAC-GFP was more efficiently internalized by BMDMs in vitro compared
with BCG-GFP, but found no differences in the percentage of infected BMDMs after 4 h
of incubation at a MOI of 10:1 (Figure 26F). Therefore, enhanced phagocytosis by myeloid

cells does not explain the increased ability of MTBVAC to colonize the bladder .

We further analyzed which cellular subsets contained fluorescent bacteria in bladder tumors
following intravesical inoculation. Strikingly, in all mice analyzed for both BCG and

MTBVAC, around 95 % of all GFP" infected cells were CD45" immune cells (Figure 27).
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Less than 5 % of infected cells were CD45", a population comprising tumor cells,
untransformed epithelial cells and fibroblasts (Figure 27). Therefore, although
mycobacteria can infect bladder tumor cells in vitro, this does not seem to happen in vivo,

at least in our specific model.
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Figure 27. Mice were treated as in Figure 26. Shown are representative contour plots for defining
the phenotype of infected GFP* cells in bladder tumors, and quantification of infected cell
distribution among CD45 and CD45* subsets. n = 4-5 mice/group, from one experiment.

To analyze specifically which immune cells were harbouring mycobacteria in bladder
tumors, here we will focus on MTBVAC-GFP treated mice since they had more infected
cells, making the analysis easier, although similar results were obtained with BCG-GFP

(Figure 28).

Our results revealed that most infected cells (around 90 %) in bladder tumors stained
positive for CD11b (Figure 28), suggesting myeloid origin. Further analysis of the CD11b"
subset revealed that bacteria were contained in monocytes (CD11b" Ly6C"), neutrophils
(CD11b" Ly6G") and other cells which stained negative for Ly6G and Ly6C (Figure 28).
Further analysis of this population revealed that a fraction of macrophages (CD11b" F4/80"
CD64") also harboured GFP-tagged mycobacteria. A CD11b" population lacking F4/80 and
CD64 also contained MTBVAC-GFP, which could represent CD11b" DCs or even NK

cells.

Using a separate panel, we found that CD11b" CD11¢* MHCII" Sirpa’ ¢cDC2s and CD11b
CD11¢" MHCIT" XCR1" ¢DCls (probably representing the CD11b™ infected population
observed before) also harboured GFP-tagged MTBVAC. Therefore, inside the immune cell
fraction, neutrophils appeared to be the prominent cellular subset containing mycobacteria,

although they were proportionally the most abundant subset in MB49 bladder tumors
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(Figure 28). Overall, we could detect GFP-tagged MTBVAC in all cell types which are

known to be phagocytic: macrophages, neutrophils, monocytes and DCs.
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Figure 28. Mice were treated as in Figure 26. Shown are representative contour plots to phenotype
infected GFP* cells in bladder tumors, and quantification of infected cells among distinct myeloid
cellular subsets. Blue dots represent MTBVAC-GFP-treated mice and red dots represent BCG-Tice-
GFP treated mice. n = 5 mice/group, from one experiment.

Although MTBVAC-GFP could be detected in immune cells in bladder tumors, the
proportion of cells containing bacteria were generally low (Figure 28). Further research is
needed to determine whether internalization of mycobacteria modifyes the phenotype of

infected immune cells, whether infected populations change over time, and overall whether

infection of immune cells is relevant for antitumoral effect.

Next, we thought that the observed differences in bladder colonization between BCG and
MTBVAC could be due to differential attachment to bladder tumor cells. To test this, we
infected MB49 cells in vitro with a low MOI (1:1) of BCG and MTBVAC for a short
period of time (2 h), to model as much as possible in vivo conditions when bacteria are
instilled into the bladder. After 2 h of infection, a timepoint at which few MB49 cells are
infected, we detached MB49 cells and stained them with an anti-TB polyclonal antibody,
which binds to mycobacteria. This allowed us to detect cells with mycobacteria attached to
their surface, whereas ingested bacteria are protected from staining. Results showed that

after 2 h of infection, MTBVAC was more efficient at adhering to the cell surface of MB49
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cells than BCG, evidenced by a higher percentage of tumor cells with bacteria attached to

their surface (Figure 29),
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Figure 29. MB49 tumor cells were infected with mycobacteria as indicated in the Figure. In the
upper side, representative contour plots after staining of MB49 cells with anti-TB polyclonal rabbit
antibody + anti-rabbit-PE secondary antibody are shown, as well as quantification of the
percentage of PE" cells for n = 4 experimental replicates per group, from one independent
experiment.

Considering these results, we propose a mechanism by which intravesically administered
mycobacteria adhere to the bladder epithelium and then are ingested by phagocytic cells.
The improved ability of MTBVAC to adhere to bladder epithelium, either healthy or
tumoral, would explain its higher capacity to colonize the bladder, which we have shown
using two different approaches: (1) by culture of viable bacteria from bladder homogenates

and (2) by identification of GFP-tagged bacteria in bladder immune cell populations by
flow cytometry.

4.5  The expression of ESAT6 and CFP10 proteins by mycobacteria is

critical for colonization of the bladder
Next, we wanted to study whether the observed differences in colonizing the bladder also
extended to other BCG strains, since previous experiments were performed with BCG Tice.

We also included in our experiments two MTBVAC strains lacking either the Antigen 85B,
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which has been described as a fibronectin-attachment protein®!, or the ESAT6/CFP10
proteins, which are involved in adherence to the lung epithelium during M. tuberculosis
infection*>%2. The purpose of using these strains was to explain the improved capacity of
MTBVAC over BCG to adhere to the bladder epithelium and colonize the bladder.
Importantly, BCG does not express ESAT6 or CFP10, since they are contained in the RD1
genomic region which BCG lost during its attenuation process>”®, but are expressed by
MTBVAC?**. Additionally, BCG does not secrete the Ag85B>>, as it has been predicted
that a polymorphism in the Ag85B encoding gene (fbpB) causes an unstable protein®?,
whereas Ag85B is detected in the extracellular fraction of MTBVAC cultures®>?. Therefore,
we hypothesized that the expression of these proteins previously involved in adherence to

the epithelium could confer MTBVAC a higher capacity to colonize the bladder.

To test this, we treated bladder tumor-bearing mice with the same dose (5x10° CFUs) of
different mycobacterial strains and at day 18 bladder homogenates were plated to determine

bacterial load (Figure 30).
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Figure 30. Enumeration of bacterial CFUs in the bladders and bdLNs of tumor-bearing mice treated
as shown in the figure. n = 4 mice per group, from one experiment. **P<0.01, One-way ANOVA
with Bonferroni post test.

Our results revealed that the BCG strains Connaught and Moreau behaved similarly to BCG
Tice, since less CFUs were obtained from bladder tumors compared with MTBVAC.
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Interestingly, the MTBVAC strain lacking Ag85B was less efficient than the parental strain
(p = 0.05), whereas loss of ESAT6 and CFP10 completely abrogated the ability of the
bacteria to colonize the bladder (Figure 30). Bacterial load in the bdLNs was also evaluated,
finding that it correlated well with what was found in the bladder. Concretely, all three
BCG strains were present at smaller numbers compared to parental MTBVAC in the
bdLNs, while loss of Ag85B or ESAT6/CFP10 reverted this phenomenon (Figure 30).
These results suggest that the improved ability of MTBVAC over different BCG strains to
colonize bladder tumors and migrate to the bdLNs could be driven by the expression of

proteins such as Ag85B and specially the ESAT6/CFP10 dimer, which are absent in BCG.

4.6 Loss of ESAT6 and CFP10 compromises antitumor efficacy

Next, we tested whether the bacterial load found in bladder and bdLNs following
intravesical instillation correlated with immune cell recruitment into the bladder. We
focused on three strains: BCG Tice, MTBVAC and the MBTVAC strain lacking ESAT6
and CFP10 (MTBVAC AE6CI10), since this strain displayed the highest differences in
attachment to the bladder compared to parental MTBVAC. We decided to analyze immune
cell recruitment in the absence of bladder tumors, to avoid variability inherent to tumor

implantation.

First, we confirmed that in non-tumor bearing mice, MTBVAC still showed a higher
capacity to colonize bladder tissue compared with BCG Tice, and was also dependent on
ESAT6/CFP10 expression (Figure 31A,B). Of note, to further validate our findings, we
used a BCG Pasteur strain genetically complemented with the RD1 genomic region, which
contains ESAT6 and CFP10 (among other proteins). As a control, a BCG Pasteur strain
was used. CFU enumeration in the bladder showed that RD1 reconstitution in BCG
enhanced colonization (Figure 31C), meaning that proteins contained in this region, most
likely ESAT6 and CFP10, are critical for the observed differences between BCG and
MTBVAC.
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Figure 31. Enumeration of bacterial CFUs in the bladder or bdLNs of naive mice treated as shown
in the figure. n = 5-10 mice per group, from two independent experiments (A,B), n = 5 mice per
group, from one experiment (C).**P<0.01, One-way ANOVA with Bonferroni multiple comparisons
test (B), Kruskal Wallis with Dunn’s multiple comparisons test (A) or unpaired t-test (C). *P<0.05,
**P<0.01, ***P<0.001.

Next, we evaluated immune cell recruitment to the bladder in non-tumor bearing mice
(Figure 32A), focusing on CD4" T, CD8" T and NK cells since they are critical for
antitumor immunity. Flow cytometry analysis of bladder digests at day 15 revealed that
intravesical MTBVAC recruited significantly more CD45" immune cells, as well as CD4™,
CD8" and NK cells to the bladder than BCG Tice or MTBVAC AE6C10 (Figure
32B,C,D.,E). Interestingly, T cell infiltration into the bladder following intravesical
instillation correlated with bacterial load in the bdLNs of the same mice (Figure 32E,F),
meaning that bacterial access to the lymph node is critical for mediating T cell recruitment
to the bladder. At the same time, when the ability of the bacteria to colonize the bladder is
reduced, as in BCG and MTBVAC AE6CI10, its potential to migrate to the bdLNs is

hindered, as is its capacity to induce T cell recruitment to the bladder.
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Figure 32. Mice were treated intravesically weekly with 5x10° CFUs of different live-attenuated
mycobacteria. At day 15, bladders were processed into single cell suspensions and distinct
immune cell subsets were quantified by flow cytometry (A-D). In E and F, correlation between
absolute numbers of CD4" and CD8" T cells and bacterial CFUs cultured from bladder draining LNs
are shown. n = 6-16 mice/group, from two independent experiments.

Lastly, to determine whether the observed differences between strains influenced the
antitumor efficacy of the bacteria following intravesical treatment, we conducted survival
experiments in mice bearing MB49 bladder tumors. The therapeutic efficacy of the
MTBVAC AE6C10 strain was substantially reduced to that observed with BCG Tice, with
only 8% of the mice surviving at the end of the follow-up, in contrast to 60 % of mice
becoming tunor-free in the MTBVAC-treated group (Figure 33). Thus, our results suggest
that the expression of ESAT6 and CFP10 proteins by MTBVAC enhances its ability to

colonize the bladder as well as its efficacy against MB49 bladder tumors, whereas their

absence compromises the efficacy of BCG.
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Figure 33. Survival of mice implanted with MB49 cells in the bladder and treated with intravesical
PBS, MTBVAC or E6C10 MTBVAC mutant following the indicated schedule. n = 12 mice per group,
from two independent experiments.

4.7  Immunological mechanism of action of MTBVAC intravesical therapy

for bladder cancer
In the next section we turn away our focus from the bacteria to the host immune system
and study the antitumor immune responses induced against MB49 bladder tumors to reveal

the mechanism of action of bacterial immunotherapy for bladder cancer.

4.7.1 CD4" and CD8" T cells but not NK cells control the growth of MB49

bladder tumors

First, to better understand immunological aspects of our model, we induced bladder tumors
and treated mice with depleting antibodies to study the contribution of different immune
cell subtypes to tumor control. We found that both CD4" and CD8" T cells were required
for controlling tumor growth of MB49 tumors, since mice separately depleted of these cells
quickly succumbed due to tumor burden in the bladder (median survival of 14 and 16 days

vs 35 days in control non-depleted mice, Figure 34).

In contrast, tumors were not more aggresive in mice undergoing NK cell depletion (median
survival: 37 days) compared to control mice, showing that these cells are not involved in
bladder tumor control at least in the absence of treatment (Figure 34). Thus, MB49 bladder
tumors are preferentially controlled by CD4"and CD8" T cells.
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Figure 34. Survival of mice implanted with MB49 cells in the bladder and treated with immune cell
depleting antibodies from day 2 until endpoint. n = 6-12 mice per group, from two independent
experiments.

4.7.2 Immunological pathways required for effective bacterial

immunotherapy

BCG immunotherapy for bladder cancer has been demonstrated to rely on the adaptive
immune system in preclinical animal models**>*%*, and a key role for CD4" and CD8" T
cells has been suggested in humans®*°. To determine which immune pathways are involved
in the antitumoral mechanism of action of intravesical immunotherapy for bladder cancer
with MTBVAC, we used different mouse strains lacking key molecules involved in

antitumor immunity.

First, intravesical MTBV AC treatment was completely ineffective in MB49-bladder tumor
bearing mice lacking either IFN-y or perforin (Figure 35). Loss of efficacy in the absence
of IFN-y was already described for intravesical BCG*, and together with our findings
evidence that bacterial immunotherapy does not rely on direct tumor cell cytotoxicity by
bacterial infection, but on a coordinated antitumor immune response in which IFN-y plays
a key role. Loss of efficacy of bacterial therapy in the absence on perforin suggests that the
cytotoxic activity of either CD8" T cells, NK cells or other subsets of innate-like

lymphocytes mediated by the perforin/granzyme pathway is required for treatment success.
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Figure 35. Survival of mice implanted with MB49 cells in the bladder and treated with intravesical
PBS or MTBVAC following the indicated schedule. n = 6 mice per group for IFN-y”* from one
experiment and n = 12 mice per group for Perf’- mice, from two independent experiments.

Next, we induced bladder tumors in Ragl”* mice, which lack T and B cells, and thus do not
have a functional adaptive immune system. Intravesical MTBV AC minimally extended the
survival of Ragl” mice bearing MB49 bladder tumors. Although statistical significance
was reached between control and treated groups, intravesical MTBVAC only improved
median survival by 2 days and no complete remissions were observed, in contrast to WT
mice in previous experiments (Figure 36). This result, coupled with the lack of antitumor
activity in mice lacking perforin, suggests that perforin-mediated killing of tumor cells by

T cells is critical for the success of this type of therapy.
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Figure 36. Survival of mice implanted with MB49 cells in the bladder and treated with intravesical
PBS or MTBVAC following the indicated schedule. n = 6 mice per group, from one experiment.
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Surprisingly, mice lacking Granzyme B (GzmB™") were completely protected from tumor
growth in the bladder (Figure 36). Although we did not further follow this line of research,
this result is consistent with previous work describing that GzmB™" mice are protected from
tumor growth since T regulatory cells (Tregs) are able to kill effector CD8" T cells by a
GzmB-dependent mechanism®®’. Unpublished results from Julidin Pardo laboratory
(personal communication) also show that EL-4 tumors are rejected in GzmB™ mice, and
we also have observed that GzmB~”* mice inoculated with B16-F10 melanoma cells by the
intravenous route fail to develop lung metastases, in contrast to their WT counterparts (data

not shown).

Additionally, if we compare the growth rate of bladder tumors in WT mice to three of the
KO strains described in the untreated setting (Figure 37), we observe that IFN-y, perforin
and the adaptive immune system contribute to spontaneous immunity against bladder

tumors even in the absence of treatment.
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Figure 37. Survival of mice implanted with MB49 cells in the bladder. n = 6 mice per group and n
=12 for WT, pooled from various experiments.

Next, we inoculated mice deficient for Toll-like receptor 4 (TIr4”") with MB49 cells in the
bladder and followed-up tumor growth. Results showed that TIr4” mice treated with
intravesical MTBVAC did not survive more than the control group, meaning that host
TLR4 expression is needed for successful bacterial immunotherapy for bladder tumors

(Figure 38).
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Figure 38. Survival of mice implanted with MB49 cells in the bladder and treated with intravesical
PBS or MTBVAC following the indicated schedule. n = 7 mice per group, from one experiment.

Although further research is needed, this finding could mean that TLR4-mediated sensing
of MTBVAC triggers an initial inflammatory response which would be needed for inducing
efficient antitumor immune responses in the bladder. Alternatively, TLR4 could be required
for sensing immunogenic bladder tumor cell death by DCs, driving their maturation and

subsequent priming of tumor-specific T cells in the LNs.

4.7.3 Recognition of MHC-I in bladder tumor cells by CD8" T cells is

required for bacterial immunotherapy

Given that intravesical bacterial immunotherapy critically depended on IFN-y and perforin
and that CD8" T cells were needed for the control of MB49 tumors in the untreated setting,
we wondered whether disrupting the MHC-I/TCR interaction between tumor cells and the
CDS8" lymphocytes would affect tumor growth, both in the untreated and treated scenarios.
To test this, we disrupted the p2-microglobulin gene in MB49 cells (MB49-B2m™) using
CRISPR/Cas9, abolishing surface MHC-I expression even when cells were exposed to

IFN-y for 24 hours (Figure 39).
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Figure 39. Flow cytometry analysis of MHC-I (H2-K°) expression by parental or B2m”MB49 cells.

Survival follow-up showed that mice bearing MB49-B2m™" bladder tumors succumbed
earlier to tumor burden than mice bearing parental MB49 tumors (Figure 40), meaning that
recognition of tumor cells via MHC-1 by CD8" T cells plays an important role in the control
of tumor growth in the bladder in the absence of treatment. Interestingly, intravesical
MTBVAC treatment extended the survival of mice bearing B2m™ tumors, but to a much
lesser extent than in MHC-I sufficient tumors. Since MB49 tumors lacking MHC-I should
be more susceptible to NK cell mediated attack, this result suggests that intravesical
MTBVAC could be enhancing the antitumor function of NK cells or other innate immune

cells but that it is not enough to achieve long term responses, for which CD8" T cells are

needed.
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Figure 40. Survival of mice implanted with WT or B2m”- MB49 cells in the bladder and treated with
intravesical PBS or MTBVAC following the indicated schedule. n = 7 mice per group, from one
experiment.
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4.7.4 Intravesical MTBVAC treatment upregulates MHC-I and MHC-II in
the bladder in vivo by an IFN-y dependent mechanism

Next, we wanted to test whether intravesical bacterial treatment was favoring tumor cell
recognition by CD8" T cells. For this, we made use of GFP-expressing MB49 cells, which
allowed us to specifically analyze MB49 cells in tumor digests by flow cytometry, as shown

in Figure 41 with non-fluorescent MB49 tumors as a control.
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Figure 41. Mice were implanted with either parental MB49 or GFP-expressing MB49 cells
orthotopically in the bladder and tumors were analyzed by flow cytometry at day 12. Shown are
representative contour pltos for the identification of GFP-expressing tumor cells. Representative
of n = 6 mice/group.

