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“Dreams are extremely important.
You can’t do it unless you image it.”
George Lucas



Acknowledgements

| would like to take this opportunity to thank the people that have made this
accomplishment possible because as they say in English “it takes a village” to do a PhD

thesis.

Firstly, | would like to thank my directors Judith and Rafa. They supported me since the
very beginning and embarked with me in this adventure. Thank you for believing in me
and nurture my dreams and aspirations, it has been a pleasure to learn from you

scientifically and personally. | can’t imagine having better mentors.

| would like to thank to all my lab mates, the current and the past ones, for generating an
amazing atmosphere in the lab where we all truly celebrate each other accomplishments.
But also, for being there in the days where nothing works, the days in which the path
seems too hard, and we fantasize about becoming bakers and farmers. | would like to
specially thank Lauren for the last months working together, for making collaborations
easy and for being able to talk frankly about our needs and ways to approach the projects.
| think we are an amazing team and can’t wait to keep working on this with you! | cannot
write acknowledgements about my PhD journey without mentioning my students (JT,
Guillem, la and Raphie). | am so proud of all of you; and | hope you learned as much from

me as | learned from you.

Special thanks also to all the other scientist and personnel in the department and cores
that make science easier and work-life a fun journey. Special thanks to Olga, for teaching
me everything about photoconversion and making PADME-seq a reality but also for being
an amazing role model showing that rigorous science is 100% compatible with being the
soul of the party when needed! To Paula for directing the best microscopy core ever! |
have learnt so much from you. We cannot thank you enough for being constantly working
to make our research easier and more robust, but also for caring about us and our projects

and be always willing to discuss and interconnect us so that we can grow as a team!

Thank you also to my fellowship program from La Caixa for their support during these

years. Not only for funding my PhD but also to introduce me to the “comunidad de



becarios”. | have met incredible people during these years that | am lucky enough to call
them friends if not family. From flat mates to covid-buddies we have all seen each other
grow in their fields and supported each other and attended thesis defenses even when
we had no idea of what they were talking about. We generated a small family ready to
try every (allergy friendly) restaurant in the city, go on improvised trips despite the
weather, wedding dress shopping or organizing the perfect bachelor/ette gateaway!

Thank you guys for being always there.

| would like to thank also to all my former mentors, lab mates, “mama pata y patitas” |
worked with along the way. Each one of you have contributed to me being the scientist

and the person | am today, thank you.

To all my friends in Spain that despite the distance we keep being present in our lives
even if that implies hearing my podcasts and audiobooks in whatsapp. It is great to know

nothing has changed and we are all there for each other just a phone call away.

Gracias a mi familia, en especial a mis padres por darme la educacion que me dieron y
apoyarme en todo momento. Por criarme sin limitaciones sobre “que queria ser”; porque
gracias a ellos tengo el gran privilegio de trabajar en algo que me apasiona. Al resto de
mi familia y en especial a mi tia Raquel por mover cielo y tierra cuando vamos para poder
pasar tiempo juntos y hacernos mas facil vivir fuera. También agradecer a mi familia
politica por convertiros en familia real y apoyarme como lo harian mis padres; aunque
eso implique que me haya llevado a vuestro hijo al otro lado del mundo. jNo puedo estar

mas orgullosa de la familia que tengo!

Por ultimo y mas importante dar las gracias a mi companero de aventuras, vida y
mudanzas. Alex este suefo no habria sido posible sin tu apoyo. Gracias por dejarlo todo
y creer en mi y en nuestro Proyecto de vida. Gracias por celebrar mis victorias y compartir
las derrotas, por entenderme y ser mi lugar de calma cuando mas falta me hace. Juntos
hacemos el mejor equipo y estoy deseando de vivir mil aventuras mas mientras sean a

tu lado.



Abbreviations

4T07
APC
B16F10
BM
BM-DC
CAFs
cDC
CODEX
CPM
D2A1
DAMPs
ECM
EdU
EGFP
EMT6
FFPE
GO
GSEA
GZM
HIF(1a)
HIF1a STBL
Hif1a-KO DC
ICB
IFNAR1
IMDM
INF(g)
IRES
Jedi
KO
(H)(d)LN

Murine model of TNBC

Antigen presenting cell.

Murine model of melanoma

Bone Marrow

Bone marrow derived dendritic cells.
Cancer associated fibroblasts.
Conventional Dendritic cells
Co-detection by indexing

Counts per million mapped reads.
Murine model of TNBC

Damage associated molecular pattern.
Extracellular matrix
5-Ethynyl-2'-deoxyuridine

Enhanced green fluorescent protein.
Murine model of TNBC
Formalin-Fixed Paraffin Embedded
Gene ontology.

Gene set enrichment analysis
Granzyme

Hypoxia inducible factor (1 alpha)
Normoxia stable form of Hif1a

Mice with Hif1a KO restricted to cDC.
Immune checkpoint blockade
Interferon alpha receptor 1

Iscove's Modified Dulbecco's Medium
Interferon (gamma)

Internal Ribosome Entry Site

Just EGFP death inducer

Knock Out

(tumor)(draining) Lymph Node



LPS Lipopolysaccharide

MDSCc Myeloid derived suppressor cells

MHC Major histocompatibility complex

MMP Metalloproteases

MRD Minimal Residual Disease

mregDCs Antigen loaded dendritic cells.

mTNBC metastatic Triple negative breast cancer
NK Natural killer

ORR Overall response rate

OVA Ovalbumin

p27k Truncated and inactive form of p27 protein
PADME Photo-conversion of Areas to Dissect Micro-Environments
PAMPs Pathogen associated molecular pattern.
pCR Pathologic complete response

QccC Quiescent cancer cell

ROIs Regions of Interest

scRNAseq single cell RNA sequencing

TAMs Tumor associated macrophages.

TCR T cell receptor

Teff Effector T cells

Texh Exhausted T cells

TiLs Tumor infiltrating lymphocytes.
Tint-exh Intermediate exhausted T cells

TME Tumor microenvironment

TNBC Triple Negative Breast Cancer

TPM Transcripts per million

Tprog-exh Progenitor exhausted T cells

Tregs Regulatory T cells

Tterm-exh Terminally exhausted T cells

wT Wild type



Table of contents

Table of contents
SUMMARY
RESUMEN

RESUM

1. INTRODUCTION

1.1. Tumor immune micro-environment
1.1.1. Immune surveillance of tumors across history
1.1.2. The immunoediting concept
1.1.3. T lymphocytes in tumors
1.1.4. Fibroblasts: suppressive CAFs
1.1.5. Dendritic cells in the TME

1.2. Tumor metabolism
1.2.1. Abnormal vascularization and hypoxia
1.2.2. Glycolysis and nutrient deprivation

1.2.3 Waste products: lactate accumulation

1.3. Spatial analysis of the TME
1.3.1. Multiplexed immunofluorescence

1.3.2. Spatial transcriptomics

1.4. Triple Negative Breast Cancer
1.4.1. Current treatments

1.4.2. Recurrence and resistance

1.5. Immunotherapy for TNBC
1.5.1. Immune checkpoint blockade
1.5.2. Current status and approval

1.5.3. Unmet needs

2. HYPOTHESIS AND OBJECTIVES

3. RESULTS

mn

o oo v Un

13
14

18
18
20
21

22
23
25

26
27
27

31
31
32
34

35

37



3.1. GFP as a visual antigen allows to unequivocally detect resistant cells. 39

3.2. Cancer cells that survive upon adoptive T cell therapy do not proliferate. 40
3.3. QCCs are more resistant to direct attack from cytotoxic T cells. 46
3.4. QCCs possess greater cancer initiation potential. 50
3.5. Clusters of QCCs form a niche with limited immune infiltration. 53
3.6. Proliferation correlates with T cell infiltration in patients. 55
3.7. QCCs express genes related to chemoresistance, hypoxia, and glycolysis. 57
3.8. The QCC niche displays suppressive fibroblasts and more exhausted T cells. 62

3.9. Dendritic cells inside clusters of QCCs express lower levels of key genes for T cell immunity

73
3.10. Specific activation of HIF1a in tumor cells abrogates anti-tumor immunity. 79
3.11. HIF1a activation in tumor cells but not in DCs impairs DC activation. 87
3.12. Lactate may drive immune dysfunction of DCs. 89
DISCUSSION 93
Future perspective 97
Graphical abstract 98
CONCLUSIONS 99
MATERIAL AND METHODS 101
Materials and key resources 101
Experimental model and subject details 106
Cell lines 106
Human FFPE samples and Bulk RNAseq data 107
Plasmids 108
Methos details 108
Tumor injection 108
Lentiviral production and transduction 109
Generation of knockout cell lines 109



Adoptive transfer of CD8+ T cells

Flow cytometry and FACS-sorting

Bulk RNA-sequencing

Immunofluorescence

Microscopy methods

Evaluation of cell cycle

Tumor initiation assay

Glucose uptake

Photo-conversion of Areas to Dissect Micro-Environments (PADME-seq)
Co-detection by indexing (CODEX) tissue staining.