In the following experiments, we decided to analyze bladder tumors by flow cytometry at
day 12 post tumor cell inoculation (Figure 42A). We chose this timepoint because it
allowed us to perform two intravesical treatments before analysis and, most importantly,
because it was a timepoint in which tumors were still present in treated mice, which was
important to avoid performing the analysis after the tumor had already regressed. Even
though bladder tumors were still evident in treated mice at day 12, they were already
smaller in weight compared with untreated mice but still bigger than naive bladders (Figure
42B), demonstrating an antitumoral effect that later would translate in the improved

survival observed in previous experiments.

Analysis of digested bladder tumors by flow cytometry revealed that intravesical
MTBVAC upregulated MHC-I in the surface of GFP™ CD45™ tumor cells (Figure 42D). We
wondered whether this effect was mediated by IFN-y, since MHC-I and MHC-II expression
in MB49 cells increases when exposed to this cytokine in vitro (Figure 42C). The increase

in MHC-I expression in tumor cells caused by intravesical treatment in vivo was completely
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abrogated in Ifny”” mice (Figure 42D), showing that modulation of MHC-I expression was
not due to a direct interaction of the bacteria with tumor cells, but to an indirect mechanism
mediated by immune cell-derived IFN-y. Depletion experiments performed in the next
sections (described later on) revealed that CD4" and CD8" T lymphocytes, both well-
known IFN-y-producing cells, were needed for MHC-I upregulation on tumor cells after
bacterial immunotherapy (Figure 43B), with CD4" T cells appearing as the most important
subset. Altogether, these results reflect that bacterial immunotherapy drives MHC-I
upregulation on the tumor cell surface in an IFN-y- dependent manner, an event that might

be crucial to enhance tumor cell recognition by CD8" T cells.
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Figure 42. Mice were treated as summarized in (A). (B) Bladder tumor weights at day 12, n = 10-
15 mice/group, from 2 independent experiments. (C) Expression of MHC-I (H2-K?) and MHC-II by
MB49 cells upon in vitro exposure to IFN-y for 24 h. (D) Representative contour plots and
quantification of MHC-I expression by tumor cells in vivo in different groups of mice treated as
shown in (A), n = 4 —5 mice/group, representative of two independent experiments.
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Further analysis of tumor digests revealed that intravesical MTBVAC also upregulated

MHC-II expression both in tumor and CD45" immune cells in an IFN-y dependent fashion

(Figure 43C,D), which could favor tumor cell recognition by CD4" T cells as well as

enhance antigen presentation to CD4" T cells by APCs such as macrophages, B cells or

DCs.
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Figure 43. Mouse were treated as shown in (A). (B) MHC-I expression (normalized to levels of the
MTBVAC group) by tumor cells in vivo in different groups of mice, n = 4-6 mice/group, from one
experiment. (C) Expression of MHC-II tumor cells and immune cells (D) in vivo, n = 4-5 mice/group,

from one experiment.
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4.7.5 Intravesical delivery of bacteria induces a tumor-specific immune

response

Next, we focused on studying whether intravesical MTBVAC treatment stimulated tumor-
specific adaptive immune responses, similarly to other immunotherapies such as
checkpoint blockade or therapeutic cancer vaccines®**2%. Currently, it is a matter of debate
whether bacterial immunotherapy for bladder cancer works by stimulating antitumor innate

400

immunity*®, or whether it relies on bacterial-specific adaptive immune responses**’ or on

improving tumor-specific responses*!.

In order to study tumor-specific responses in the MB49 model, we chose to evaluate the
response to endogenous tumor antigens, avoiding artificial overexpression of proteins such
as ovoalbumin (OVA). We took advantage of the fact that MB49 cells are of male origin
and express antigens contained in the HY chromosome, which are immune reactive when
implanted on female hosts**. T-cell epitopes derived from the HY chromosome have been
described, and CD4" and CD8" T cells specific for these epitopes (Dby for CD4 and Uty

403

for CD8) recognize and eliminate MB49 cells in vitro™-. Another antigen commonly used

in tumor immunology is the p15E immunodominant MHC-I antigen from the AKR/Gross
murine leukemia virus (MuLV)#04405
murine cancer cell lines, such as MB49, B16-F10, LLC or MC38*¢4%_Concretely, the
KSPWFTTL (p15E) peptide is known to drive H2-K®-restricted T-cell responses against

C57BL/6-derived tumors*®,

, an endogenous retrovirus which is present in some

Therefore, we implanted mice with MB49 bladder tumors and evaluated the immune
response against these antigens by ELISpot, consisting in overnight incubation of
splenocytes in the presence of the described peptides for the detection of antigen-specific
IFN-y secreting colonies (spots) of T cells. Of note, IFN-y spots obtained in the absence of
antigen stimulation were subtracted to those obtained in the presence of antigen to obtain

the number of antigen-specific IFN-y spots.

Our results showed that MB49 bladder tumors elicited spleen CD8" T cell responses to the
Uty and p15E peptides and CD4" T cell responses to the Dby peptide, whereas spots were
not detected when splenocytes from non-tumor bearing (naive) mice were used (Figure 44),
validating our method. As a control, splenocytes from mouse bearing MB49 tumors did not

respond to the OVA-derived OT-I peptide for CD8" T cells (Figure 44).
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Figure 44. Mice were orthotopically implanted with MB49 tumor cells in the bladder. At day 12,
splenocytes were obtained and incubated overnight with the indicated peptides to quantify IFN-y
producing colonies by ELISpot. n = 4-8 mice/group, from two independent experiments.

Next, we evaluated antigen-specific responses in mice bearing bladder tumors receiving

intravesical bacterial treatment (Figure 45). ELISpot assay revealed that intravesical

MTBVAC elicited superior Uty, Dby and p15E-specific T cell responses in comparison to

PBS or BCG-treated mice (Figure 45), which concurs with the improved survival observed

in mice receiving intravesical MTBVAC. These results evidence that intravesical

MTBVAC treatment stimulates tumor antigen-specific adaptive immunity in MB49 tumor

bearing mice.
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Figure 45. Mice were orthotopically implanted with MB49 tumor cells in the bladder and treated
as shown in the Figure. At day 12, splenocytes were obtained and incubated overnight with the
indicated peptides to quantify IFN-y producing colonies by ELISpot. n = 4-10 mice/group, from two
independent experiments.

Next, to test the functionality tumor-specific T cells, we performed in vitro killing assays
with splenocytes isolated from bladder tumor bearing mice against luciferin-expressing
MB49 cells (Figure 46). Our results revealed that splenocytes coming from mice treated
with MTBVAC were more cytotoxic towards MB49 cells compared with splenocytes
coming from untreated mice (Figure 46). Importantly, this enhanced cytotoxicity was
abolished when CD8" T cells were depleted during the treatment course (Figure 46). This

result corroborated that cytotoxicity was driven by CD8" T cells, and further demonstrates

that intravesical MTBV AC enhances tumor-specific immune responses systemically.
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Figure 46. Mice were treated as in Figure 45. A group received antiCD8 depleting antibodies at day
2 and 9. At day 12, splenocytes were obtained and seeded over luciferase-expressing MB49 cells
at a 100:1 E:T ratio. After 20 h, luminescence was measured and % cytotoxicity calculated in
reference to control wells incubated without splenocytes. n = 6-14 mice/group, from two
independent experiments.

As a third method of testing induction of tumor-specific immune responses, we used mice
from survival experiments which originally rejected their MB49 bladder tumors after
receiving intravesical MTBVAC treatment and survived until the 70-day experimental
endpoint (Figure 47). We performed a secondary challenge with MB49 cells in a distal
location, the flank, in survivors and naive mice as control. Follow-up of tumor growth
revealed that tumors progressed normally in naive mice but regressed in all survivors,
which evidences the generation of tumor-specific immune memory in these mice. To
determine whether memory responses were driven by T cells, we depleted CD4" and CD8*

T cells in a group of survivors before the secondary challenge. T cell depletion completely

prevented the rejection of a secondary tumor graft in survivor mice (Figure 47).
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Figure 47. Analysis of MB49 subcutaneous tumor growth in mice treated as shown in the Figure.
n =5 mice/group, from one experiment.

To strengthen our results, we used another cohort of survivor mice and performed
secondary challenges with MB49 cells in one flank and non-antigenically related B16-F10
cells in the contralateral flank. As expected, both tumors grew in naive mice, whereas in
survivors only MB49 tumors were rejected, further evidencing the generation of immune

memory against antigens contained in MB49 tumors (Figure 48).
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Figure 48. Analysis of MB49 and contralateral B16-F10 subcutaneous tumor growth in naive or
MBA49 survivor mice. n = 6 mice/group, from one experiment.
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As MB49 cells inoculated by the intravenous route metastasize to the lungs*”®, we also
tested whether MB49-bladder tumor survivors could reject an intravenous secondary
challenge with MB49 cells (Figure 49). We found that survivor mice rejected the
intravenous MB49 rechallenge, as no apparent lung tumor nodules were found 60 days after
the secondary challenge (Figure 49). In stark contrast, naive mice quickly succumbed
(median survival = 11 days) due to tumor burden in the lung, showing that immune memory

generated by bacterial immunotherapy was also effective against disseminated metastatic

disease.
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Figure 49. Survival of mice naive or MB49 survivor mice inoculated with MB49 cells intravenously.
Shown are representative images of the lungs after H&E staining from one mice per group.n=6
mice/group, from one experiment.

Finally, we tested whether the tumor-specific memory response relied on MHC-I

recognition of the tumor by CD8" T cells. For this, we rechallenged MB49-bladder tumor
survivors with MB49-B2m™ cells in the flank. Unexpectedly, MHC-I deficient MB49
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tumors were still rejected in 4 out of 5 survivors, whereas they progressed normally in naive
mice (Figure 50). This result suggested that memory CD4" T cells were sufficient for
driving tumor rejection upon a secondary graft in the absence of CD8" T cell-mediated
recognition of tumor cells. We further confirmed this hypothesis by depleting CD4" T cells
before the secondary challenge with MHC-I deficient tumor cells, which completely
abrogated tumor rejection in 3 out of 3 mice tested. Surprisingly, NK cell depletion during
rechallenge in survivor mice similarly abolished tumor rejection in 3 out of 3 mice (Figure
50), suggesting that the tumor-specific memory CD4" T cells functioned by stimulating NK

cell mediated killing of tumor cells.
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Figure 50. Analysis of B2m7 MB49 subcutaneous tumor growth in mice treated as shown in the
Figure. n = 3-5 mice/group, from one experiment.

4.7.6 Requirement of CD4"and CD8" T cells for bacterial immunotherapy

Considering that intravesical MTBV AC stimulated tumor-specific T cell responses, in this
section we depleted separately CD8" or CD4" T lymphocytes during the course of
intravesical treatments to test the contribution of these cells to the antitumoral effect (Figure

51A).

First, we observed that bladder weights were significantly higher in CD8" and specially in
CD4" T cell-depleted mice compared with controls at day 12 post tumor cell inoculation
(Figure 51B), underscoring the importance of adaptive immunity for MTBVAC therapeutic
effect. Additionally, depletion studies revealed that both CD8" T-cell infiltration into
bladder tumors as well as Uty and p15E-specific CD8" T cell responses were abrogated in
the absence of CD4" T cells (Figure 51C,D,E). However, the Dby-specific response
mediated by CD4" T cells was still present in CD8" depleted mice (Figure 51F), suggesting

that the initiation of tumor-specific CD4" responses is independent of CD8" T cells.

Collectively, these results suggested that intravesical MTBVAC potentiates tumor-specific
CD4" T cell responses, which are necessary for the priming of tumor-specific CD8* T cells

and their infiltration into MB49 bladder tumors.
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Figure 51. (A) Mice were implanted orthotopically with MB49 cells in the bladder and treated with
MTBVAC at days 3 and 10. Two groups received CD4 or CD8 depleting antibodies at days 2 and 9.
(B) Bladder tumor weights at day 12. (C) Quantification by flow cytometry of the absolute number
of CD8* T cells per mg of tumor. (D,E,F) IFN-y ELISpot using splenocytes of the indicated groups of
mice incubated with Uty, p15E or Dby tumor-specific peptides overnight. n = 4-8 mice/group, from

two experiments.

Next, we focused on the myeloid cell compartment, finding that intravesical MTBVAC
treatment increased iNOS expression in bladder CD11b" CD64" macrophages compared to
PBS controls (Figure 52). Increased iNOS expression in macrophages has been associated
with success of aCTLA4 + oPD-L1 immunotherapy and was attributed to CD4" T cell-
derived IFN-y*®*0 In a similar manner, CD4" T cell depletion during intravesical treatment

abrogated the observed increase in iNOS" macrophages (Figure 52).

. Gated on CD45*

B 407 kkk  KEX
o —
= 30 ®
[T
o ®
+“,20-
[ J
210- ® |o
< oLB* ] [ ]
> O >
A\ o
&¢ O
A\ K\g
N
3

Figure 52. Mice were treated as in Figure 51. At day 12, macrophages were analyzed in bladder
tumors by flow cytometry. Shown are representative contour plots and quantification of iNOS
expression by macrophages infiltrating bladder tumors, n = 4-8 mice/group, pooled from two

experiments.
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We next assessed whether intravesical MTBV AC treatment caused phenotypical alterations

within the tumor-infiltrating T cell compartment.

Gated on CD8*T cells

A B 4 FMO PBS MTBVAC
o ; PD-1+
ives PBS or MTBVAC e
| ! L i JUPENYS
0 3 10 15

10"
22,5 %
4 05 T 2
R T

C  PD1'LAG3* PD-ILAG3- PD-11AG3- P  PD-1°LAG-3* PD-1'LAG-3 PD-1'LAG-3"
%k %k % *

w8y T ' 80 . » 807 80 "

— (]

Seol8 , 60 Tl o 00 sty . By

= o’ o8° < . 40 °

Rl o 40 Jaoq ¢ 4

8 o °® (&) ® 5 :;_.

'5 20 20 o '—: '06 20 ° 20 R !

R oL —3 ol s o7 =} E— oL 5 et
& & & & & évc’ & évc’

N N & &

Figure 53. Mice were treated as shown in (A). At day 12, expression of PD-1 and LAG-3 in bladder
TILs was analyzed by flow cytometry. Shown are representative contour plots and quantification
for n = 8 mice/group, from two experiments.

Analysis of bladder tumors at day 12 revealed a significant reduction in the proportion of
CD8" T cells expressing the inhibitory receptors PD-1 and LAG-3 in the MTBVAC group
(Figure 53B,C), a phenotype associated with T-cell exhaustion*!!. Interestingly, a reduction

in the PD-1" LAG-3" exhaustion signature was also observed in CD4" T cells (Figure 53D).

To determine whether reduced exhaustion levels correlated with improved functionality,
we stimulated bladder tumor single cell suspensions ex vivo with PMA and ionomycin to
detect cytokine expressing T cells. A higher proportion of tumor-infiltrating CD8" and
CD4" T cells expressed IFN-y in mice receiving intravesical MTBVAC (Figure 54A,B),
which demonstrates improved functionality of these cells. Moreover, a higher proportion
of tumor-infiltrating CD4" T cells expressed the costimulatory ligand ICOS in mice
receiving intravesical MTBVAC (Figure 54C), a marker which delineates a CD4" subset
with enhanced effector function, cytokine secretion and activation*'>*14. Of note, not only

T cells were stimulated, since NK cells also secreted higher levels IFN-y when stimulated
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with PMA and ionomycin in treated mice compared to controls (Figure 54D), evidencing

widespread stimulation of antitumor immunity by bacterial therapy.
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Figure 54. Mice were treated as shown in (A). IFN-y and ICOS expression in distinct cellular subsets
was analyzed by flow cytometry. n = 8 mice/group, from two experiments (IFN-y in T cells) and n
=4 mice/group from one experiment (ICOS in CD4* T cells and IFN-y in NK cells)

4.7.7 Involvement of type 1 conventional Dendritic Cells in the mechanism
of action of bacterial immunotherapy for bladder cancer

cDCls are responsible for the processing and cross-presentation of tumor antigens and are
essential for the priming of tumor-specific CD4" and CD8" T cell responses’>’>*13. Given
that MTBVAC intravesical treatment enhanced tumor-specific immunity, we wondered

whether ¢cDCls play a role in driving bacterial immunotherapy efficacy for bladder cancer,

which to our knowledge has never been studied.

First, we identified cDCls in the bladder by flow cytometry 12 days after tumor cell
inoculation and distinguished them from ¢cDC2s by expression of XCR1 and not SIRPa,
(Figure 55). As expected, XCR1" SIRPa ¢cDC1s were selectively absent in bladder tumors

from Batf3”" which selectively lack this cellular subset’>.
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Figure 55. Flow cytometry analysis of cDC1s in MB49 orthotopic bladder tumors of wild-

type (WT) and Batf3”" mice. Shown are representative contour plots of # = 5 mice/group.

Flow cytometry analysis of bladder tumors at day 12 revealed that intravesical MTBVAC
recruited cDCls to the tumor site (Figure 56), and ¢cDCls from treated mice expressed
higher levels of the costimulatory molecule CD86 in the tumor and of CD86 and the
receptor CD40 in the bdLNs (Figure 56), evidencing higher activation status and T cell

stimulatory potential.
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Figure 56. Mice were treated as shown in the Figure. Absolute numbers of cDC1s per mg of tumor
and expression of CD40 and CD86 were analyzed by flow cytometry in bladder tumors and/or
bladder draining LNs.