Bone marrow derived dendritic cell (BM-DC) generation and culture in different oxygen concentrations.
Western blot

scRNA-seq

Lactate quantification by mass spectrometry

Splenic cDC isolation

Quantification and statistical analysis
Computational analysis of immunofluorescent images of mouse tumors
Analysis of immunofluorescent FFPE sections from human TNBC
Mouse Bulk RNAseq analysis
CODEX image processing and analysis.
RNA-seq analysis from TNBC patient cohort
PADME-seq and murine scRNA-seq 10X genomics and analysis

Statistical analysis
7. REFERENCES
References
8. ANNEXES |
8.1. Photo-conversion of Areas to dissect Micro-Environments (PADME)
9. ANNEXES Il

9.1. Scientific contribution
9.1.1. Articles

9.1.2. Congress communications as poster

110
110
110
111
111
113
114
114
114
116
117
117
118
118
118

118
118
120
120
120
121
121
124

125

125

147

147

169

169
169
169



9.2. Scientific mentoring 170
9.3. Fellowships and awards 170

9.4. International internships 170

VI



SUMMARY

Immunotherapy is a promising treatment for Triple-Negative Breast Cancer (TNBC), but
many patients relapse or do not respond, highlighting the need to understand
mechanisms of resistance. In this doctoral thesis we discovered that in primary breast
cancer, tumor cells that resist T cell attack are quiescent. These Quiescent Cancer Cells
(QCCs) form clusters with reduced immune infiltration. They also display superior
tumorigenic capacity and higher expression of chemotherapy resistance and stemness
genes. We adapted single-cell-RNA-sequencing with precise spatial resolution to profile
infiltrating cells (stromal and immune cells) inside and outside the QCC niche. This
transcriptomic analysis revealed hypoxia-induced programs and identified the presence
of more abundant exhausted T-cells, tumor-protective fibroblasts, and dysfunctional
dendritic cells inside clusters of QCCs. This uncovered differential phenotypes in
infiltrating cells based on their intra-tumor location with respect to QCCs. We were also
able to identify HIF1a expression in QCC as the driver of immune exclusion and
dysfunction. Forced activation of a HIF1a program in cancer cells recapitulated the
immune phenotype observed in the QCCs' niche. Thus, QCCs constitute immunotherapy-
resistant reservoirs by orchestrating a local immune-suppressive milieu that blocks DC
activation impairing T-cell function. Eliminating QCCs holds the promise to counteract

immunotherapy resistance and prevent disease recurrence in TNBC.

RESUMEN

La inmunoterapia es un tratamiento prometedor para el cancer de mama triple negativo
(TNBC), pero los pacientes recaen, lo que destaca la necesidad de comprender los
mecanismos de resistencia. En esta tesis doctoral hemos descubierto que, en el tumor
primario de cancer de mama, las células tumorales que resisten el ataque de los linfocitos
T son quiescentes. Las células cancerosas quiescentes (QCC) forman nichos con baja

infiltracion inmune. Estas células QCC exhiben mayor capacidad de regenerar tumores



y tienen un perfil de expresidn génica relacionado con resistencia a quimioterapia y
pluripotencia. Adaptamos la secuenciacién de ARN unicelular para obtener también una
resolucidén espacial precisa que nos permitiese analizar los infiltrados dentro y fuera del
nicho de QCC. Este andlisis transcriptomico revelé la induccion de programas
relacionados con la hipoxia e identifico células T mas agotadas, fibroblastos supresores
y células dendriticas disfuncionales dentro de las areas de QCC. Esto pone de manifiesto
los fenotipos diferenciales en las células infiltrantes segun su ubicacion intratumoral.
Fuimos capaces ademas de identificar la activacion HIF1a especificamente en las QCC
como el responsable del fenotipo de exclusidn y disfuncionalidad inmune. La activacion
forzada de HIF1a en células tumorales era suficiente para recapitular el fenotipo
observado en las areas con QCC. Por todo esto, hemos demostrado que las QCC
constituyen reservorios resistentes a la inmunoterapia al orquestar un medio
inmunosupresor hipoxico localizado que bloquea la funcién de las células dendriticas y
por tanto de los linfocitos T. La eliminacion de las QCC es la clave que promete
contrarrestar la resistencia a la inmunoterapia y prevenir la recurrencia de la enfermedad
en el TNBC.

RESUM

La immunoterapia és un tractament prometedor per al cancer de mama triple negatiu
(TNBC), pero els pacients recauen, fent destacar la necessitat de comprendre els
mecanismes de resisténcia. En aquesta tesi doctoral hem descobert que al tumor primari
de cancer de mama, les cel-lules tumorals que resisteixen l'atac dels limfocits T sén
quiescents. Les cel-lules canceroses quiescents (QCC) formen ninxols amb baixa
infiltraci6 immune. Aquestes cel-lules QCC exhibeixen més capacitat de regenerar
tumors i tenen un perfil d'expressié génica relacionat amb resisténcia a quimioterapia i
pluripoténcia. Hem adaptat la sequenciacié d'ARN unicel-lular per obtenir també una
resolucié espacial precisa que ens permetés analitzar els infiltrats dins i fora del ninxol

de QCC. Aquesta analisi transcriptdmica va revelar la inducci6 de programes relacionats



amb la hipoxia i va identificar cél-lules T més esgotades, fibroblasts supressors i cél-lules
dendritiques disfuncionals dins de les arees de QCC. Aix0 posa de manifest els fenotips
diferencials a les cel-lules infiltrants segons la seva ubicaci6é intratumoral. Vam ser
capacos a meés d'identificar l'activaci6 de HIF1a especificament a les QCC com a
responsable del fenotip d'exclusio i disfuncionalitat immune. L'activacié forcada de HIF1a
en cel-lules tumorals era suficient per recapitular el fenotip observat a les arees amb
QCC. Per tot aixd, hem demostrat que les QCC constitueixen reservoris resistents a la
immunoterapia en orquestrar un micro-ambient immunosupressor hipoxic localitzat que
blogueja la funcié de les cél-lules dendritiques i per tant dels limfocits T. L'eliminacié de
les QCC és la clau que promet contrarestar la resisténcia a la immunoterapia i prevenir

la recurréncia de la malaltia al TNBC.
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INTRODUCTION: TUMOR IMMUNE MICROENVIRONMENT

1.1. Tumor immune micro-environment

1.1.1. Immune surveillance of tumors across history

P. Ehrlich in 1909 (1) predicted the idea of the immune system playing a role in containing
potential carcinomas that would arise during our lifetime. However, the maturation of the
idea had to await the development of the immunology field. In 1950 the work of Medawar
shed light into the concept of allograph rejection helping in the understanding of cellular
immunology (2). But the lack of availability of inbred animals together with level of
knowledge of cellular immunology made it difficult for the field to prove that rejection was
due to anti-tumor recognition and not through allograph rejection. It was not until the
1950s-60s that the tumor immunology field was revisited and gained support (3). They
proved tumor antigen existence by immunization with tumor prior to syngeneic tumor

transplantation.

All these experiments led to the formal hypothesis of anti-tumor immune surveillance
proposed in 1957 by Burnet (4) and Thomas (5). This hypothesis stated: “In large, long-
lived animals, like most of the warm-blooded vertebrates, inheritable genetic changes
must be common in somatic cells and a proportion of these changes will represent a step
toward malignancy. It is an evolutionary necessity that there should be some mechanism
for eliminating or inactivating such potentially dangerous mutant cells and it is postulated

that this mechanism is of immunological character’.

During the next decades inconclusive experiments due to lack of understanding of the
immunological players and their intricate development brought the field to an impasse. It
was not until the 90s that the field was resurrected thanks to 2 main contributions: 1) the
effect of interferon gamma (IFNg) in controlling tumors was proven (6) and 2) perforin

(needed for cytotoxic immune activity) was shown to be necessary for tumor control (7).

The definitive proof the field was looking for came in the 1970s with the development of
Rag2 KO animals (that lack mature lymphocytes) in which they could finally demonstrate
that carcinogens developed tumors with higher efficiency than in immunocompetent

animals.
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In parallel, human studies showed indications of immunosurveillance, with higher
incidence of neoplasia in immunocompromised patients by AIDS or organ transplantation
(8) (9). It was also appreciated that tumor infiltrated lymphocytes (TILs) could be used as
a prognosis factor for patient outcome, reinforcing the role of the immune system in

cancer (10).

1.1.2. The immunoediting concept

As the immunology field progressed it was clear that the immune system had a secondary
unintended role in sculpting tumor development. The elimination of immunogenic cancer
cells was also generating that the resulting tumor was formed of cells that were able to
escape this killing. Work done in Dr. Schreiber’s group in 2001 proved that tumors
generated in immunocompetent mice were able to grow in immunodeficient mice (11).
However, if the tumors were generated in immunodeficient mice and injected into

immunocompetent mice, half of the tumors were eliminated.

As it was clear that the pressure enforced by the immune system is involved in tumor
progression and not only elimination; in 2002, Lloyd J Old and Robert D Schreiber

proposed the term immunoediting (12). Immunoediting refers to the radical role of the

immune system across the whole tumorigenic process. It is composed of three phases:

elimination (or the previous immune surveillance), equilibrium and escape (Figure 1).

The elimination or immune surveillance step consists in the cooperation of the innate and

adaptative immune systems to kill transformed cells. This process involves antigen

uptake and presentation by dendritic cells to elicit a cytotoxic immune response.

The equilibrium phase is a Darwinian process in which the cells surviving the elimination

phase are contained by the immune system, but their genomic instability generates a pool
of heterogeneity that eventually can result in tumor escape. This process happens before
clinical detection and is thought to be a slow process that can take up to several years
(13).
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Figure 1. Schematic diagram of the cancer immunoediting hypothesis. The apparition of a
malignant cell triggers the immunologic response and induces the elimination phase. If malignant cells
resist this attack, they enter in an equilibrium phase where both tumor and immune system modulate
each other. In this process the malignant cells able to escape the immune system will be selected and

grow, producing the clinical tumors. Image modified from (12).