Next, we wondered whether MTBVAC treatment was favoring cDC1 upload with tumor-
associated material to drive improved priming of tumor-specific T cells in the bdLN. To
test this, we inoculated mice with ZsGreen-expressing MB49 cells to identify immune cells
that had engulfed tumor-associated material. ZsGreen, unlike GFP, maintains its green
fluorescence (wavelength emission peak: 509 nm) within intracellular compartments
following phagocytosis, allowing us to track cells that have ingested fluorescent tumor-
associated material*!*!7. We focused on tumor draining LNs, where antigen presentation
to T cells occurs, and found that ZsGreen positivity was restricted mainly to the cDC1 and
cDC2 compartment (Figure 57). Importantly, our results showed that a higher percentage
of bdLN ¢cDCls contained ZsGreen in mice which received intravesical MTBVAC

treatment.
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Figure 57. Mice were implanted orthotopically with ZsGreen-expressing MB49 cells and treated
as shown in the Figure. At day 12, ZsGreen expression by distinct cellular subsets in the bdLN was
analayzed by flow cytometry. n = 8 mice/group, pooled from two experiments.

Altogether, these findings suggested that intravesical MTBV AC favoured the migration of

tumor-antigen loaded and activated cDCls from the tumor to the bdLNs, which could
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explain the improved tumor-specific responses observed in treated mice. A plausible
explanation could be that MTBVAC is mediating tumor-cell death in the bladder by
stimulation of innate immune cells such as NK cells or macrophages, providing
immunogenic tumor cell debris to cDCls, although this hypothesis merits further

investigation.

To confirm a functional role for cDCls in driving the therapeutic response to MTBVAC,
we evaluated the survival of Batf3”" mice bearing MB49 bladder tumors. MTBVAC
antitumor effect was completely abrogated in Batf3”" mice, in contrast to WT (Figure 58A),
and these animals presented significantly higher bladder weights at day 12 after tumor cell
inoculation compared with MTBVAC-treated WT mice (Figure 58B). Of note, untreated
Batf3”" mice succumbed earlier to tumor burden than untreated WT mice (Figure S8A),

meaning that cDCl1s are needed for spontaneous immune responses against MB49 bladder

tumors.
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Figure 58. WT or Batf3-deficient mice were implanted orthotopically with MB49 cells in the
bladder. (A) Follow-up of mice survival, n = 10 mice/group, from two independent experiments.
(B) In separate experiments, bladder weights were measured at day 12, n = 7-9 mice/group, from
two independent experiments.

We further analysed MB49 bladder tumors from mice lacking cDC1s (Figure 59A), finding
that Batf3 deficiency abrogated MTBVAC-induced recruitment of CD8" T cells (Figure
59B). Since we described that MTBVAC enhanced tumor-specific immune responses, we
evaluated the response to the tumor antigens Uty and Dby in splenocytes by ELISpot and
found that lack of ¢cDCls completely abrogated Dby, Uty and pl15E-specific responses

(Figure 59C,D,E). Finally, we also measured MHC-I expression on MB49 tumor cells from
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the bladders of Batf3”" mice, finding that its upregulation driven by intravesical MTBVAC
was precluded when cDCls were absent (Figure 59F). Lastly, improved in vitro
cytotoxicity against MB49 cells was abolished when splenocytes from MTBVAC-treated
Batf3” mice were used (Figure 59G).

Altogether these results show that Batf3-dependent cDCls are essential for the recruitment
of CD8" T cells to the bladder, for the induction of CD4" and CD8" tumor-specific
responses and for the resulting MHC-I upregulation on tumor cells, all of them driven by
intravesical MTBVAC treatment. Consequently, treatment efficacy was abrogated in mice

lacking cDCl1s, meaning that absence of tumor-specific responses translates into loss of

tumor growth control in the bladder.
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Figure 59. Mice were treated as shown in (A). (B) At day 12, absolute numbers of CD8" T cells
infiltrating bladder tumors were analyzed by flow cytometry. (C,D,E) ELISpot analysis of IFN-y
production by splenocytes following overnight incubation with the indicated peptides. (F) MHC-I
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expression (fold-change vs WT MTBVAC group) by tumor cells in vivo. (G) Splenocyte-mediated
cytotoxicity against luciferase-expressing MB49 cells in vitro. n = 4 (one experiment) or n = 8 (two
independent experiments) mice/group, depending on the figure.

4.7.8 Combination of intravesical MTBVAC and systemic anti-PD-L1

checkpoint blockade induces efficient antitumor immunity

In previous sections we demonstrated the ability of intravesical MTBVAC to induce
therapeutic responses in a setting of low tumor burden, since intravesical treatment was
started at day 3 after tumor cell implantation. At this timepoint, there still was not overt
outgrowth of tumors into the bladder lumen, but small tumors could be spotted in the
epithelial layer (Figure 60). Importantly, at day 3 there are not visible signs of hematuria.
MB49 bladder tumors quickly progressed, and at day 6 substantial growth into the bladder
lumen and invasion of the lamina propria but not of the muscle layer can be observed
(Figure 60). At the same time, hematuria starts to be apparent in mice around the day 6

timepoint, concurring with the tumor growth observed.

Day 6

Figure 60. H&E staining of bladder tumors at day 3 or 6 post MB49 tumor cell inoculation. Tumor
area is outlined in yellow. L : lumen, T : tumor, LP : lamina propria, M : muscularis. Images are
representative of n = 3 mice/timepoint.
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Therefore, in this section we wanted to test intravesical MTBVAC in already stablished,
advanced bladder tumors, by starting treatments at day 6 after tumor implantation,
modelling a high tumor burden scenario. As we expected this tumor to be difficult to treat,
and since it is a promising strategy for both muscle and non-muscle invasive bladder cancer
in the clinic, we also wanted to test the combination of intravesical bacterial therapy with

systemic PD-L1 blocking antibodies.

Several observations led us to devise this strategy. First, flow cytometry analysis of MB49-
GFP tumor-bearing mice revealed that both CD45" GFP" (tumor cells) and CD45% SSC™
(mostly myeloid cells) compartments showed PD-L1 upregulation after intravesical
MTBVAC treatment. Using mice lacking IFN-y, we found that PD-L1 upregulation was
completely reliant on host IFNy, since PD-L1 upregulation by intravesical MTBVAC was
completely abrogated in the absence of this cytokine (Figure 61 and Figure 62). Cell
depletion studies and use of Batf3” mice revealed that the upregulation of PD-L1 on tumor
and immune cells caused by intravesical treatment depended on CD4" T cells and Batf3-

dependent cDCls, but not on CD8" T cells (Figure 61 and 62).

This result indicated that, as was the case with MHC-I, it is the immune system that drives
enhanced PD-L1 expression in the bladder TME in response to intravesical treatment.
Overall, we hypothesize that IFN-y-secreting CD4" T cells primed by c¢DCls are
responsible for driving PD-L1 upregulation in the TME, which could be hindering the

therapeutic potential of the treatment.
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Figure 61. Mice were treated as indicated in the Figure and PD-L1 expression levels in tumor cells
was assessed by flow cytometry.
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Figure 62. Mice were treated as indicated in the Figure and PD-L1 expression levels in immune
cells was assessed by flow cytometry.

Therefore, we tested the combination of intravesical bacterial treatments with PD-L1
blockade administered systemically in the MB49 orthotopic bladder cancer model. We
decided to start PD-L1 treatment at day 11 (Figure 64), around the timepoint in which we
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observed PD-L1 upregulation in the bladder following intravesical treatment. Intravesical
treatments were initiated at day 6 post tumor cell inoculation and continued once every

week for a total of 6 (Figure 64).

Use of luciferase-expressing MB49 cells allowed us to quantify tumor-burden in mice by
luminescence measurement (performed in two of the three experiments shown in the
survival graph) at day 6, confirming homogeneous tumor-burden between groups before
the start of the treatments (Figure 63). Luminescence measurements were discontinued
after day 6 since they involved mouse anesthesia, which in our hands could lead to the
death of mice during the procedure because of their weakened state when bearing bladder

tumors.

Day 6

ns between groups

MB49-ZsGreenluc
ives
! |

|
0 6 days

Luminiscence

Measure luminiscence
before treatment start

Figure 63. Mice were inoculated with ZsGreen/luciferase-expressing MB49 cells in the bladder and
luminescence was analyzed on day 6, following administration of D-luciferin.

Follow-up of mice revealed that intravesical MTBVAC given as monotherapy was
successful in driving tumor regression in this treatment setting, with 9 out of 15 mice found
tumor-free by macroscopic visualization and histological analysis at day 70 post tumor cell
inoculation (Figure 64). Strikingly, combination of intravesical MTBVAC with systemic
aPD-L1 induced complete tumor rejection in all mice tested across the three independent
experiments conducted (14 out of 14), significantly improving MTBVAC given as a
monotherapy. In stark contrast, intravesical BCG or aPD-L1 alone did not provide any
survival advantage compared to control PBS. However, the BCG + aPDL1 combination
performed significantly better than PBS or BCG alone, although substantially lower than
MTBVAC + oPDL1 and comparable to MTBVAC alone (Figure 64).
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These results evidence that intravesical MTBVAC treatment can eradicate established
bladder tumors in addition to being effective in a lower tumor burden scenario, such as
when treatment was started at day 3 post tumor cell inoculation. Additionally, our data
suggests that intravesical bacterial therapy can be improved by combination with systemic

PD-L1 blockade.
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Figure 64. Mice were implanted with MB49-ZsGLuc bladder tumors and treated as indicated in the
Figure. Mice were followed-up for survival until day 70. n = 9-15 mice/group, from three
independent experiments.

Lastly, a reasonable concern for intravesical MTBVAC translation to the clinic would be
the safety of the treatment. Safety of MTBVAC administered intradermally has already
been shown in clinical trials**®, but intravesical inoculation is a new application for which
safety must be proven first in preclinical studies. As a first approximation, we evaluated
bacterial load in the bladder and bdLNs of mice which survived MB49 bladder tumors after
six weekly MTBVAC intravesical treatments. Out of five mice analyzed at day 90 after
tumor cell inoculation (50 days after the last intravesical treatment), we could not culture
any bacilli from the bladder or bdLNs, which are the organs most exposed to bacteria.

Although this evidences that MTBVAC does not persist in the host for a long time after
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intravesical instillation in tumor-bearing mice, additional safety studies are warranted, such
as bacterial load evaluation in other organs, histopathological analysis and inoculation in

immune-deficient mice.

4.8 Resistance of bladder tumors to bacterial immunotherapy involves

upregulation of [FN-y-stimulated genes

During survival experiments we observed that some mice which received intravesical
MTBVAC treatment showed initial apparent regression of their bladder tumor, evidenced
by absence of palpable tumor and no visible hematuria. Some of these mice developed long
term remissions, with no tumor outgrowth at later stages and no visible tumors upon
necropsy at the day 70 experimental endpoint. However, some mice relapsed, and tumors
reappeared between 30- and 50-days post tumor cell implantation. We isolated one of these
tumors, which arose at day 50 after tumor inoculation, and established a cell line from it
which we called Res50. We initially hypothesized that this cell line could be resistant to
intravesical MTBVAC treatment representing a common scenario in the clinic, in which a
high proportion of tumors are refractory to treatment, and that it would allow us to study

mechanisms of resistance to this type of immunotherapy.

Therefore, we implanted Res50 tumors orthotopically and treated them with MTBVAC
starting at day 3. We corroborated that Res50 tumors were resistant to intravesical therapy
in contrast to MB49 parental tumors (Figure 65). Interestingly, Res50 tumors did not grow
faster than parental MB49 in the absence of treatment, evidencing that differences only
arose under pressure exerted by treatment. Thus, we generated a bladder cancer cell line

which generated tumors resistant to intravesical MTBVAC treatment.
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Figure 65. Mice were implanted orthotopically with MB49 or Res50 bladder tumors and treated
as indicated in the Figure. Mice were followed-up for survival until day 70. n = 6 mice/group, from
one experiment.

Resistance to immunotherapy can arise due to immunoediting, which involves the selection
of clones that have lost expression of immunogenic neoantigens and thus are less prone to
be recognized by CD8" T cells*'®. Although we did not compare neoantigen expression
between MB49 and Res50 tumor cells, we thought that loss of immunogenicity would have
made Res50 cells to grow more aggressively than parental MB49 in the absence of
treatment as with B2m”~ MB49 tumors, but this was not the case (Figure 65). Instead,
differences between the two tumors only became apparent when treatments were

administered.

Another mechanism of tumor resistance to immunotherapy is loss of MHC-I expression
due to mutations on the antigen presentation machinery, which hinders recognition of tumor
cells by CD8" T cells*'**!. Additionally, mutations in the tumor-intrinsic IFN sensing
pathway (such as Jak1, Ifngr, Ifnar or Stat] mutations)****?2, can also preclude upregulation
of MHC-I following IFN sensing, which we have shown to be a key step in the mechanism
of action of bacterial immunotherapy. Therefore, to check whether Res50 had developed
defects in the antigen presentation machinery or IFN sensing we exposed them to IFN-y or
IFN-a in vitro and analyzed IFN-stimulated genes such as MHC-I, MHC-II, PD-L1 and
Qa-1° (a NKG2A/C/E ligand), and LGALS9 (a TIM-3 ligand). Surprisingly, we found that
Res50 cells expressed higher basal MHC-I levels than parental MB49, and this difference
was still observed when cells were exposed to either type of IFN for 24 h (Figure 66).
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Surprised by the fact that tumor cells with very high MHC-I expression were resistant to
bacterial immunotherapy, we analyzed other IFN stimulated genes which can inhibit CD8"
T cell function. For instance, basal expression of PD-L1 did not differ between both cell
lines (Figure 66). However, after IFN-y or a exposure, Res50 upregulated PD-L1 to higher
levels than parental MB49 cells (Figure 66).

Although MHC-II expression on tumor cells can make them amenable to CD4" T cell
targeting, it can also function as an inhibitory ligand for T cells upon ligation of LAG-3%%.
In MB49 and Res50 cells only IFN-y but not IFN-a exposure increased MHC-II expression
(Figure 66). As with PD-L1, Res50 upregulated MHC-II to a higher extent than parental
MB49 cells after incubation with IFN-y, although basal levels did not differ between both

cell lines (Figure 66).
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Figure 66. Flow cytometry analysis of the expression of different surface markers by MB49 and
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Res50 tumor cells in vitro either unstimulated or stimulated for 24 h with 50 ng ml?! of IFNa or
IFNy. Results shown are pooled from two independent experiments run in triplicates.

The human HLA-E homolog Qa-1° is a non-classical MHC molecule which binds the NK
and CD8" T cell inhibitory receptor CD94/NKG2A. We found that parental MB49 cells
expressed detectable levels of surface Qa-1° and upregulated it in response to IFN-a or v,
as expected (Figure 66). Interestingly, Res50 cells expressed higher levels of this inhibitory
molecule in basal conditions and when stimulated with IFN (Figure 66), similarly to that

observed for MHC-I.

Lastly, Galectin9 (LGALS9), an inhibitory ligand Tim-3 on CD8" T cells**, was also found
elevated in Res50 cells over MB49 cells, both in untreated and treated conditions (Figure

66). Of note, the expression of this molecule was preferentially induced by IFN-a.

Altogether, these results suggest that Res50 cells have a more active IFN sensing pathway
which leads to enhanced expression of IFN-induced inhibitory ligands such as PD-L1, Qa-
1, MHC-II or LGALS9, which could explain their resistance to intravesical bacterial
immunotherapy with MTBVAC. It will be interesting to test in the future whether
therapeutic blockade of this inhibitory ligands (antiLAG-3, antiNKG2A, antiTIM-3) could

sensitize these resistant tumors to intravesical immunotherapy with MTBVAC.

4.9 Discussion

Intravesical BCG, one of the first cancer immunotherapies approved by the FDA, has been
the gold-standard therapy against NMIBC for more than four decades. Despite its success,
there is a wide margin for improvement and the mechanism of action of this treatment
remains incompletely understood, both from the point of view of the bacterial determinants

of protection and the host immunological mechanisms.

This treatment fails in up to 50% of patients, considering recurrence episodes and treatment
withdrawals due to severe adverse events, representing approximately 10% of cases.*?’
Around 70% of the patients who suffer recurrence episodes following BCG treatment
undergo progression to T2 muscle-invasive disease, with radical cystectomy being the only

426

therapeutic option in the clinical practice™”. Moreover, BCG is not a unique strain but a

diverse family of substrains with genetic heterogeneity. As a result, there are phenotypical

differences among BCG substrains with respect to antigenicity and reactogenicity?****’. In
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fact, some studies have reported differences between the BCG strains Connaught and Tice
in preventing NMIBC recurrence and progression®’**”. In this regard, MTBVAC
represents a well-characterized vaccine strain which would eliminate the need to use BCG
strains differing in efficacy. Importantly, use of MTBVAC for bladder cancer treatment
might allow a reduction of the bacterial dose and/or number of instillations, which could
lower the incidence of adverse effects which are produced currently by BCG*?®. Therefore,
it will be interesting to determine the antitumoral efficacy of decreasing doses of MTBVAC

in bladder tumor-bearing mice and compare it with the standard dose of BCG.