If the tumor gets to the escape phase it means the balance has tilted to the tumor side

and there is a clinically detectable tumor. A lot of work has been done trying to identify
the escape mechanisms from immune recognition. A recent review (14) categorizes

tumor escape mechanisms as follows:

e Resistance to cytotoxicity: this includes direct mechanisms to survive CD8 and
natural killer (NK) cells kiss of death by upregulation of BCL2 (antiapoptotic
protein) or SerpinB9 (inhibits granzyme (GZM) mediated killing).

o Limited recognition and inefficient antigen presentation: this is probably the
most obvious pathway when considering tumor-immune dynamics.

Downregulation of genes in the major histocompatibility complex | (MHCI) and the
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antigen presentation pathway in tumors or even in antigen presenting cells (APCs),
is the straightest path to immune evasion. Downregulation of co-stimulatory
molecules in APCs as well as upregulation of checkpoint blockade moleucles are
also well-known mechanisms that could be included in this category.

e Formation of an immunosuppressive microenvironment: it is well documented
that chronic inflammation leads to the accumulation of Tregs, myeloid-derived
suppressive cells (MDSCs), suppressive macrophages and with them
immunosuppressive molecules such as TGFb, [110 or VEGFa. More recently, there
has also been an increase in literature highlighting the importance of nutrients and
their low availability in tumor microenvironment. Scarce resources and

immunosuppressive signals limit an effective immune response.

The immunoediting concept and its implications highlight the sine qua non of
understanding the tumor immune microenvironment (TME) if we want to put an end to the

escape phase of tumor immunoediting.

1.1.3. T lymphocytes in tumors

T lymphocytes or T cells are the cellular mediators of immunity. They develop from a
lymphoid progenitor in the bone marrow and suffer a maturation and selection process in
the thymus, hence the T. Their importance in tumor control became clear with the
validation of the immunosurveillance hypothesis. TILs in general and CD8+ specifically

were very early on used as a prediction marker for patient outcome (10).

T lymphocytes present two major subsets: CD4+ or T helper cells that as their name
states help to direct and mount a specific immune response; and CD8+ or cytotoxic T
cells that have the capacity to directly eliminate the cells they recognize. This cytotoxic
capacity is what makes CD8 T cells of special interest in the field of tumor immunology

since they have the potential to recognize and eliminate tumor cells.
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Naive CD8+ T cells become activated by their interaction with APCs. APCs will give three
ques to T cells that will determine the fate of the response (Figure 2) (15). The first signal
is antigen itself, through the interaction of T cell receptor (TCR) with peptide-loaded
MHCI. This interaction determines the specificity of the mounted immune response. The
second signal is through secondary receptors that are co-stimulatory molecules, which
reinvigorate and stabilize signal 1 interactions. Signal 3 is the cytokine milieu in which the

response is happening and that will dictate the type and strength of the response.

T cell

TCR

cp2s | | 7 ,‘
®—Antigen  cpso ’
MHC CD86 e "L °
“Cytokines
APC

Figure 2. Schematic diagram of T cell activation. Activation of naive T cells is a process that
combines 3 signals: 1) interaction of TCR with antigen loaded-MHCI, 2) co-stimulatory molecule

binding and 3) chemokine milieu. Image modified from https://www.jci.org/articles/view/31720/figure/1.

CD8+ T cell exhaustion and other functional states in tumors

In an optimal response naive CD8 T cells will become active and change to the rapidly
proliferative phenotype effector T cells (Teff). As the antigen is being cleared a non-
proliferative population will emerge. These are the memory precursor cells that will
become long lasting memory cells (16). Memory cells will be easily activated upon antigen

exposure to rapidly respond to recurring threats.

However, in chronic antigen exposure such as in viral infections CD8+ T cells acquire an
effector function that gets lost as the infection persists. The activated CD8 T cells start

losing production of IL-2 as well as their cytotoxic capacity and proliferation capacity (17).

9
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This phenotype is known as exhaustion (Texh). These features of exhaustion have also
been observed in CD8+ T cells in the TME (Figure 3) (18).

Exhausted T cells are less proliferative and less cytotoxic than Teff, but they are still active

(19). There are different degrees of exhaustion, and it is important to differentiate them

and understand the molecular mechanisms driving these stages. There are already some

well stablish markers as Tim3 that is known to be present in the most dysfunctional

population of Texh (18) (20); or PD1 that is known as an early driver of tumor exhaustion

(we will talk more about PD1 in section 1.5 of this introduction). The main stages of T cell

exhaustion that have been identified in all studies are (Figure 3) (16) (18) (21):

Progenitor exhausted: The most active population with capacity to be
reinvigorated by PD1 blockade (a-PD1), proliferate, and show effector activity is
progenitor exhausted (Tprog-exh). These cells are characterized by the
expression of TCF1 and can produce cytolytic cytokines as IFNg, TNFa or GZMB.
Intermediate exhausted: The next degree of exhaustion (Tint-exh, exhaustion
intermediate) is harder to characterize because it has a heterogenic response with
higher expression of TOX but showing also partial response to reinvigoration by a-
PD1. Their response will most probably be determined by the environmental ques
they receive in the moment of re-activation.

Terminally exhausted: The worst degree of exhaustion, terminally exhausted
(Tterm-exh), are cells with low proliferative capacity that are no longer able to be
reactivated. They are characterized by PD1Hish Tim3+ markers, GZMA production
which might indicate some cytotoxic activity and CCL3, CCL4 and CCL5
production which will lead to increase inflammation as well as tissue regeneration.
They can also present CD39 marker which is linked to regulatory effects through

the production of adenosine (22).

10
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Figure 3. Schematic diagram of T cell activation states. Activation of naive T cells generates
different states according to the type of stimulus, the environmental conditions and antigen
persistence. Acute and optimal signals lead to memory formation while chronic antigen exposure and

tumor microenvironment lead to exhaustion. Source: (16)

There is also increasing literature linking all this processes with the presence of a 4t
signal needed for correct CD8 activation and function, metabolism, and nutrient

availability. We will discuss the implications of tumor metabolism in section 1.2.

Antigen specific CD8 T cells in tumor immunology

CD8+ T cells recognize peptides via interaction of their T cell receptor (TCR) to the
antigen-loaded major histocompatibility complex | (MHCI). All nucleated cells possess
some level of expression of MHCI molecules that are going to expose in their surface
small peptides of endogenous produced proteins called antigens. This process was first
studied and is easier understood in the context of a viral infection since the antigens are
non-self and better stablished (23).

11
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The lack of known antigens was a limitation in the tumor immunology field. Tumor
antigens were not proven to exists until the 50s (3) (24) and it was not until the 80s that
the field discovered the mechanism of antigen presentation by MHCI expression and TCR
recognition. This allowed the confirmation and identification of tumor specific antigens
(25) (26).

However, to study tumor-T cells interactions further there is a need to know the antigen
but also possess a CD8+ T cell that unequivocally recognizes that antigen. This was
solved by the appearance of model antigens such as ovalbumin (OVA) and transgenic
mice with expression of specific TCR capable to recognize OVA peptide when loaded in
MHCI (OT-1 mice).

These studies facilitated and advanced hugely the field of tumor immunology leading to
major discoveries on how antigen specific T cells work in a tumor context and how cancer
cells protect themselves from this threat (27) (28). Although they present a major
confounding factor. As we have seen tumor cells exhibit an important capacity of
adaptation partially because of their big heterogeneity formed by genome instability. This
means, that during the Darwinian process of tumor survival a clone with antigen loss will
rapidly dominate tumor growth. The use of OVA does not allow for the discrimination of
cells based on presence of absence of antigen. Therefore, after OT-| treatment it is

impossible to differentiate if cells are truly escaping CD8 killing or if they lost the antigen.

In order to solve this problem Agudo et al developed a mouse model using the enhanced
green fluorescent protein (EGFP) as a visible antigen (29). The mouse presents Just
EGFP Death Inducer (Jedi) T cells capable to recognize the immunodominant epitope of
GFP loaded in MHCI. The part of the GFP peptide that gets presented in the MHCI
molecule of GFP-expressing cells is crucial for the fluorescence of the protein. This
means, that as long as the cell is GFP+ the antigen is intact, and the cells can be
recognized by the GFP-specific T cells (Figure 4). This allows for unequivocal
identification of antigen carrying cancer cells as well as enables identification of small
populations of cells thanks to its fluorescence properties. We will use this experimental

setting in the results section to characterize resistant mechanisms to CD8+ T cell attack.
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Figure 4. Schematic diagram of Jedi T cell model. EGFP protein when expressed in cells gets
presented through MHCI. The immunodominant epitope that gets loaded is crucial for EGFP
fluorescence, therefore fluorescent cells will be presenting the antigen. Jedi T cells possess a TCR

that will recognize GFP-loaded-MHCI in GFP+ cells inducing Jedi cytotoxic function.

1.1.4. Fibroblasts: suppressive CAFs

Fibroblasts are described as non-immune, non-epithelial cells of mesenchymal origin with
a structural function producing and remodeling extracellular matrix (ECM). During wound
healing, toxic or metabolic stress, fibroblasts get activated and acquire higher
contractability and higher deposition of ECM (30). Activated fibroblasts can be identified
by aSma, Pdgfra or Ddr2 markers. This activation process happens also in tumors leading

to cancer associated fibroblasts (CAFs).