It is believed that close contact between BCG and the bladder epithelium is needed to
achieve an optimal therapeutic effect in bladder cancer*”. Indeed, blocking of BCG
attachment to the bladder in vivo using fibronectin-directed antibodies impaired treatment

385

efficacy in mouse models”®. A lower antitumoral potency of heat-killed BCG has also been

reported**°

, suggesting that bacteria do not bind passively to bladder epithelium, but that
instead they actively execute this process. Several studies have hypothesized that BCG
infects bladder tumor cells in vivo, and that this is a key step in order to achieve an
antitumoral effect®!’*!. As a response to BCG infection, tumor cells would release
proinflammatory cytokines which would in turn activate the immune system?*4*2, In
addition, it has been proposed that BCG-infected tumor cells express BCG derived antigens
in MHC that may be targeted by BCG-specific T cells**?. However, these hypotheses rely
mostly on in vitro experiments, and definitive prove that BCG infects tumor cells in vivo is
lacking, both in humans and mouse models*?. In the mentioned studies, bladder tumor cells
seeded in a 2D monolayer in vitro were exposed to high MOIs of BCG for as long as 24
hours. This allows bacteria to enter in contact with tumor cells simply by gravity force, and
most likely does not accurately reflect the environment that BCG encounters in the bladder
following an intravesical instillation which is maintained in the bladder for only 2 hours.
Indeed, some studies found that in urine samples from patients undergoing intravesical
BCG treatment analyzed by TEM, it was mostly leukocytes that harbored BCG, while there
was no evidence of BCG phagocytosis by epithelial or tumor cells**. This was also

observed recently by the group of Dr. Mar Valés by TEM analysis of urine samples from

patients receiving intravesical BCG (personal communication).
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Here, we propose that mycobacteria delivered intravesically into bladder tumors do not
primarily infect epithelial or tumor cells, but are instead captured by phagocytic immune
cells. Indeed, bladder macrophages ingest uropathogenic E. coli in mouse models and
harbor more bacteria than DCs and other immune cell subsets, at least at early

timepoints**+43

. Here, we detected fluorescent MTBVAC bacilli in macrophages,
neutrophils, monocytes and DCs, although only a single timepoint was analyzed, so future
studies will be needed to determine the kinetics of infected populations over time. An
interesting scenario would be that a first bacterial instillation “primes” bladder tissue by
inducing the recruitment of phagocyte immune cells, which would facilitate internalization
of mycobacteria in subsequent instillations. Indeed, in patients, the proinflammatory
response measured in the urine was boosted following the 6" BCG instillation when
compared to the first one, which is reminiscent of a trained innate immunity mechanism**®.
In our experiment involving MTBVAC-infected immune cell populations in bladder
tumors, we could not discern whether the observed infected cell populations were a result
of the first instillation (day 3), the second (day 10, two hours before euthanasia) or a
combination of both, so additional experiments are needed to determine the effect of a first
instillation in subsequent instillations and whether immune cell populations are durably
infected by mycobacteria. Most importantly, it remains to be studied whether infection of
immune cells in bladder tumors by mycobacteria truly influences the development of
antitumor responses, especially since few cells were found infected. In our work, a higher
number of bacteria in bladder tumors and lymph nodes concurred with stronger recruitment
of immune cells to the bladder and overall improved antitumor responses, suggesting that

increased bacterial load drives enhanced stimulation of the immune system.

Indirect evidence from other groups also suggested that bladder DCs can indeed be infected
by BCG bacilli, since they were able to present BCG-derived peptides to BCG-specific
CD4" T cells ex vivo*®. Most importantly, BCG and MTBVAC bacilli can be readily
detected in bladder draining lymph nodes, which implies uptake by DCs in the bladder
TME and migration to lymph nodes. An interesting possibility would be that DCs harboring
mycobacteria have an enhanced maturation status and/or ability to migrate to the LN. We
did not evaluate whether immune cells harboring mycobacteria in the bladder TME had an
increased immunostimulatory phenotype in comparison to non-infected, although previous

work from our laboratory showed that both infected and non-infected alveolar macrophages

Page 151/299



4. Bacterial and host factors involved in intravesical therapy for bladder cancer with live-
attenuated mycobacteria

are activated by BCG in the lung following pulmonary vaccination®®*, meaning that upon

infection, macrophage derived cytokines can alter surrounding populations.

Results shown here evidenced that MTBVAC has an intrinsic better ability to colonize the
bladder epithelium compared with BCG, in a process that seems to be mediated by the
proteins ESAT6 and CFP10. These two proteins, which are described to be secreted as an
heterodimer, have been extensively studied in M. tuberculosis and are key virulence factors
and immunodominant antigens*’. Importantly, BCG does not express ESAT6/CFP10,
while MTBVAC does. We have not yet characterized the molecular mechanisms by which
ESAT6/CFP10 mediates bacterial attachment to the bladder epithelium, but previous
studies suggested a role for these proteins in M. tuberculosis attachment to lung epithelial

2

cells through the extracellular matrix protein laminin®**? or to airway microfold cells

through the scavenger receptor B1%%

expressing ESAT6/CFP10 could be better fitted to adhere to the bladder epithelium through

. Thus, we could speculate that mycobacteria-

laminin or the scavenger receptor B1 in a similar manner as the described in the lung, or to
other still unknown ligands. Importantly, both laminin and the scavenger receptor B1 are
present in bladder tissue, with an augmented expression associated with bladder cancer
development**“#! Conceivably, improved adherence to the bladder epithelium increases
the chances of bacteria to be internalized by a professional phagocyte, which could explain
the higher capacity of MTBVAC to colonize bladder tissue over BCG. Indeed, deletion of
ESAT6/CFP10 proteins does not compromise the ability of MTBVAC to infect BMDMs
or to survive inside them (data from our laboratory, not shown), but it does influence
colonization of bladder tissue. However, ESAT6/CFP10 are not the only proteins involved
in bacterial adherence to epithelium, so another plausible explanation is that the lack of
these factors alters the expression or secretion of other proteins involved in colonization of
the host. Moreover, there are more proteins expressed in MTBVAC and not in BCG that
could be mediating these effects, although loss of ESAT6/CFP10 in MTBVAC almost
completely abrogates the observed phenotype.

Interestingly, it has recently been shown that artificial overexpression of a mannose-
binding protein (FimH) in BCG enhanced adhesion to the bladder epithelium and
colonization of the bladder TME and consequently improved therapeutic responses in the

orthotopic MB49 model**?. This study and ours independently show that modulating the
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ability of a bacteria to colonize the bladder TME can boost their antitumor efficacy upon

intravesical inoculation.

Our results demonstrate that intravesical bacterial therapy triggers a tumor-specific
response, and lack of therapeutic efficacy in Perf’ and Ragl” mice suggested that the
cytotoxic activity of CD8" T cells might be ultimately responsible for treatment success, a
conclusion that is supported by the absence of therapy induced long-term responses in mice
bearing MHC-I deficient bladder tumors. Importantly, rechallenge experiments evidence
that therapy-induced tumor-specific immune memory driven by T cells is durable and
functional against both localized and disseminated tumor cell rechallenge, even in the case

of MHC-I loss.

Previous studies have reported that MHC-II neoantigens and tumor-specific CD4" T cells
are required for efficient antitumor immunity and response to checkpoint blockade in
mouse models®’. In this regard, here we describe that bacterial immunotherapy enhances
the CD4 tumor-specific response, and that CD4" T-cell depletion completely abrogates the
CDS8 tumor-specific response and the vaccine therapeutic effect. More studies are needed
to elucidate mechanisms by which CD4" T cells prime the CD8+ response, but it is likely
that the CD40/CD40L axis could have a role, since previous work identified that CD40
agonists eliminated bladder tumors by inducing a CTL response’™, and CD40 expression
in cDCls is needed for the rejection of immunogenic tumors in mice’®. Moreover, CD4" T
cell-secreted IFN-y can upregulate MHC-I on tumor cells but could also have
antiproliferative effects>, or enhance tumor cell sensitivity to cell death-inducing stimuli
such as tumor necrosis factor (TNF) or Fas. Critically, we found that cDCls were
completely required for priming tumor specific CD4" T cells, which agrees with recent
reports’®. Alternatively, CD4" T cell could be killing tumor cells by themselves, as

cytotoxic subsets of CD4" T cells have been found specifically in human bladder tumors**.

It is interesting to note that in a recent study genetic deletion of MHC-II in MB49 cells did
not affect their growth rate when orthotopically implanted in the bladder in comparison to
parental WT MB49 cells. Moreover, although intravesical BCG antitumor effect in this
model is very limited, as is our case, response of bladder tumors to treatment was unaffected
by tumor cell MHC-II deletion®*?. Although we would need to confirm this using
intravesical MTBVAC, which properly rejects MB49 WT tumors, this result would suggest
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that activation of CD4" T cells in the TME by intravesical bacteria is not driven by MHC-
I presentation of tumor antigens by the tumor cells themselves, but by antigen presenting

immune cells in the TME.

Our work in Batf3”" mice unequivocally shows that cDC1s are needed for the enhanced
priming of tumor-specific CD4" and CD8" responses during MTBVAC therapy, as well as
for the infiltration of CD8" T cells into the TME. This DC subset is essential in cancer
immunosurveillance and is also required for the response to other immunotherapies such
as checkpoint blockade or aCD40?****, Bacterial immunotherapy induced activation of
cDCls, based on CD86 and CD40 expression, and favored the capacity of this cellular
subset to acquire tumor-derived material and deliver it to the bdLNs, where antigen
presentation and induction of tumor-specific responses are expected to occur. How does
MTBVAC treatment facilitate the loading of ¢cDC1s with tumor-associated material? We
hypothesize that intravesical delivery of MTBVAC may activate innate immune effector
mechanisms such as macrophages or NK cells at an early stage in the bladder TME, which
would induce tumor cell death and the initial release of tumor antigens. However, this needs
to be formally tested and the early events following bacterial instillations merit further
investigation. In any case, released tumor-associated material would then be acquired by
cDCls, responsible for priming tumor-specific T cells in the bdLN. Conceivably, influx of
CD4" and CD8" into the bladder TME could be facilitated by a proinflammatory cytokine
and chemokine milieu established in response to bacterial infection. Importantly, this
mechanism might be further boosted by subsequent rounds of intravesical instillations in a
self-sustaining manner. What has become clear is that for bacterial immunotherapy to be
effective, tumor-specific adaptive immune responses are indispensable, and innate immune

effectors cannot drive tumor rejection by themselves, at least in this specific model.

Since no model is perfect, it would be desirable to extend our findings in MB49 tumors to
other bladder cancer models, such as those consisting in implantation of MBT-2 bladder
cancer cell lines in C3H mice, adding the advantage of using a genetically different mouse
strain, or the N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) carcinogen-driven model of
bladder cancer, which more faithfully models human bladder cancer. Indeed, a recent study
ERT2.

which analyzed the transcriptome of tumor cell lines derived from an Upk3a-Cre

Trp53Y%; Pten™t; Rosa26-511'¢ (UPPL) genetically driven mouse model of bladder cancer
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or from the BBN model, found that they better modelled human bladder cancer than the
widely used MB49 tumor cells, which appeared to resemble fibroblast-like cells having

undergone epithelial-to-mesenchymal transition, and not epithelial cells**.

Our work shows that MTBVAC drives the rejection of fully established bladder tumors in
which intravesical BCG is completely ineffective, suggesting that this improved version of
bacterial therapy might be efficient against BCG-unresponsive tumors, for which few
therapeutic options exist besides radical cystectomy. Critically, the antitumoral effect of
MTBVAC was greatly improved by the systemic administration of PD-L1 blocking
antibodies. Of note, intravesical MTBVAC drove PD-L1 upregulation both in tumor and
immune cells, which represents a mechanism of adaptive resistance to immunotherapy.
Several studies have correlated high levels of PD-L1 expression in tumor infiltrating
immune cells with a better response to checkpoint blockade immunotherapy*®, since it is
a biomarker of a functional ongoing antitumor immune response that can be boosted by
blocking this axis. Indeed, it has been shown that IFN-y produced by CD8" T cells
upregulates immunosuppressive mechanisms driven by indoleamine-2,3-dioxygenase
(IDO) and PD-L1 in the tumor microenvironment'>®. Our data suggest that the higher level
of PD-L1 expression found on tumor-infiltrating immune cells is a consequence of
enhanced IFN-y production induced by bacterial treatment, and therefore it could be acting
as surrogate marker of the vaccine-induced antitumoral response and sensitizing the tumor

to checkpoint blockade immunotherapy.

Contrary to our results, a previous study using the orthotopic MB49 model found that
treatment with antiPD-L1 in monotherapy did favor tumor control, and combination with
intravesical BCG did not further extend mice survival. However, in our experiments we did
not find a therapeutic effect of PD-L1 blockade when given as a monotherapy. This could
be explained by their use of a fully human antiPDL1 IgG1 antibody (Avelumab), whereas
we used the rat 10F.2H11 clone, which is an IgG2. Therefore, antibody-dependent
cytotoxicity (ADCC) towards PD-L1 expressing MB49 cells or PD-L1 immunoregulatory
myeloid cells could conceivably happen in their model and not in ours, since IgG2s display
much lower affinity for Fcy receptors compared to IgG1s*’. Of note, human IgGs can bind
mouse Fcy receptors and trigger ADCC*®. Anyway, we found that PD-L1 blockade

improved intravesical bacterial therapy in our experimental settings, and in our case, this
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can be fully ascribed to blockade of the PD-1/PD-L1 immunosuppresive axis and not to
ADCC mechanisms. Supporting our findings, other groups have recently found working
with mouse models that adaptive resistance of MB49 tumors to a novel bacterial minicell-
based oncolytic agent given by the intravesical route was due to enhanced PD-L1
expression in the TME of treated mice, and this was circumvented by treatment
combination with systemic antiPD-L1 (in this case the rat 10F.2H11 clone), which was less
effective when given alone**. This study, in conjunction with our work, indicate that PD-
L1 blockade works best when an antitumor immune response has already been ignited by
intravesical treatment with bacteria, at least in our experimental settings. Therefore, our
results suggest that the combination of intravesical bacteria with immune checkpoint
blockade could highly benefit both BCG-naive and BCG-unresponsive NMIBC patients,

something which is currently being evaluated in numerous clinical trials.

Altogether, our results expand our understanding about how intravesical delivery of live-
attenuated mycobacterial vaccines achieve immune system activation and tumor rejection.
In addition, we describe for the first time the bacterial proteins ESAT6 and CFP10 as
determinants of intravesical bacterial immunotherapy efficacy against bladder tumors. Our
findings could be helpful in the future to develop more effective bacterial-based treatments
against bladder cancer, either based on M. tuberculosis attenuated strains or improved
versions of BCG and provide a rationale for further evaluation of intravesical MTBVAC
for NMIBC treatment in clinical trials, both alone and in combination with PD-L1

checkpoint blockade.

4.10 Conclusions

1. Weekly intravesical delivery of MTBVAC into the bladders of MB49 tumor bearing
mice yields improved therapeutic responses compared to BCG, the current gold-

standard for NMIBC treatment.
2. We identify the proteins ESAT6 and CFP10, which are absent in BCG, as key

mediators of bladder tissue colonization by MTBVAC, driving enhanced immune

cell recruitment and improved antitumor responses.
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Our data suggest that following intravesical inoculation of BCG or MTBVAC into
tumor-bearing mice, bacteria are internalized mostly by immune myeloid cells and

not epithelial or tumor cells

. We found that intravesical MTBVAC therapy functioned by enhancing cDC1-
dependent priming of both tumor-specific CD4" and CD8" T cells and their
recruitment into the bladder TME.

. MTBVAC therapy favored MHC-I upregulation in tumor cells, facilitating their
recognition by CD8" T cells, but also drove increased expression of the
immunoregulatory molecule PD-L1 by a mechanism involving IFN-y secretion by

T cells.

Evidencing that PD-L1 upregulation represented an adaptive mechanism of
resistance to bacterial immunotherapy, therapeutic administration of PD-L1
blocking antibodies greatly boosted the efficacy of intravesical BCG and MTBVAC

in MB49 tumor-bearing mice.

Isolation of a regressing bladder tumor revealed that resistance to bacterial
immunotherapy can arise via the upregulation of IFN-induced immune regulatory
molecules in tumor cells, and will allow us to study whether blocking this pathways

could aid in the treatment of bacterial immunotherapy-resistant tumors.
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5.1 Chapter introduction

More than one century ago, Raymond Pearl observed a correlation between presence of
lung tuberculosis lesions and lower ratios of cancer in autopsies’®+!°. As described in the
general introduction, based on these findings researchers hypothesized during the
subsequent decades that the attenuated mycobacterium BCG could be used as an anticancer
therapy?**?*1%% However, after conducting different clinical trials for several types of
tumors, including leukemia, prostate, gastric or lung cancer, only the application of BCG
for bladder tumors succeeded??%, becoming one of the first immunotherapies approved by
FDA in 1990. Indeed, more than four decades later, intravesical BCG is still a first-line
therapy against non-muscle invasive bladder cancer (NMIBC), as we have seen in the

previous section.

Generally, it is well-accepted that contact of BCG with the tumor tissue is necessary for
antitumoral effect?®*. This may be the reason why BCG has only found success for the
treatment of human melanoma and bladder cancer, the only two types of cancer in which it
is used nowadays. Intralesional administration in melanoma and intravesical in bladder
cancer clearly allow BCG to enter in contact with the tumor and its surrounding
environment. Although clinical application of BCG in other cancers given by the
intradermal route has been explored, it was generally not very successful*’!. Therefore, we
hypothesized that for BCG to effective in other tumor types, such as lung cancer, it would
require a route of administration allowing contact of the bacteria with the tumor-bearing

organ.

Three different discoveries led as to experimentally test the intravenous route of
administration of BCG for cancer treatment. First, in 1959 Lloyd Old described that mice
vaccinated with BCG by the intravenous route were almost completely resistant to
subcutaneous transplantation of three different syngeneic tumors, although in this work

221 More recently, Seder et al. showed that

BCG was administered before tumor inoculation
intravenous BCG vaccination prevented M. tuberculosis infection in rhesus macaques with
a much higher efficacy than BCG given by other routes such as intradermal, aerosolized,
or even both at the same time?!8. Importantly, intravenous BCG vaccination allowed
colonization of the lung by the bacteria, which is a prior desirable for cancer treatment. In

the third place, intravenous BCG administration alters the hematopoietic stem cells
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compartment, leading to the generation of trained macrophages with enhanced responses
to secondary stimuli, such as M. tuberculosis. Although we did not know whether this
mechanism would also play an important role in a cancer-related scenario, the potential
generation of immune-stimulatory myeloid cells is a priori a desirable event for the

development of efficient antitumor immune responses.

Since an active area of research in the laboratory is mucosal vaccination for the prevention
of tuberculosis infection’®, our initial idea consisted in testing whether mucosal
(intranasal) vaccination with BCG would prevent experimental metastasis of tumor cells to
the lung, which we found it did. This idea evolved into a more therapeutic approach, as we
observed that intranasal treatment with BCG could also delay tumor growth in the lung
even when it was administered after tumor cell inoculation. Next, for the reasons given
above, we went on to test treatment with BCG given by the intravenous route, which
resulted surprisingly effective in three different mouse models. Lastly, given the success of
this therapeutic approach, we focused on studying the immunological mechanism of action

behind its effectiveness.
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5.2 Prophylactic vaccination with live-attenuated mycobacteria prevents

metastasis to the lung

As a first approximation, we vaccinated mice with 10® CFUs by the intranasal (inBCG) or
subcutaneous (scBCG) route. One month later, mice were challenged intravenously with
B16-F10 melanoma cells, which generate metastatic tumor nodules in the lungs of mice,

and counted tumor foci at day 15.

We found that inBCG or inMTBVAC reduced the number of lung metastases at day 15
when compared to controls given PBS, whereas scBCG did not. We performed the same
experiment but vaccinating mice three months before the B16-F10 challenge and obtained
similar results (Figure 67). These preliminary results meant that vaccination with live-
attenuated mycobacteria can prevent experimental metastasis to the lung, and that

colonization of the target organ by the bacteria is needed for this effect.
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Figure 67. Mice were vaccinated either intranasally or subcutaneously 30 or 90 days before tumor
challenge. 15 days after intravenous inoculation of 1,5x10° B16-F10 tumor cells, lung metastases
(tumor foci) were counted by visual inspection by two researchers and the mean was used. n = 5-
6 mice/group, from one experiment.
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5.3 Mouse models of tumors growing in the lung for survival experiments

Although the prevention of lung metastasis by BCG administration was an interesting
finding, we thought that it would be more clinically relevant to test BCG in a therapeutic
scenario, that is, after the tumor is established in the lungs. Therefore, we abandoned the
previous line of research and focused on studying BCG efficacy against tumors growing in

the lung when administered after tumor cell inoculation.

Additionally, in the following experiments we decided to evaluate mouse survival instead
of just counting lung metastases at a given day. This way, we would also evaluate the health
status of the mouse, including weight loss, appearance (hunched posture, ruffled fur, pale
mucous membranes, dehydration), quality and frequency of breathing and general behavior
(lethargy, response to stimuli), which we used as criteria for the application of humane

endpoint.

We first titrated the B16-F10 inoculum dose for survival experiments, finding that a dose
of 5x10*best suited us to avoid mice dying too early for the vaccine to make an effect and

to avoid long survival experiments or less than a 100 % tumor take (Figure 68A).
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Figure 68. Survival of mice inoculated with different doses of B16-F10 melanoma cells (A) or LLC
lung adenocarcinoma cells (B) by the intravenous route. n = 6 mice/group, from one experiment.

We also did this with LLC tumor cells, which generate orthotopic lung tumors when
administered intravenously**?, choosing a dose of 4x10° cells since the lower 2x10° dose

did not allow for a 100 % tumor take (Figure 68B).
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As a third lung cancer model, we initially wanted to test BCG in a GEM mouse model of
lung adenocarcinoma based on Cre recombinase-inducible expression of a mutated allele
of Kras (Kras"SL612Vee) Injection of tamoxifen into this mouse strain drives expression of
Cre recombinase in all tissues, therefore we had problems with tumors arising in other
organs than the lungs, which complicated the interpretation of results from survival
experiments. Additionally, in our hands tumorigenesis in this model was very slow, with
mice starting to show symptoms 1 year after the induction of Cre recombinase expression.
To overcome these issues, we established a cell line from a lung tumor arising in one of
these mice with the objective of generating a faster and less cumbersome lung cancer

model.

As shown in Figure 69, 8 months after tamoxifen injection into Ubc-Cre-ERT2;
KrastSLG12VBGeo mice, we euthanized a mouse and observed presence of tumor nodules in
the lungs. This tumor nodules were excised, homogenized and plated on Petri dishes. After
2 weeks of incubation, we observed tumor cell growth and subcultivated the cells for 3
more passages, establishing a cell line which we named KC8. Since Ubc-Cre-ERT2;
KrastSLG12VBGeo mice came of a mixed genetic background, we checked whether
transplanted KC8 cells were tumorigenic after transplantation into C57BL/6 mice (Figure

69).

1. KC8 cell line generation

’ 2 weeks
e ¥ ¢ ) — nogrowth
@ Tamoxifen g“% /
- _— - —_— th
8 months ~—_ nogrow
~~ \ : -
Ubc-Cre-ERT2;Kras\S\612vBGeo generatesingle &0 @
mice cell suspension and only tumor
culture on Petri dish cells grow KC8 cells
2. Tumorigenicity of KC8 cells
t
: 2000
C57BL/6J mice E . 1 week —
10 days 2 1500 . — @ — &
s ' KC8.1 cells
KC8 = ‘
5x10°cells E In vitro subcultivation
Subcut. [= 0 5 10 5 passages

Days

Figure 69. Schematic depiction of KC8.1 lung adenocarcinoma cell line generation.
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We further isolated this growing tumor and established a cell line from it which we named
KC8.1. Next, we confirmed that KCS8.1 cells were tumorigenic when transplanted
subcutaneously into C57BL/6 mice. To generate orthotopic lung adenocarcinomas, we first
tried intratracheal inoculation of KCS8.1 cells, although we did not manage to generate lung
tumors with this method. However, intravenous delivery of KC8.1 cells did originate lung
orthotopic tumors (Figure 70). Titration of the number of cells inoculated revealed a clear

dose-dependent decrease in mice survival (Figure 70).
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Figure 70. Survival of mice inoculated with different doses of KC8.1 lung adenocarcinoma cells by
the intravenous route and frequency of metastases in distinct anatomical locations observed by
visual inspection. n = 6 mice/group, from one experiment.

Additionally, with lower inoculum doses, such as 1x10° or 5x10%, increased mice survival
allowed metastatic outgrowth to become apparent in other organs than the lung (Figure 70).
Upon necropsy after following humane endpoint criteria, tumor nodules in the lung were
observed in all cases across all doses assayed. However, in the 1x10° group tumors were
also observed in the pleural cavity (in 50 % of the mice), also known as malignant pleural
effusions, something which has been described for other Kras mutant lung adenocarcinoma
cell lines and was dependent on mutated Kras expression*>. We also observed the
generation of subcutaneous tumors in the neck in 3 out of 6 mice inoculated with 1x10°

KC8.1 tumor cells, as well as in the mediastinal lymph node. With a smaller dose of 5x10%,
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the incidence of tumors appearing in the described locations increased to almost a 100 %,

and metastases also appeared in the cervical/urethral region in 2 out of 6 mice (Figure 70).

With these results in mind, in the following experiments we chose to work with an
intermediate dose of 1x10°> KC8.1 cells, taking into consideration for survival experiments
that metastases can appear in locations other than the lungs. Since at higher doses (2,5x10°)
of KC8.1 cells metastases in other regions did not appear and mice quickly succumbed due
to tumor burden in the lung (Figure 70), we hypothesized that extrapulmonary metastases
could originate from primary lung tumor nodules, although this asseveration needs further

research.

5.4  The route of administration of BCG influences its efficacy against lung

tumors in a therapeutic scenario

Once we had the models optimized, we went on to test different routes of BCG
administration to treat tumor bearing mice. We decided to treat mice 7 days after tumor cell
inoculation, since we confirmed that at this timepoint both B16-F10 and LLC tumors were

already established in the lungs when analyzed by histological analysis (Figure 71 and 72).

As expected, untreated B16-F10 and LLC lung tumors progressively grew when analyzed
at later timepoints (Figure 71 and 72). Of note, we observed that B16-F10 cells tended to
form smaller tumor nodules but more numerous, whereas LLC cells formed bigger tumor
nodules. For example, we can observe 7 small tumor nodules in a representative fraction of
the lung of a mice inoculated with B16-F10 and analyzed at day 7 (Figure 71), whereas
with LLC inoculation we could observe 8 nodules at day 7 throughout the whole lung. We
additionally confirmed establishment of live tumor cells in the lung at day by luminescence
analysis using luciferase-expressing B16-F10 cells and D-luciferin injection into tumor-

bearing mice (Figure 73).
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B16-F10 Day 14

B16-F10 Day 7
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Figure 71. H&E staining of B16-F10 lung tumor nodules at days 7, 14 and 20. Representative of n
= 3 mice/timepoint. Lung tumor nodules are pointed by green arrows.

LLC day 7

LLC endpoint
LLC day 14

Figure 72. H&E staining of LLC tumor nodules at days 7, 14 and 22. Representative of n = 3
mice/timepoint. Lung tumor nodules are pointed by green arrows.
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Figure 73. Luminescence analysis of lungs bearing luciferase-expressing B16-F10 tumors at day 7
post tumor cell inoculation. n = 3 mice.

In addition to inBCG and traditional scBCG vaccine administration routes for treatment of
lung tumor-bearing mice, we also included the intravenous (ivBCG), since recently
published work indicated that ivBCG was very effective in preventing tuberculosis
infection in the lung in mouse and macaque models by inducing both a strong pulmonary
T cell response and altering myelopoiesis in the bone marrow to generate trained

218,260

immunostimulatory macrophages , which we considered a priori desirable events for

inducing efficient antitumor responses.

We found that both inBCG and ivBCG were effective in slowing tumor growth in the B16-
F10 model, while scBCG was completely ineffective (Figure 74), confirming our
hypothesis that contact of BCG with the organ bearing the tumor, the lung in this case, is
needed for its antitumoral effect. Indeed, ivBCG and inBCG routes of administration have

been described to cause lung colonization for several weeks in mice and macaques?!84>4,
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Figure 74. Survival of mice inoculated intravenously with B16-F10 cells and treated with 10° CFUs
of BCG Pasteur either subcutaneously (SC), intranasally (IN) or intravenously (1V). PBS given IV was
used as a control. n = 6 mice/group. ns: not significant, ***P<0.001, log-rank (Mantel-Cox) test.
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Interestingly, although both routes achieve colonization of the lungs, ivBCG was more
successful at slowing tumor growth, increasing the median survival of mice from 35 days
in inBCG to 45 days in the ivBCG group. These results suggest that the route of
administration of BCG is critical for its antitumoral effect in a therapeutic scenario, and we

identify the iv route as the most potent for the treatment of B16-F10 lung metastases.

Although detailed analysis of immune cell populations in the lungs of tumor-bearing mice
are shown in later sections, here I will make a parenthesis to explain the superior efficacy
of ivBCG compared to inBCG. For this, we generated mice with B16-F10 lung metastases,
treated them with inBCG or ivBCG at day 7, and analyzed lung immune cell populations
by flow cytometry at day 20. First, we incubated lung single cell suspensions overnight
with a variety of stimuli and added brefeldin A for the last 4 h to detect IFN-y producing
cells. Even in unstimulated conditions, a higher fraction of lung CD8" and CD4" T cells
secreted IFN-y in ivBCG compared to inBCG mice. ivBCG also triggered a stronger PPD-
specific response than inBCG, meaning that the iv route of administration achieves a more
robust BCG-specific immune response in the lung than the in (Figure 75). After polyclonal
restimulation with aCD3/CD28, both T cell subsets also produced more IFN-y in ivBCG
mice compared to inBCG (Figure 75). Overall, these results suggest that ivBCG induces a
higher activation status of T cells in the lung than inBCG.
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Figure 75. Mice were inoculated intravenously with B16-F10 cells, treated at day 7 with PBS or
BCG Pasteur and lungs analysed by flow cytometry at day 20. Single cell suspensions were
unstimulated, stimulated with 10 pg ml? of protein purified derivative (PPD) or stimulated with
plate bound antiCD3 and soluble antiCD28 antibodies for 6 h in the presence of Brefeldin A.
Proportions of cell subsets expressing IFN-y are shown. n = 5 mice/group, from one experiment.

Analysis of lung cDCls revealed that only ivBCG induced higher levels of the
costimulatory molecule CD86 in the surface of these cells. Additionally, ivBCG and not
inBCG changed the phenotype of CD4" T cells to a more pronounced Thl profile, with
higher T-bet expression and lower GATA3 (Figure 76). Finally, ivBCG also enhanced the
cytotoxic profile of lung CD8" T cells, evidenced by a higher percentage expressing
Granzyme B (Figure 76). Overall, we show that ivBCG promotes the antitumoral profile
of lung immune cells to a higher extent than inBCG, which concurs with its enhanced

efficacy against B16-F10 lung metastases in a therapeutic scenario.
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Figure 76. Lungs of mice treated as in Figure 75 were analyzed by flow cytometry. Frequencies of
distinct cell populations expressing different markers are shown. n = 3-5 mice/group, from one
experiment.

Next, we wondered whether live BCG is needed for achieving antitumoral effect in this
experimental setup, as has been described for its use in bladder cancer*%*. We treated
B16-F10 tumor bearing mice with 10’ CFUs of BCG previously heat-killed by the
intravenous route and observed no survival benefit compared to controls, in contrast with
10° CFUs of live BCG (Figure 77). Therefore, active colonization of the lung by live BCG

is needed for optimal antitumoral efficacy.
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Figure 77. Survival of mice inoculated intravenously with B16-F10 cells and treated intravenously
with 108 CFUs of BCG Pasteur or 107 CFUs of BCG Pasteur previously heat-killed (HK). n = 6
mice/group, from one experiment.

We additionally wondered whether modifying the dose of ivBCG could affect it efficacy,
aiming to find the lowest dose with the maximum antitumoral effect to minimize potential
side-effects resulting from the administration of a live bacteria by the intravenous route.
We found that a dose of 10° CFUs of BCG did slow tumor growth compared to control
PBS, but to a much lesser extent than the 10° dose (Figure 78). However, further increasing
the dose by ten-fold (10”) did not improve treatment efficacy (Figure 78). Therefore, we
chose 10° CFUs as the lowest dose with the highest antitumor activity and used it for the

remaining experiments.
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Figure 78. Survival of mice inoculated intravenously with B16-F10 cells and treated with different
doses of BCG by the IV route. n = 6 mice/group, from one experiment.

We performed additional experiments to confirm the antitumoral effect of 10° CFUs of
ivBCG, and found consistent results across three independent experiments, confirming the
survival benefit conferred by BCG in this context (Figure 79A). We also performed two
experiments in which mice were euthanized at day 20 post tumor cell inoculation and found
reduced number of tumor foci in the lungs of ivBCG treated mice compared to controls
(Figure 79B). This result meant that the therapeutic effect of ivBCG was already apparent

at day 20, two weeks after treatment administration.
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Figure 79. (A) Survival of mice inoculated intravenously with B16-F10 cells and treated with ivBCG
at day 7, n = 12 mice/group, from two independent experiments. (B) Number of tumor foci in the
lungs counted by visual inspection at day 20 post tumor cell inoculation, n = 18 mice/group, from
three independent experiments.

5.5 Contribution of the adaptive immune system to the therapeutic effect of

intravenous BCG

Having observed a therapeutic effect of ivBCG in the context of B16-F10 metastases
growing in the lung, we next studied the mechanism of action behind the antitumoral effect.
Taking into consideration that we have described that intravesical bacterial immunotherapy
for bladder cancer relies on IFN-y, perforin and the adaptive immune system, we also tested

their contribution in this system. First, we inoculated Ragl” mice, which lack T and B
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cells, with B16-F10 cells intravenously. Surprisingly, we found that in this mouse strain
B16-F10 tumors do not grow in the lung and mice survived indefinitely, although they grew
when inoculated subcutaneously (data not shown). This had already been described in the

436 "and was attributed to a population of lung CD8" Tregs which suppressed NK

literature
cell activity, which is crucial for the control of B16-F10 lung metastases*’. We did not
further pursue this line of research, although in future experiments it prevented us to use
Rag1” mice to test the specific contribution of innate immune cells to the antitumoral effect
provided by ivBCG in the B16-F10 and LLC models (similarly, LLC lung tumors did not

grow in Ragl™ mice).

Next, we inoculated Ifny”" mice with B16-F10 cells, treated them with ivBCG at day 7 and
evaluated survival. Mice lacking expression of IFN-y, which is a central cytokine in the
orchestration of antitumor immune cell responses, did not benefit from ivBCG treatment
(Figure 80A), suggesting that antitumoral effect is based on the stimulation of the immune
system, rather than bacteria being cytotoxic to tumor cells themselves. We performed the
same experiment using mice lacking perforin, which similarly to Ifny”" mice, did not benefit
from treatment (Figure 80B). These results mean that ivBCG treatment functions by
enhancing immune cell responses against the tumor, relying on IFN-y to orchestrate

antitumor immunity and the cytotoxic effector perforin to kill tumor cells.

A
©
2 1004 — IFN-y " PBS IV Tns
S = IFN-y" BCG IV
(2]
£ 504
Q
(3]
S
(]

B16-F10 o o ; . .
Iv BCGIV 10 20 30 40
B | Days
0 7 days B y

100 — Perf - PBS IV
= Perf 7 BCG IV

Percent survival
(4]
2

o

20 30 40
Days

-
o

Figure 80. Survival of Ifny” (A) or Perf’- (B) mice inoculated intravenously with B16-F10 cells and
treated with ivBCG at day 7. n = 12 mice/group in A and B, from two independent experiments.
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Next, we made use of mice lacking TLR4. Survival analysis in this mice strain revealed
that ivBCG treatment against B16-F10 lung metastases was still effective in the absence of
TLR4 (Figure 81), suggesting that TLR4-mediated sensing of BCG is not required for
antitumor efficacy in this model. This result contrasts with MTBVAC intravesical therapy
for bladder cancer, where TLR4 was needed for antitumor effect (Chapter 1, section 4.5),

suggesting differences in the antitumor immune response between the lung and the bladder.
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Figure 81. Survival of TIr4”" mice inoculated intravenously with B16-F10 cells and treated with
ivBCG at day 7, n = 6 mice/group, from one experiment.
Since IFN-y and perforin are two effector molecules used by the adaptive immune system
(also by NK cells) to control tumor growth, and in our bladder cancer model we had
observed that bacterial immunotherapy worked by enhancing adaptive immunity, we
hypothesized that in this model T cells could be responsible for driving ivBCG therapeutic
effect. To test this, we separately depleted CD4" and CD8" T cells in mice bearing B16-F10
tumors and treated with ivBCG (Figure 82).
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Figure 82. Survival of mice inoculated intravenously with B16-F10 cells, treated with ivBCG and
depleted of CD4* or CD8" T cells from day 17 until endpoint. n = 6 mice/group, from one
experiment.
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We observed that depletion of either CD4" or CD8" abrogated the survival benefit observed
in non-depleted ivBCG mice (Figure 82), meaning that both T cell subsets were required
for treatment efficacy and suggesting that ivBCG functions by enhancing T-cell mediated

antitumor immunity.