During wound healing fibroblasts are involved in ECM remodeling to avoid scaring,
producing metalloproteases (MMPs) that will help with ECM degradation (30). Chronic
activation of the wound healing pathway will alter this process and generate an excessive
ECM that leads to fibrosis. Cancer could be considered to this purpose a non-healing
wound and therefore will share many characteristics with the fibrosis process. In fact,
CAFs signatures correlated to lack of immune infiltration in advanced tumors and include
some of these MMPs which indicate ECM remodeling and fibrosis (31) (32).
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Fibroblasts are a very plastic population and therefore it is hard to classify them based on
states. scRNAseq has allowed the identification of specific markers for pro-tumorigenic
fibroblasts. Recently it has been shown that highly activated tumor infiltrating fibroblasts
are marked by Lrrc15 expression (32). This population of fibroblasts is not present in
healthy tissues and arise in response to continued exposure to TGFb. The identification
of Lrrc15 has opened new possibilities to target and modulate CAFs specifically avoiding
damage of other healthy tissue architectures. Several groups have also linked this

population with T cell exclusion and failure of immune therapies in patients (33) (34).

1.1.5. Dendritic cells in the TME

Conventional dendritic cells (cDCs) were discovered in 1973 by Steinman and Cohn (35)
and are known to be the bridge between innate and adaptive immune responses. They
are the sentinels that take up, process and present antigens from tissues. They have the
capacity to integrate the environmental signals associated with the specific antigen to
mount an immune response or maintain immunological tolerance in the body. That is why
they are considered “the best support actors of antitumor immunity” (36). In fact, cDC
signatures in the TME correlate with better prognosis and response to therapy, even more

than the presence of antigens themselves or the so called mutational burden (37) (38).

cDC arise in response to FIt3l from bone marrow (BM) progenitors producing pre-DCs
that will leave the BM to reach lymphoid organs (resident cDCs) or tissues. Migration of
DCs to tissues happens in homeostasis and intensifies during disease. In the tissues
cDCs will uptake and integrate antigen leading to upregulation of migratory program that
will bring them to the draining lymph node (dLN) in the search of their matching T cell
(Figure 5).

Antigen uptake happens through scavenger receptors as CD205, CD209 or Clec9a. cDCs
also possess “Damage and Pathogen Associated Molecular Pattern” (PAMPs and
DAMPs) receptors that will help to integrate the environmental ques in order to activate

the proper immune response. Their activation leads to enhanced antigen presentation,
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increase in the co-stimulatory molecules (CD80, CD86, CD40) and induction of migratory

program (CCR7 and Fascin1) (Figure 5).
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Figure 5. Schematic diagram of DC maturation and T cell priming. Immature cDC arrive to tissues
where they get exposed to antigen and environmental ques of inflammation. In response to antigen
uptake they upregulate co-stimulatory molecules, antigen presentation machinery and start expression
CCRY7 that will allow them to migrate to dLN. In the dLN cDC will activate CD8 or CD4 T cells. Imaged
modified from Xiao Z et al, (39)

Once in the dLN they wait for a T cell whose cognate TCR binds to their antigen:MHC
complex with sufficient avidity. CD80 and CD86 co-stimulatory receptors will help stabilize
this synapsis to allow for cytokine exchange. DCs will produce IL12 that is necessary for

T cell maturation and T cells will produce IFNg that will re-stimulate cDC.

It has been shown that DCs play a key role in anti-tumor immunity as they are the only
cells that carry intact tumor antigens to the dLN (40). Therefore, cDC are also responsible

for the vast majority of T cell activation, amplifying further this response by transferring
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antigen to LN resident APCs (Figure 6) (41). Just increasing cDC differentiation and
activation with FIt3 and the TLR agonist Polyl:C injections, can boost anti-tumor

responses in an a priori poorly immunogenic tumor setting (40).

However, inside the tumor microenvironment there are many players that can inhibit an
immune response by impairing cDC function. Regulatory T cells (Tregs) can directly affect
their function by competitively binding CTLA-4 to the DC CD80 or CD86 co-stimulatory
receptor since it has a higher avidity than the effector T cell CD28. CTLA4 binding will
downregulate CD80, CD86 and will induce also secretion of IDO that will inhibit effector
T cell functions (42) (43) (44).

In the TME there are other cells that are well known producers of IL10 and TGFb such as
myeloid derived suppressor cells (MDSCs), tumor associated macrophages (TAMs) and
Tregs. These suppressive cytokines make cDCs less active and more tolerogenic, but

they also activate CAFs that have been reported to directly impair cDC function (45).