To further test this hypothesis, we analyzed T cells in the lungs of B16-F10 tumor bearing
mice by flow cytometry. Analysis was performed at day 20, since at this timepoint we

already observe a therapeutic effect of ivBCG (Figure 79).

First, we observed higher absolute numbers of CD8" T cells but not CD4" in the lungs of

1ivBCG compared to control mice (Figure 83).

Gated on CD45*

B16-F10
Iv BCGIV
| ! }
0 7 20
CDS8*T cells CD4*T cells
‘o * % u:? s
- o 514
x 61 x —
(1) . [«*] 4' .“
2 ® ‘Ea (0]
E 4+ 5 34 .:
2 o c 5
2 2- %
5 5,
2 ;
2 0- Qo
O PBS IV <
@ BCG IV

Figure 83. Mice were treated as indicated in the Figure and lungs processed and analysed by flow
cytometry. Representative contour plots for CD8* and CD4* T cell identification and absolute
numbers are shown. n = 12 mice/group, from two independent experiments.

Next, we incubated lung single cell suspensions with aCD3 and aCD28 stimulating

antibodies in the presence of Brefeldin A to evaluate cytokine secretion by T cells. A higher

percentage of CD4" and CD8" T cells secreted IFN-y in ivBCG mice compared to controls
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(Figure 84), suggesting improved effector function. We also analyzed the secretion of the

proinflammatory cytokine TNF and, surprisingly, a lesser percentage of both T cell subsets
secreted this cytokine in ivBCG mice compared to controls (Figure 84). Interestingly,

although TNF secretion by immune cells can induce tumor cell death*®*° it can also

promote tumor growth*®® and immune cell dysfunction or event death*¢!%? in the context

of antitumor immunity.
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Figure 84. Mice were treated as in Figure 83. Lung cell suspensions were stimulated ex vivo and
cytokine expression determined by intracellular staining in T cells. Shown are representative
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contour plots for IFN-y and quantification for IFN-y, TNF and IL-2. n = 9 mice/group for IFN-y and
TNF (two independent experiments) and n =5 for IL-2, one experiment.

We found a higher percentage of lung CD4" and CD8" T cells secreting IL-2 in ivBCG
mice, with almost negligible IL-2 expression in T cells from control mice (Figure 84). IL-
2 is a polyfunctional cytokine which induces T cell proliferation*®*, and a high CD4/IL-2
signature in melanoma tumors has been associated with immunotherapy success*®.
Therefore, enhanced IL-2 secretion observed in ivBCG treated mice may be favoring the

proliferation of T cells and their acquisition of cytotoxic and effector function.

T cells from tumor-bearing mice were further analyzed and we observed that lung CD8" T
cells from untreated mice expressed high levels of T cell factor 1 (TCF1) and low levels T-
cell immunoglobulin and mucin-domain containing-3 (TIM-3). This phenotype has been
described to be specifically acquired by T cells in tumors growing in the lung in contrast to
subcutaneous tumors and is characterized by a lack of acquisition of effector function*®’.
ivBCG treatment shifted CD8" T cell phenotype, with a marked TCF1 downregulation and
concomitant TIM-3 upregulation, consistent with differentiation into effector T cells, also
evidenced by improved IFN-y and IL-2 expression upon restimulation as well as acquisition

of Killer Cell Lectin Like Receptor G1 (KLRG1) expression (Figure 84 and 85).
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Figure 85. Mice were treated as in Figure 83. Lung cell suspensions were stained and TCF1, TIM-2
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and KLRG1 expression analyzed in CD8* T cells. Shown are representative contour plots and
quantification. n = 6 mice/group, from one experiment.

Next, we set out to analyze specifically T cells that had infiltrated lung tissue in B16-F10
tumor bearing mice, following a similar schedule than in the last Figure. For this, we
administered intravenously a PerCP-Vio700-labeled CD45-directed antibody just before
euthanasia, which allowed us to discern between immune cells circulating in the
vasculature (CD45 IV") and immune cells that have infiltrated lung tissue, which are
protected from labeling (CD45 IV"), an experimental approach which has already been

described*®®.

First, an increase in the absolute number of CD4" and CD8" T cells infiltrated in the lung

(CD45 IV") could be observed in ivBCG bearing B16-F10 lung tumors (Figure 86).
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Figure 86. Mice were treated as in Figure 83 and given antiCD45-PerCP-Vio700 antibodies
intravenously before euthanasia. Processed lung single cell suspensions were subsequently
stained for flow cytometry analysis. Shown are representative contour plots of tissue-infiltrating
(CDA45 IV') and vasculature (CD45 IV*) T cells, and absolute numbers of CD45 IV-CD8* and CD4* T
cells. n = 3 mice/group, from one experiment.

Further phenotypic analysis revealed that a higher percentage of CD8" T cells infiltrating
lung tissue from ivBCG mice expressed Granzyme B compared to controls (Figure 87),

suggesting a higher cytotoxic potential. Of note, very few lung-infiltrating CD8" T cells
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(around 5 %) expressed Granzyme B in untreated mice, again suggesting weak priming of
effector function in the absence of treatment, something which has already been described
specifically for tumors growing in the lung*®. In agreement with this result, we found a
higher percentage of infiltrated CD8" T cells expressing the activation marker CD69 in
ivBCG compared to untreated mice (Figure 87). Again, few lung-infiltrating CD8" T cells

were activated in untreated mice bearing B16-F10 tumors (Figure 87).

Focusing on the lung-infiltrating CD4" compartment, ivBCG skewed the phenotype of this
cells into a Th1 type, with higher expression of T-bet and decreased expression of GATA3
(Figure 87). Importantly, Th1-like CD4" T cells have been described to facilitate antitumor
immunity by enabling CD8" T cell mediated cytotoxicity**”*%8, Indeed, we observed that
CD4" T cells were needed for ivBCG antitumoral effect in a previous experiment (Figure

87).
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Figure 87. Mice were treated as in Figure 83. Shown are representative contours for discerning
lung-infiltrating from intravascular T cells and analysis of Granzyme B, CD69, T-bet and GATA3
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expression in lung-infiltrating (CD45 IV') T cell subsets. n = 6 mice/group, from two independent
experiments.

With this tool available, next we examined differences between T cells infiltrating lung
tissue and T cells in the vasculature, to determine whether the infiltration of T cells into the
lung TME changes their phenotype and/or functionality. Surprisingly, we observed that
Granzyme B expression by CD8" T cells was reduced when they entered tumor-bearing
lung tissue compared to in vasculature (Figure 88) both in untreated and ivBCG mice,
although Granzyme B expression was always higher in the latter group. Similarly, less lung
infiltrating CD4" T cells expressed T-bet compared to circulating, although in ivBCG T-
bet expression was higher in both subsets (Figure 88). These results suggest that the
immunosuppressive TME alters the functionality of recruited CD4" and CD8" T cells which
have infiltrated the tissue, and that ivBCG partially overcomes this phenomenon by

enhancing the antitumor function of both lung-infiltrating and circulating T cells.
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Figure 88. Differential expression of Granzyme B and T-bet by tissue-infiltrating (CD45 IV) and
intravascular (CD45 IV*) T cells. n = 6 mice/group, from two independent experiments.

5.6 Induction of a tumor-specific response in the lung

In the previous section we observed improved effector function of T cells in the lungs of
ivBCG mice. Although we do not directly evaluate it, this T cell population would include
both BCG-specific T cells and tumor-specific T cells. We wondered whether the
antitumoral effect of BCG in our model was only due to the BCG-specific response or it
also involved tumor-specific immunity. To study tumor-specific immunity we chose to

work with B16-F10 cells engineered to express the glycoprotein epitope aminoacids 33-41
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(gp33)*%°, from the lymphocytic choriomeningitis mammarenavirus (LCMYV), which
allowed us to follow gp33-specific CD8" T cell responses. We devised different strategies
to study the tumor-specific response, such as proliferation assays with peptide-loaded DCs,
staining of gp33-specific CD8" T cells with dextramers, in vifro cytotoxicity assays with
splenocytes isolated from tumor-bearing mice, and in vivo reconstitution of Ragl” with

splenocytes from tumor-bearing mice.

In the first approximation, we performed a proliferation assay with lung single cell
suspensions obtained from mice bearing B16-F10.gp33 tumors in the lung and treated or
not with ivBCG. To induce proliferation of tumor-specific T cells, we used BMDCs
generated from naive mice loaded with gp33 peptide. To evaluate proliferation, prior to co-
culture we stained lung-single cell suspensions with Cell Trace Violet (CTV) and co-
incubated these cells with previously generated BMDCs from naive mice loaded with gp33
or not, as a control (Figure 89A). After 72 h of incubation, we analyzed the CD8" T cells
by flow cytometry, as proliferating cells progressively loose the CTV stain and its
fluorescence intensity diminishes. When we compared the proliferation of CD8" T cells
coming from either control mice or ivBCG mice, we observed that gp33-loaded DCs
induced higher proliferation of CD8" T cells than non-loaded DCs, which evidences the
presence of gp33-specific CD8" T cells in both groups (Figure 89B). However, a higher
percentage of CD8" T cells proliferated in samples coming from ivBCG mice compared to
control mice when cocultured with gp33-loaded DCs (Figure 89C). This result suggested

that ivBCG was improving the CD8" T cell-mediated tumor-specific response.
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Figure 89. (A) Schematic depiction of experimental setup. (B) Representative dot plots of CellTrace
Violet proliferation marker dilution in CD8* T cells from 72 h cocultures with unloaded or gp33
peptide loaded DCs from PBS or BCG mice, and quantification (C). (D) Comparison of CD8* T cell
proliferation from PBS or BCG-treated mice after 72 h incubation with gp33-loaded BMDCs. n =5
mice/group, from one experiment. CTV: Cell Trace Violet. BMDCs: Bone-marrow derived dendritic

cells.

Given the complexity of the previous assay, we decided to validate these results with an
alternative method. We stained lung single cell suspensions with gp33-specific dextramers,
which are fluorochrome-conjugated polymers with gp33-peptide bound MHC-I molecules,
which attach to the TCR of gp33-specific CD8" T cells allowing detection by flow
cytometry. Since the proportion of a clone specific for a given peptide is expected to be
very small among the total population of CD8" T cells, staining with dextramers is

technically challenging because of unspecific binding. Therefore, we initially tested the
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specificity of our gp33-dextramer staining protocol using splenocytes from LCMV-
infected mice, where we expected to detect gp33-specific T cells more easily than in a
tumor model (Figure 90). To evaluate gp33-dextramer staining, we gated on CD44"
activated CD8" T cells to minimize unspecific staining, a common practice when
performing tetramer or dextramer staining*®*’°, We obtained roughly 3.3 % of gp33-
specific CD8" T cells in LCMV-infected mice splenocytes versus 0.5 % in naive non-
infected mice, indicating a low amount of unspecific staining. Therefore, we confirmed that

our dextramer efficiently stained gp33-specific CD8" T cells.
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Figure 90. Mice were infected with 10° PFUs of LCMV or left uninfected (naive). Seven days later,
spleens were harvested and splenocytes stained with APC-conjugated gp33-specific dextramers
and its expression was evaluated on CD8* T cells. Shown are representative contour plots and
guantification of gp33-specific CD8" T cells among the total CD8" T cell population. n = 2
mice/group. FMO: fluorescence minus one.

Next, we analyzed the tumor-bearing lungs of mice bearing lung B16-F10.gp33 tumors.
Dextramer staining revealed a higher percentage of gp33-specific CD44" CD8' T cells
among total CD8" T cells in the lungs of mice which received ivBCG (Figure 91A),

suggesting that treatment favors the induction of tumor-specific immunity.
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Figure 91. Mice were inoculated intravenously with gp33-expressing B16-F10 tumor cells and
treated with PBS or BCG IV at day 7. At day 20, lungs and spleens were harvested and gp33-specific
CD8* T cells were stained with dextramers. Shown are representative plots and quantification of
gp33-specific CD44* CD8" T cells proportions among the total CD8" T cell population. n = 10
mice/group in (A) from two independent experiments, n = 4-5 in (B) and n = 5 in (C) from one
experiment.

We further analyzed the phenotype of gp33-specific CD8" T cells, finding that around 50
% of gp33-specific CD8" T cells were positive for Granzyme B staining in the control PBS
group versus 80 % for ivBCG mice (Figure 91B), which suggested that BCG treatment
stimulated the cytotoxic function of tumor-specific T cells. In addition to identifying tumor-
specific T cells at the tumor site, in one experiment we analyzed the induction of systemic
tumor-specific immunity by staining gp33-specific T cells in the spleen. We observed that

ivBCG also induced a higher percentage of gp33-specific T cells in the spleen, suggesting

that tumor-specific immunity was generated systemically (Figure 91C).
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Next, to functionally evaluate tumor-specific immune responses, we performed in vitro
cytotoxicity assays with splenocytes isolated from tumor-bearing mice against tumor cells
(Figure 92). Although it would have made more sense to perform these experiments with
immune cells isolated from tumor-bearing lungs, isolation of T cells from the spleen is
easier and yields a much higher number of cells, making these experiments easier to
perform. However, in the future we plan to complement these experiments with CD4" or
CDS8" T cells isolated from the lungs of tumor-bearing mice. Importantly, we observed
enhanced systemic tumor-specific immunity in ivBCG mice, so we thought that using
splenocytes for these assays would be relevant. Luciferase-expressing tumor cells were
used as targets so we could directly evaluate viability by analyzing luminescence after
addition of luciferin to the wells. Although this method is technically less challenging than
evaluating cell death by flow cytometry, it does not allow us to discern between cytotoxicity

and growth inhibition of tumor cells.

As seen in Figure 92, splenocytes isolated from B16-F10.gp33 tumor bearing mice treated
with ivBCG were more potent at inhibiting the growth of B16-F10-ZsGreenLuc cells after
20 h of co-culture compared to the IV PBS group. As a control, we used a priori non-
antigenically related LLC-ZsGreenLuc cells as targets, which were not affected by
splenocyte co-culture (Figure 92), confirming that we were evaluating antigen-specific
responses. Of note, B16-F10 cells used in the in vitro assay did not express gp33, therefore

immunity was generated against other endogenous tumor antigens.
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Figure 92. Mice were treated as in Figure 91, splenocytes isolated and seeded over luciferase-
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expressing tumor cells at a 100:1 E:T ratio. 20 h later, luminescence was analyzed. Shown is a
schematic depiction of experimental setup and quantification of cytotoxicity towards luciferase-
expressing B16-F10 or LLC tumor cells. Percentage cytotoxicity was calculated in reference to the
luminescence emitted by control wells with tumor cells cultured without effectors. n = 6
mice/group, from one experiment.

Lastly, to confirm that these in vitro experiments were relevant in an in vivo scenario, we
reconstituted Rag1”~ mice with splenocytes coming from mice bearing lung B16-F10-gp33
tumors, treated or not with ivBCG at day 7 and euthanized at day 20, a timepoint in which
we had observed enhanced gp33-specific responses in the spleen (Figure 93). As a control,
a group of Ragl”~ mice was reconstituted with splenocytes coming from non-tumor bearing
mice treated with ivBCG. 1 week after reconstitution, we subcutaneously inoculated B16-
F10 tumor cells in reconstituted mice (Figure 93A). Follow-up of tumor growth revealed
that B16-F10 tumors grew slower in mice reconstituted with splenocytes coming from
1ivBCG mice bearing B16-F10.gp33 tumors compared to untreated mice (Figure 93). We
could attribute this phenomenon to tumor-specific responses and not just to the BCG-
specific, since transplanted tumors grew faster in mice receiving splenocytes from non-

tumor bearing mice treated with ivBCG, compared to tumor-bearing (Figure 93).
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Figure 93. Schematic depiction of experimental setup. Shown in the graph is follow-up of B16-F10
tumor growth in Rag1l”- mice transferred with 10x10° splenocytes from the indicated sources, n =
6 mice/group, from one independent experiment. Source of splenocytes were pooled splenocytes
from 6 mice for tumor-bearing mice and pooled splenocytes from 2 mice for non-tumor bearing
ivBCG treated mice.
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Altogether, our results allow us to propose that ivBCG treatment generates a systemic
tumor-specific response against B16-F10 tumors growing in the lung, which leads to
improved survival. Therefore, as is the case with antibody-based immunotherapies,
chemotherapy and radiotherapy*’!, bacterial immunotherapy can enhance adaptive immune

responses against tumor antigens.

5.7 Contribution of Batf3-dependent dendritic cells

Immune responses against tumor antigens are initiated by Batf3-dependent cDCls, which
are specialized in the uptake of dead tumor-cell associated material and cross-priming of
tumor-specific CD8" and CD4" T cells”>*1547247  Furthermore, this cellular subset is
required for the success of different types of immunotherapies’>?*+444475  More
specifically, Batf3-dependent cDCls are required for the control of B16-F10 lung

metastases*’S. Therefore, in the next experiments we examined the role of ¢cDCls in the

antitumoral effect of ivBCG against B16-F10 lung tumors.

First, we examined the phenotype of cDCls in the lungs of B16-F10 tumor bearing mice at
day 20, to determine whether ivBCG affected their phenotype. cDCls in mice tissues are
generally defined as XCR1" CD172a(Sirpa)*’’#°. We identified cDCls in the lungs of

B16-F10 tumor bearing mice based on the expression of these markers (Figure 94).
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Figure 94. Mice were inoculated intravenously with B16-F10 cells and treated with PBS or BCG IV
at day 7. At day 20, lungs were harvested and processed for flow cytometry analysis. Shown is a
representative contour plot for cDC1 identification in the lung and representative histograms and
quantification of different surface markers on cDC1s. Results are expressed as the fold increase in
Mean Fluorescence Intensity (MFI) of a given marker in the ivBCG group vs the control PBS group.
n =10 mice/group for CD86, CD40 and XCR1 and n = 6 mice/group for PD-L1 and CCR7, from two
independent experiments.

We found enhanced expression of the costimulatory proteins CD86 and CD40 on the
surface of lung cDCls, suggesting a higher activation status (Figure 94). XCRI, the
receptor of the ¢cDCI1 chemoattractant XCL1, was also upregulated in mice undergoing
treatment (Figure 94), which could facilitate ¢cDC1 recruitment to the lungs. Indeed,
triggering intratumoral XCL1 expression has been suggested as a mean to recruit cDCls to
the tumor bed, and tumors downregulate XCR 1 expression on cDC1s by a PGE>-dependent

mechanism, hindering their recruitment*°

. Our results showed elevated PD-L1 expression
on lung cDCls of mice receiving ivBCG (Figure 94). Even though it could be a finding
that evidence cDC1 activation and engagement of the IFN-y signaling pathway on these
cells, upregulation of PD-L1 on ¢cDCls may be negatively influencing T and NK cell
function'®, although we will be discussing this in another chapter. Finally, we also found
elevated CCR7 expression in cDCls from ivBCG, which could facilitate their migration to

regional lymph nodes.

Given that cDCls take up tumor-associated material and migrate to the regional lymph
nodes to prime adaptive immune responses, we also analyzed the phenotype of cDCls in
the lung-draining lymph node, known as the mediastinal lymph node (mLN), in tumor-
bearing mice at day 20. Migratory DCs in the mLN are defined as CD11¢™MHC-II", as
opposed to resident DCs (CD11c"MHC-IT")”. First, we observed higher abundance of
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migratory ¢cDCls (XCR1" Sirpa’) in the mLN of ivBCG mice (Figure 95A), suggesting
enhanced migration from the lung, which could be explained by their higher expression of
CCR7 in the lung. Among total migratory ¢cDCs, cDCls were slightly more frequent in
mice undergoing BCG treatment (Figure 95B), which could be explained by enhanced
migration specifically of the cDC1 subset from the lung or due to a higher ability to
proliferate or survive in the mLN. Additionally, we detected higher levels of CD86, CD40,
XCR1 and PD-L1 in migratory ¢cDC1s from mice undergoing BCG treatment (Figure 95C),
which suggests that BCG-activated cDCls in the tumor-bearing lung migrate to the mLN,

where they could be priming T cell responses to a higher extent than in control untreated

mice.
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Figure 95. Mice were treated as in Figure 94. At day 20, lung-draining mediastinal lymph nodes
(mLNs) was harvested and analyzed by flow cytometry. Shown is a representative contour plot for
identification of migratory and resident DCs and for identification of migratory cDC1s (A). Graph
in (A) depicts quantification of migratory cDC1s absolute numbers. (B) Quantification of cDC1
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frequency among total migratory DCs. (C) Expression of distinct surface markers in migratory
cDC1s. n =9 mice/group (A,B), n = 6 mice/group (C), n = 3 mice/group (C,PD-L1).

Next, we wondered how early were cDCls being activated in mice treated with ivBCG.
For this, we performed a time course experiment in which we analyzed cDCls in the lungs,
mLNs and spleens of mice bearing lung B16-F10 tumors at days 11, 14 and 18 post-tumor
cell inoculation (Figure 96). We observed dissimilar patterns for the different markers
studied. PD-L1 was already upregulated in lung and spleen cDCls as early as day 11
(Figure 96), four days after ivBCG administration. CD86 upregulation started to be
apparent at day 14 in both lung and spleen, one week after treatment, whereas CD40
upregulation in both compartments was only observed at day 18 (Figure 96). In the mLN,
although only the day 11 and 18 timepoints could be analyzed, our data show upregulation

of the three markers at day 18 but not at day 11 (Figure 96).
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Figure 96. Mice were inoculated intravenously with B16-F10 cells and treated with IV PBS or BCG
at day 7. Expression of CD86, PD-L1 and CD40 surface markers was analyzed on lung, spleen and
mLN cDC1s at days 11, 14 and 18 post tumor cell inoculation by flow cytometry. Results are shown
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as fold increase in MFI of a given marker in the ivBCG group versus the IV PBS group. n = 3
mice/group per timepoint.

Besides expression of costimulatory molecules, another relevant aspect of cDC1 biology
is their privileged ability to secrete IL-12 in response to infection*®! and in tumors*’3482,
IL-12 is a cytokine with potent immune-stimulatory and antitumorigenic properties*®*, such
as inducing IFN-y secretion by CD4" and CD8" T cells*** 3¢ increasing NK and CD8" T

cell cytotoxicity*®’

and reprogramming immune suppressive MDSCs into a T cell-
stimulatory profile**®. We hypothesized that ivBCG could be driving enhanced IL-12
production by cDCls. Detection of IL-12 cytokine expression by flow cytometry is
technically difficult and has been previously performed by in vivo administration of

475 As we did not have these tools available

Brefeldin A** or using transgenic reporter mice
or set-up in our laboratory, we decided to perform ex vivo stimulation of lung single cell
suspensions with low doses of LPS and IFN-y in the presence of Brefeldin A to stimulate
IL-12 secretion®®*° Although it is an artificial way of triggering cytokine secretion, we
though it could give us an idea of the intrinsic ability of DCs to respond to stimuli,

something they would conceivably be doing in vivo inside the tumor.

First, we noticed that we could only detect IL-12 production by DCs using LPS/IFN-y
stimulation, since we did not detect IL-12 in DCs from unstimulated lung single cell

suspensions (Figure 97A).
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Figure 97. Mice were inoculated with B16-F10 cells intravenously and at day 20 lung single cell
suspensions were stimulated ex vivo with LPS and IFN-y in the presence of Brefeldin A for 4 h.
Shown are representative histograms of IL-12 expression on cDC1s unstimulated or stimulated (A)
and representative histograms and quantification of IL-12 expression by different subsets of cells
(B). n = 6 mice/group, from one experiment.

Additionally, flow cytometry analysis showed that cDCls were the prominent cell subset
producing IL-12 in lung tumors after ex vivo restimulation, compared to cDC2s and non-
DC CD11c¢" macrophages (Figure 97B), which is in line with the existing literature*’64%2,
This suggested that our ex vivo stimulation method could be a useful approximation for

evaluating IL-12 production by immune cells infiltrating lung tumors.

Next, we analyzed IL-12 production in B16-F10 tumor bearing mice treated with ivBCG.
Flow cytometry analysis of lung single cell suspensions revealed that ivBCG increased IL-
12 cytokine expression only in DCs, but more markedly in the cDCls subset, which was
the prominent cell type producing this cytokine after ex vivo stimulation in both treated and

untreated mice (Figure 98).
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Figure 98. Mice were treated as in Figure 97. Shown are representative histograms and
quantification of IL-12 expression by different subsets of cells from PBS or BCG-treated mice. n =
6 mice/group, from one experiment.

Altogether, these results suggested that administration of ivBCG promotes cDC1 activation
in B16-F10 lung tumors, measured as expression of costimulatory molecules and IL-12.
Given that this cellular subset is specialized in cross-presentation and initiation of tumor-

specific responses, stimulation of cDC1 function might contribute to the antitumoral effect

of ivBCG.

In the following experiments, we evaluated whether cDCls are functionally required for
BCG treatment efficacy. For this, we used mice lacking the transcription factor Batf3,

t’3. First, we confirmed that cDC1s were absent

which specifically lack this cellular subse
from the lungs and mLN of this mice strain, with the additional aim of checking that we
were correctly identifying them by flow cytometry. As expected, XCR1" Sirpa” DCs were

selectively absent in mice lacking Batf3, both in the lungs and mLN (Figure 99).
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Figure 99. Flow cytometry identification of cDC1s in the lungs and mediastinal lymph node (mLN)
of wild-type and Batf3”/-mice. Shown are representative contour plots of n = 2 mice/group.
Next, we inoculated WT and Batf3”" mice with gp33-expressing B16-F10 tumor cells to
evaluate tumor-specific responses (Figure 100A). Analysis at day 20 revealed that ivBCG
did not reduce the number of visible tumor foci in the lung surface of Batf3”" mice, in
contrast to WT mice (Figure 100B), suggesting that cDC1s were required for efficacy. Flow
cytometry analysis of the lung revealed that the infiltration of CD8" T cells into the tumor-
bearing lung triggered by ivBCG was abrogated in mice lacking cDCls (Figure 100C), as
well as their expression of Granzyme B (Figure 100D). Interestingly, CD8" T cells from
untreated Batf3”" mice expressed less Granzyme B than in untreated WT mice (Figure
100D), implying that Batf3-dependent cDC1s prime cytotoxic CD8" T cells against lung
tumors in the absence of treatment. Interestingly, our data showed that the induction of a
Th1 phenotype in CD4" T cells, marked by higher T-bet expression and lower GATA3, did
not rely on Batf3-dependent ¢cDCls (Figure 100E), which suggests that other APCs are
responsible for driving this phenotype.

Along with the previous analysis, we also examined gp33-tumor specific responses. We
found that the enhancement of gp33-specific CD8" T cell responses by ivBCG was
completely abolished in Batf3” mice (Figure 101A,B). Moreover, splenocytes isolated
from mice lacking cDCls and bearing B16-F10.gp33 tumors did not display cytotoxicity
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against B16-F10 cells in vitro, in stark contrast with splenocytes isolated from WT ivBCG
mice (Figure 101C).
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Figure 100. Mice were treated as shown in (A). At day 20 tumor foci were counted by visual
inspection (B) and lung single cell suspensions were analyzed by flow cytometry (C,D,E). Shown
are representative contour plots (D) and quantification. n = 6-10 mice/group, from two
independent experiments except (E).

Altogether, these results show that cDC1s participate in ivBCG-driven recruitment of CD8"
T cells, their acquisition of a cytotoxic phenotype and in the enhancement of tumor-specific

responsces.

Page 196 /299



5. Intravenous delivery of BCG to the lung enables antitumor immunity

A
B16-F10.gp33
v BCG IV
l } J
0 7
days 20
B PBS IV BCG IV CD8* T cells
t * kK
+ 1
— *k  kokokok
WT . g 157 —r———
132%| ®© s
= 1.0 & |
,5'.’
LB g; 0.5 |O - L
Batf3/- 4 ke & ® a
o « 0,28 % 040% | 5o 0.0 TQll8
o MR i R WT  Batf3”
gp33 dextramer —
C

©
<

O Batf3” PBS IV

60 o ® Batf3” BCG IV

—
L

ns

% cytotoxicity
S
o

B16-F10 LLC

Figure 101. Mice were treated as shown in (A), and at day 20 lung single cell suspensions were
analyzed by flow cytometry. Shown are representative dot plots for gp33-specific CD8* T cell
identification and quantification (B) for n = 6-10 mice/group, from two independent experiments.
(C) Splenocytes from Batf3”7 mice were isolated and incubated with luciferase-expressing B16-F10
or LLC tumor cells in vitro for 20 h and cytotoxicity measured by luminiescence analysis for n =6

mice/group, from one experiment.

Finally, we evaluated the survival of Batf3”~ mice inoculated with B16-F10. BCG treatment
was completely ineffective in mice lacking Batf3 (Figure 102), which corroborates an

indispensable role of cDCls in driving BCG therapeutic efficacy in this model.
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Figure 102. Survival of Batf3”" mice inoculated intravenously with B16-F10 cells and treated with
PBS or BCG IV. n = 7 mice/group, from two independent experiments.

5.8 Intravenous BCG stimulates lung NK cells

NK cells have a prominent role in the control of disseminated tumor cells and metastasis'?*,

being specifically required for the control of B16-F10 lung metastases*’6**14°2_ In addition,

327,493 494,495

BCG can activate human NK cells in vitro and in vivo , and these innate immune
cells have been shown to be indispensable for intravesical BCG immunotherapy in mouse
models of bladder cancer’*?. Taking into consideration these findings, we wondered

whether NK cells participated in the antitumoral immune response triggered by ivBCG.

First, we analyzed NK cells in the lungs of B16-F10 tumor-bearing mice at day 20 (Figure
103A). Lung NK cells were defined by flow cytometry as CD45" CD3” NKp46" CD49b"
cells (Figure 103B). Our data indicated that ivBCG recruited NK cells to the tumor-bearing
lung, evidenced by a higher percentage among CD45" immune cells and higher absolute
numbers (Figure 103B). Further analysis of their phenotype revealed that a higher
percentage of NK cells expressed Granzyme B when receiving ivBCG treatment (Figure
103C), as well as increased CD11b expression (Figure 103D), a marker of mature NK cells

which display a more cytotoxic phenotye*”S.
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Figure 103. Mice were treated as shown in (A). NK cells identified in the lung by flow cytometry
(B) and their absolute numbers and frequencies analyzed (B,C), n = 12 mice/group, from two
independent experiments. (D) Representative contour plots of intracellular Granzyme B
expression in NK cells and quantification for n = 12 mice/group. (E) Expression of CD11b by lung
NK cells, n = 6 mice/group, one experiment.

Next, we stimulated lung single cell suspensions in vitro with plate bound aNKI1.1
antibodies*”*® to detect IFN-y and CD107a expression by NK cells. To detect actively
degranulating cells, FITC-conjugated CD107a antibody was added during in vitro
stimulation, in the presence of Brefeldin A the last 3 h of the assay. Indeed, aNKI.1
stimulation increased NK cell degranulation, measured as percentage of cells expressing
CD107a (Figure 104A). Our results revealed that ex vivo stimulated NK cells from ivBCG
mice expressed more CD107a and IFN-y when compared to controls (Figure 104B),
suggesting a higher activation status. Interestingly, we observed that among total NK cells
in the lung, those which were CD11b™ expressed two-fold more IFN-y and CD107a than
their CD11b" counterparts (Figure 104C), confirming that high CDI11b expression
delineates a higher maturation status of NK cells and correlates with greater cytotoxic

potential.
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Figure 104. Mice were treated as in Figure 103. (A) Representative contour plots of CD107a
expression by NK cells in lung single cell suspensions left either unstimulated or stimulated ex vivo
with plate bound antiNK1.1 for 4 h in the presence of Brefeldin A the last 3 h. (B) Quantification
of CD107a and intracellular IFN-y by lung NK cells following ex vivo restimulation, n = 6
mice/group, from one experiment. (C) Differential expression of activation markers by CD11b"

and CD11b" NK cell subsets.

We also wondered whether ivBCG differentially stimulated circulating conventional NK
cells (cNKs) and lung-tissue resident NK cells (trNKs). In humans and mice, trNK cells
can be identified by expression of CD49a and usually co-express CD69 and CD103,
accounting for approximately 15 % of lung NK cells**%!, In B16-F10 lung tumor-bearing
mice, approximately 14,5 % of NK cells expressed the tissue-residence marker CD49a
(Figure 105A). Further analysis revealed that ivBCG stimulated both ¢cNKs and trNKs to a
comparable extent (Figure 105B,C). Additionally, we found no differences in IFN-y and
Granzyme B expression between trNK and cNK cells in the untreated setting. Therefore,

ivBCG can stimulate both circulating cNK and lung trNK cells.
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Figure 105. Mice were treated as in Figure 103. (A) Representative contour plot for discerning
conventional NK cells (cNKs) and tissue-resident (trNKs), and average proportions for n = 6

mice/group.

Quantification of IFN-y (B) and Granzyme B (C) expression by cNKs and trNKs, n = 6

mice/group, one experiment.

As another means of measuring specifically the phenotype of NK cells that have infiltrated

the tumor-bearing lung, we administered labeled antiCD45 antibodies before euthanasia to

discern circulating and lung-infiltrating populations (Figure 106). Although performed with

only three mice per group, we observed that BCG treatment increased the absolute numbers

of NK cells in lung tissue. Moreover, infiltrated NK cells expressed more Granzyme B in

mice which had received ivBCG treatment (Figure 106).
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Figure 106. Mice were treated as in Figure 103. Shown are representative contour plots for
discerning lung tissue and circulating NK cells, based on intravenous staining with an antiCD45
antibody. Absolute number of lung-resident NK cells and Granzyme B expression in this population
was measured. n = 3 mice/group, one experiment.

Next, we set out to test the cytotoxic potential of BCG-stimulated NK cells in vitro against
target syngeneic B16-F10 cells. We engineered a B16-F10 cell line lacking MHC-I by
CRISPR/Cas9-mediated disruption of the B-microglobulin gene (B16-F10-B2m™"), which
completely abrogated MHC-I expression even when incubated with IFN-y for 24 h (Figure
107). This B16-F10 cell line lacking MHC-I would conceivably be more susceptible to NK

cell-mediated attack since MHC-I is an inhibitory ligand for these cells>%2.
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Control
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H2Kb/Db >

Figure 107. H2K"/D® expression by B16-F10 parental and B16-F10-B2m™- tumor cells in vitro. Grey:
FMO, Blue: control, Red: + IFN-y (50 ng mI™* 24 h).

NK cells were isolated from the spleens of mice by magnetic isolation with CD49b

microbeads, with a purity of the resulting population of approximately 60 % across all the
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experiments performed. Ideally, we would have wanted to isolate NK cells from lung
tumors for testing their cytotoxic function, but the number of NK cells we could obtain
from this tissue would be much lower compared to the spleen, a common organ for isolating
NK cells for cytotoxic assays. Importantly, ivBCG colonizes the spleen as well as the

218,454

lungs , so we thought ivBCG-stimulated spleen NK cells could function as a proxy for

BCG-stimulated lung NK cells.

Isolated NK cell cytotoxicity was evaluated against parental B16-F10 cells and B16-F10
lacking MHC-I (B16-F10-B2m™). Tumor cells were labeled before adding NK cells at
different effector to target (E:T) ratios, and after 20 h tumor cell death was tracked by flow
cytometry. As seen in Figure 108A, NK cells from ivBCG mice displayed enhanced
cytotoxicity towards B16-F10-B2m™" cells than NK cells from control mice at the E:T ratios
tested (Figure 108), evidenced by a five-fold higher proportion of tumor cells undergoing
cell death (AnnexinV" 7-AAD") and already dead (AnnexinV' 7-AAD"). As expected,
parental MHC-I sufficient B16-F10 cells were more resistant to NK cell cytotoxicity in the
same conditions, although significantly higher cytotoxicity of NK cells coming from

ivBCG mice was observed at the higher 5 to 1 E:T ratio (Figure 108).
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Figure 108. In vitro NK cell cytotoxicity against B16-F10 tumor cells was tested. Cell death markers
were analyzed in the CTV labeled target population. In each experiment, conditions were run in
triplicates and average values were used for analysis. Shown are results from two independent
experiments. For each experiment, NK cells were isolated from pooled splenocytes coming from
2 mice per condition (either PBS or BCG IV-treated mice).

To validate our findings in vivo, we inoculated mice intravenously with MHC-I deficient

B16-F10 cells to determine whether stimulation of NK cell activity by ivBCG could slow
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tumor growth in the lung, since they would completely avoid direct recognition by CD8" T
cells. We observed that ivBCG significantly improved mouse survival in WT mice,
suggesting that stimulated NK cells could be contributing to the control of MHC-I deficient
tumors (Figure 109). To extend our findings, we evaluated the survival of mice lacking
perforin bearing MHC-I deficient B16-F10 tumors. As shown in figure 109, ivBCG did not
extend survival in mice lacking perforin, further suggesting that the perforin-mediated
cytotoxic function of NK cells could be driving the efficacy of ivBCG in this model, since
MHC-I deficient tumors should be resistant to perforin-mediated CD8" T cell attack.
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Figure 109. Survival of wild-type (WT) or perforin deficient (Perf /) mice inoculated intravenously
with MHC-I deficient B16-F10 cells and treated with BCG or PBS at day 7. n = 6 mice/group, one
experiment.

5.9 BCG-stimulated NK cells recruit dendritic cells to the tumor bed and

enhance adaptive immune responses

Next, we hypothesized that NK cells could be acting upstream of tumor-specific adaptive
immune cells to mediate tumor growth control after BCG treatment. Concretely, as NK
cells rapidly respond to stimuli, we thought that BCG-activated NK cells could be favoring
the development of tumor-specific adaptive immune responses, which are indeed required
for the efficacy of ivBCG against MHC-I sufficient B16-F10 tumors as we showed in the
CD4" and CD8" T cell depletion experiments.
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First, we tested whether NK cells were also required for the antitumoral effect of ivBCG
against MHC-I sufficient B16-F10 lung tumors. For this, we depleted them by bi-weekly
administration of aNKI1.1 antibody, starting just before ivBCG treatment and until day 20
(Figure 110) to eliminate any contribution of BCG-stimulated NK cells to antitumor
immunity. We also included a group of mice treated with ivBCG and depleted NK cells
from day 16 to endpoint (Figure 110), to test whether NK cells were also required in later

stages of tumor development.
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Figure 110. Survival of mice inoculated intravenously with B16-F10 cells, treated with BCG and
depleted of NK cells following the schedules shown. n = 6 mice/group, one experiment.

Our results revealed that NK cells are required for ivBCG efficacy both during early and
late stages of tumor growth in the lung, as NK cell depletion in both settings significantly
shortened mice survival in comparison to treated non-depleted mice (Figure 110).
However, NK cells appeared to be most important in early stages, since mice undergoing
NK cell depletion from days 16 to 30 survived longer than mice undergoing early NK cell
depletion, from days 5 to 20 (Figure 110). Thus, we confirm that ivBCG efficacy depends
on the presence of NK cells, which are specially required around the time of treatment

administration, in early stages of tumor growth.
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Next, to unravel the role of NK cells in driving ivBCG treatment success, we similarly
depleted them in B16-F10.gp33 tumor bearing mice undergoing ivBCG treatment from
days 5 to 20 and analyzed immune responses at day 20 (Figure 111A).
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Figure 111. Mice were inoculated intravenously with gp33-expressing B16-F10 cells, treated with
ivBCG and NK cell-depleted as shown in (A). (B) Representative images and number of tumor foci
in the lungs counted by visual inspection. (C) Expression of IFN-y by T cells following ex vivo
restimulation. (D) Representative dot plots for gp33-specific CD8" T cells identification and
quantification. (E) Cyotoxicity assay using splenocytes at a 100:1 E:T ratio towards luciferase-
expressing B16-F10 and LLC cells. n = 6 mice/group, one experiment.

Confirming the results obtained in the NK depletion survival experiment, BCG ability to
reduce visible B16-F10 tumor foci in the lung was abolished in the absence of NK cells
(Figure 111B). Next, we analyzed lung T cell function by flow cytometry. After stimulation
with aCD3/aCD28 antibodies, the enhanced IFN-y expression by lung CD4" and CD8" T

cells observed in BCG-treated mice was partially lost when NK cells were depleted (Figure
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111C). This result suggested that NK cells mediate the improvement of T cell responses in
the lung driven by ivBCG. Focusing on tumor-specific responses, ivBCG no longer
improved gp33-specific responses in the lung when NK cells were depleted (Figure 111D).
To further validate this finding, we performed in vitro killing assays with splenocytes
isolated from these mice and found that NK cell depletion completely abrogated the
improvement of B16-F10-specific cytotoxicity by ivBCG (Figure 111E). Altogether, these
results suggested that BCG-stimulated NK cells participate in the generation of tumor-

specific adaptive immune responses in the lung.

Next, we wondered whether NK cell perforin-mediated cytotoxic activity was needed for
the generation of adaptive immune responses. For this, although ideally we would have
used mice with NK cell-restricted deletion of perforin, we did not have this tool available
so we used standard perforin knock-out mice. Therefore, in the following experiments we
cannot rule out a contribution of T cell perforin-mediated cytotoxicity to the observed

effects.

We analyzed the lungs of Perf”” mice inoculated intravenously with B16-F10.gp33 cells,
either untreated or treated with ivBCG (Figure 112A). Confirming the results of the
survival experiments conducted with this mouse strain, ivBCG did not reduce tumor burden
in the lung at day 20 in the absence of host perforin expression (Figure 112A). Concurring
with this lack of efficacy, ivBCG no longer enhanced gp33-tumor specific CD8" T cell
responses in the lung in the absence of host perforin (Figure 112B), neither in vitro
splenocyte-mediated cytotoxicity against B16-F10 tumor cells (Figure 112C). However,
we still observed enhanced IFN-y secretion by CD4" and CD8" T cells of ivBCG mice in

the absence of perforin, meaning that stimulation of T cell function did not rely on perforin.
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Figure 112. Perforin deficient mice (Perf’) were inoculated intravenously with gp33-expressing
B16-F10 cells and treated with PBS or BCG at day 7. (A) Representative images and quantification
of visible tumor foci in the lungs at day 20. (B) Expression of IFN-y by T cell subsets following ex
vivo restimulation. (C) Frequency of gp33-speciifc CD44* CD8* T cells among the total CD8*
population in the lungs. (D) Splenocyte cytotoxicity towards target luciferase-expressing B16-F10
or LLC tumor cells at a 100:1 effector to target ratio. n = 4-5 mice/group, one experiment.

Tumor cell killing is not the only role that NK cells can carry out in the context of antitumor
immunity. They have also been described to be responsible for cDC1 recruitment to the

tumor bed!?7128:303 therefore orchestrating the initiation of adaptive immune responses.

Here, we hypothesized that BCG-stimulated NK cells could also be favoring ¢DClI
recruitment to lung tumors. To test this, we analyzed ¢cDCls in the lungs of B16-F10.gp33
tumor-bearing mice. Our data revealed that ivBCG augmented cDC1 numbers in the tumor-
bearing lung, measured as percentage among CD45" cells, as absolute counts or as
percentage among DCs (Figure 113). Interestingly, NK cell depletion in ivBCG mice
completely abolished this effect (Figure 113), meaning that ivBCG-driven recruitment of

cDCls is mediated by NK cells.

Page 208 /299



5. Intravenous delivery of BCG to the lung enables antitumor immunity

cDC1s, Lung

+

b qs000- FR* Kk 0.154 = g KKK KX
g /i + t I % I_I.I_I
S S < ) = 15- )
3 10000 Q 0.10- o)) " o ©
c (@) 3) o
9 9o — T 101
= 5000 ;:! or o o
3 X EX O 5-
o ©
< 2 0-

O PBS IV

@ BCGIV

© BCG IV NK dep

Figure 113. Mice were inoculated intravenously with B16-F10 cells and treated with PBS or BCG at
day 7. A group received NK1.1 depleting antibodies from days 5 to 20. At day 20, lung cDC1s were
quantified by flow cytometry. n = 12 mice/group, from two independent experiments.

Next, we wondered the mechanism by which BCG-stimulated NK cells were recruiting

c¢DC1 to the tumor-bearing lung. NK cells have been described to recruit ¢cDCls by
secreting the chemoattractant factors CCL5 and XCL1'?’. Therefore, we first analyzed
CCLS expression in the tumor-bearing lung by intracellular staining. This chemokine was
mostly secreted by NK cells, evidenced both by a higher MFI of CCL5 in these cells and a
higher percentage of the population secreting it compared to CD3" T cells. Lung CD3" T
cells also secreted CCLS5, although to a lesser extent than NK cells (Figure 114).
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Figure 114. Representative histograms and quantification of intracellular CCL5 expression by NK
and CD3* T cells in the lungs of B16-F10 tumor bearing mice at day 20. n = 6 mice, from one
experiment.

Further analysis revealed that BCG treatment increased the percentage of NK cells

secreting CCLS5 in the lungs of tumor-bearing mice, as well as the MFI of CCLS5 in this
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population (Figure 115A). Of note, BCG treatment also increased CCLS5 expression by
CD8" T cells (Figure 115), although both the proportion of cells expressing it and the MFI
was lower compared to the NK cell population. Altogether, these results reveal a
mechanism by which ivBCG stimulates CCL5 expression by NK and CD8" T cells in the

tumor-bearing lung, which could drive the NK cell-dependent recruitment of cDCls.
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Figure 115. Analysis of CCL5 expression by NK and CD8* T cells in the lungs of B16-F10 tumor
bearing mice treated with IV BCG or PBS as a control. n = 12 mice/group for NK cells, two
independent experiments, or n = 6 mice/group for CD8* T cells.

Since trNK cells have been shown to be specifically responsible for upregulating CCLS5
secretion in tumors following IL-12 treatment®®, we evaluated the ability of lung cNKs and
trNKs to express CCL5 following ivBCG. In our model, both ¢NK and trNK responded
similarly to ivBCG regarding CCL5 expression (Figure 116)
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i:igure 116. Mice were treated as in Figure 115. Analysis of intracellular CCL5 expression by cNKs
or trNKs, n = 6 mice/group.

Next, we analysed CCLS5 protein levels in homogenates of B16-F10 tumor-bearing lungs
by ELISA, finding that ivBCG treatment increased CCL5 concentration in lung tissue,
confirming flow cytometry data (Figure 117). Interestingly, although we observed that
CDS8" T cells also increased CCL5 expression following ivBCG, NK cell depletion in
decreased CCLS5 protein levels to those of control PBS (Figure 117), evidencing that the
main source of CCL5 in response to BCG treatment are NK cells. Determination of other
critical cytokines for antitumor responses revealed that BCG treatment increased both IL-
12 and IFN-y protein levels in lung tissue in comparison to untreated mice, while NK cell
depletion slightly reverted (non-significantly) this effect for IL-12 and had no effect in the
case of IFN-y (Figure 117).
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Figure 117. Mice were treated as in Figure 113, and a group received NK1.1 depleting antibodies
from days 5 to 20. At day 20, protein levels of CCL5, IL-12 and IFN-y were measured in lung tissue
homogenates.
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Next, we interrogated the TGCA RNA-seq database using the GEPIA2 tool*** to determine
whether these observations could be translated to human lung adenocarcinoma. Using an
optimized NK cell signature®®, we found that abundance of NK cells correlated with that
of cDC1s. Concomitantly, a strong correlation between CCLS5 transcript levels and the NK
cell signature was observed, as well as between CCLS5 transcripts and cDC1s. Interestingly,
transcript levels of XCL1, another cytokine involved in NK cell-mediated recruitment of
cDC1s'?’, did not correlate with the abundance of ¢cDCI transcripts, at least in lung
adenocarcinoma patients (Figure 118). Finally, as previously described, levels of FLT3LG

positively correlated with cDC1 abundance'?®,
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Figure 118. Correlation between distinct transcripts abundance in lung adenocarcinoma
specimens analyzed by RNA-seq. Made using the GEPIA2 tool, data from the TGCA RNA-seq
databse.

Considering our results, we hypothesized that the ability of NK cells to promote tumor-
specific adaptive immune responses could rely on a mechanism involving both killing of
tumor cells and CCL5-mediated recruitment of ¢cDCls, which in turn acquire tumor-

associated material and cross-prime tumor-specific T cells in the lung-draining mLN.

In an attempt to experimentally test this idea, we generated ZsGreen-expressing B16-F10
lung tumors, since the fluorescent protein ZsGreen, unlike GFP, maintains its fluorescence
within intracellular compartments following phagocytosis, allowing us to track cells that

have ingested tumor-associated material*!6417,

In a preliminary experiment, we confirmed that we could detect cells carrying tumor-
associated material by flow cytometry by comparing mice inoculated with ZsGreen
expressing B16-F10 cells with mice inoculated with parental B16-F10 cells. Flow
cytometry analysis of lung tissue revealed that cDCls, cDC2s, alveolar macrophages,
monocytes/macrophages and neutrophils acquired green fluorescence in contrast to control
B16-F10 tumors (Figure 119), which validated our ability to detect fluorescent tumor-
associated material in phagocytic cell subsets. As expected, non-phagocytic cell subsets
such us lymphocytes did not acquire ZsGreen associated fluorescence in mice inoculated
with B16-F10-ZsGreen cells, consistent with their inability to mediate tumor-associated

cell debris phagocytosis (Figure 119).
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Figure 119. Representative contour plots of ZsGreen expression in distinct cellular compartments
from the lungs of B16-F10 or B16-F10-ZsGreen tumor bearing mice at day 20. Plots are
representative of n = 3 mice/group.

Next, we checked if we could detect cells carrying tumor-associated material in the lung-
draining mLN. A fraction of ¢cDCls and cDC2s from mice bearing fluorescent B16-F10
tumors acquired ZsGreen expression when compared to mice inoculated with parental B16-

F10 cells, consistent with the ability of DCs to acquire tumor-associated material and
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migrate to the lymph nodes. As a control, CD11c" MHCII cells in the mLN, which would

mostly comprise T and B cells, did not acquire ZsGreen expression (Figure 120).
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Figure 120. Representative contour plots of ZsGreen expression in distinct cellular compartments
from the lung-draining mLN of B16-F10 or B16-F10-ZsGreen lung tumor bearing mice at day 20.
Plots are representative of n = 3 mice/group.

Therefore, we corroborated that our model allowed us to track DCs that have ingested
tumor cell derived material in the lung and travelled to the mLN. Of note, the percentages
of DCs carrying tumor-associated material in the mLNs in our experimental conditions are
comparable to that observed by other groups using intravenous inoculation of KP lung

adenocarcinoma cells (20-40% for cDC1 and 5-20% for cDC2)°%.

Further analysis revealed that migratory cDCls in the mLN expressed higher levels of
ZsGreen compared to their resident counterparts and to migratory ¢cDC2s, at least at the
timepoint analyzed (Figure 121), which is consistent with their specialized ability to take
up tumor antigen and migrate from the tumor to the draining mLN. Of note, resident cDC1s
and cDC2s still expressed more ZsGreen than lymphocytes (Figure 121), which worked as
negative controls. This could be due to antigen transfer of tumor proteins between different

DC subsets in the LN, which has been described*'®.
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Figure 121. Mice were treated as shown in the Figure. At day 20, lung-draining mLNs were
processed and analyzed by flow cytometry. Shown are representative contour plots for defining
distinct migratory and resident DC subsets, and quantification of ZsGreen expression in them. n =
15 mice/group, one experiment.

Of note, migratory cDCls also expressed higher levels of CD40 and CD86 than their
resident counterparts in the mLN (Figure 122), which indicates higher potential to prime T

cell responses.
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Figure 122. Mice were treated as in Figure 121. At day 20, expression of CD40 and CD86 in distinct
cDC1 subsets in the lung-draining mLN was analyzed by flow cytometry. Shown are representative
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histogram plots and quantification for 12 mice/group, from two independent experiments. FMO:
fluorescence minus one.

Interestingly, migratory cDCls in the lung-draining mLN expressed higher surface CD40
protein than cDCl1s from the spleen or the lung (Figure 123), highlighting their privileged
ability to prime tumor-specific T cells in this anatomical compartment, since CD40
expression specifically by cDCls is required for their licensing, priming of tumor-specific

T cells and subsequent rejection of transplanted immunogenic tumors’®”’.
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Figure 123. Mice were treated as in Figure 121. At day 20, CD40 expression in cDC1s from distinct
anatomical compartments was measured. Shown are representative histogram plots and
quantification for n = 6 mice/group, from one experiment. FMO: fluorescence minus one.

Then, to test our hypothesis, we measured ZsGreen expression in mLN migratory cDCls
from mice bearing B16-F10-ZsGreen lung tumors and treated or not with BCG. Flow
cytometry analysis revealed that BCG treatment increased both the fraction of migratory
cDCls carrying tumor-associated material and the MFI of ZsGreen in these cells (Figure
124). Interestingly, NK cell depletion from days 5 to 20 reverted the increased ZsGreen
fluorescence observed in migratory cDCls, suggesting that they were responsible for this

effect (Figure 124).
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Figure 124. Mice were inoculated intravenously with ZsGreen expressing B16-F10 tumor cells and
treated with PBS or BCG at day 7. A group received antiNK1.1 depleting antibodies from day 5 to
20. At day 20, lung-draining mLNs were processed and analyzed by flow cytometry. Shown are
representative plots of ZsGreen expression in migratory cDC1s and quantification for n = 6-10
mice/group, from 2 independent experiments.

We thought that increased ZsGreen positivity in mLN ¢DCls from mice undergoing
treatment could be either due to enhanced killing of tumor cells by NK cells and subsequent
phagocytosis of tumor cell-derived debris, or to enhanced migration of loaded ¢cDCls to

the mLN, since inflammatory conditions trigger DC maturation and migration.

In an attempt to address this question, we also evaluated ZsGreen expression by ¢cDCls in
the tumor-bearing lungs. Flow cytometry analysis revealed that cDCls in the tumor-bearing