Dendritic cell classification and cDC1 importance in TME

cDCs can be further classified as cDC1 and cDC2. While cDC2 are thought to mainly
present to CD4 T cells though MHCII; cDC1 present to CD8 T cells through MHCI in a
process called cross-presentation. After antigen uptake, CLEC9a activates SYK that
helps the rupture of the phagosome releasing antigen into the cytoplasm. This allows for

MHCI cross-presentation (46).

cDC1 programs are better understood than cDC2 and it is now clear that they are crucial
for proper CD8 anti-tumor response. Batf3 and Irf8 are crucial transcription factors for
cDC1 development. Animals that lack either of these genes are deficient in cDC1 and are
not able to mount a proper immune response or control tumor growth (47) (48). This
phenotype cannot be rescued even after adoptive transfer of activated T cells; exposing

the importance of cDC1 in anti-tumor T cell immunity.

cDC1 are not only necessary in the dLN but also inside the TME itself to correctly recruit

and reinvigorate T cells (Figure 6). Inside tumors they are recruited by NK cells that
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produce Xcl1 and FIt3l (49). There they sustain and amplify anti-tumor response by
interacting with cytotoxic T cells and producing CXCLS9 in response to IFNg stimulation;
which helps in the recruitment of additional T cells. Tumor cell killing by cytotoxic T cells
releases more antigen and allows cDC1 to go back to the dLN and sustain the immune
cycle in the TME. This cDC1-CXCL9-T cell axis is crucial for the response to the immune

therapies (50).
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Figure 6. Schematic diagram of cDC roles and implications in anti-tumor immunity. Source: (39)

Antigen-loaded DCs and their role in anti-tumor immunity

Although upon antigen uptake and activation DCs upregulate migration programs not all
of the DCs go back to the dLN. Some of them stay in the perivascular space to recruit
and reinvigorate lymphocytes entering the TME (Figure 6). This cell state has been
independently found and described as DC3, CCR7+ DC, Lamp3+ DCs or mregDCs (51)
(52) (53) (54). After DC1 and DC2 activation their transcriptomic profile changes and they

lose expression of key markers such as CLEC9A or XCR1. In exchange they upregulate
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antigen presentation and migration programs as well as immunomodulatory molecules.

In this thesis we will refer to antigen-loaded dendritic cells as mregDCs.

cDCs have been shown to upregulate Cxcl16 to retain and attract T cells, increase IL12
production to stimulate NK and T cell responses, and produce IL15 to increase T cell
survival (55) (54) (56). They are therefore key players in the TME that help in licensing T
cells. Their presence is essential for immune therapies to work; hence they have been

correlated with a better outcome and response in patients.

1.2. Tumor metabolism

Tumor metabolism plays a critical role in shaping the TME. Oncogenic transformation is
known to rewire the metabolism of cancer cells. This phenotypic change, together with
the limited and sometimes deficient vascularization, introduces three main challenges for
the TME: low oxygen availability or hypoxia, nutrient starvation, and accumulation of
waste products. Immune cells have to compete for nutrients with the rapidly proliferating

cancer cells as well as adapt their metabolism to survive in that environment.

1.2.1. Abnormal vascularization and hypoxia

Hypoxia, or low oxygen levels, is a characteristic feature of the TME. It was initially
thought that the main contributor to hypoxia in the TME was the rapid proliferation of
cancer cells that outpaced the development of vasculature. Stabilization of the hypoxia
inducible factor 1 (HIF1a) was detected in foci that were more prevalent near necrotic
areas (57). While initial activation of HIF1a is probably due to lack of oxygen, this induces

angiogenesis that in this specific context further aggravates the problem.

HIF1a induces expression of VEGFa among other angiogenic factors that induce
vascularization. However, in the TME the high and chronic expression of VEGFa leads to
aberrant and leaky vessels. The formation of poorly functional vessels increases the lack

of oxygen and nutrients as well as favors the spread of tumors to circulation. This was
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found when drugs blocking VEGFa, that were initially thought to block tumor growth by
nutrient starvation, actually helped restored a better vascularization of the tumor. VEGFa
blockers are therefore great options to implement in combination therapy to increase drug

delivery and facilitate immune cells arrival to tumor.

Induction of HIF1a in the TME has also been associated with expression of
immunosuppressive molecules such as TGFb. HIF1a additionally promotes metabolic
remodeling since it regulates almost every enzyme in the glycolysis pathway (57). It also
manages glucose abundance by controlling glycogen synthesis and breakdown. The
activation of glycolysis and blockage of the Krebs cycle (because of the need of oxygen)
leads to the accumulation of lactate. HIF1a therefore also induces lactate transporters
(58) in order to eliminate this waste product and maintain stable cytosolic pH levels.

However, this will generate the acidification of the interstitial fluid of tumors.

Hif1a and oxygen deprivation in immune function

Oxygen availability in the TME is scarce as tumor progresses, so hypoxia is one of the
main metabolic components of the TME. Hypoxic responses are regulated by Hypoxia
inducible factors (HIFs). An in-depth discussion of the HIF activation mechanism and its
effect in tumor cells can be found in section 1.4.2.2. of this introduction. In this section we

will focus on the effect of hypoxia and HIF activation in tumor infiltrates.

There is an increasing body of literature correlating HIF activation and immune
suppression (59). CAFs with HIF1a activation have been shown to upregulate an immune
suppressive signature with expression of TGFb, several MMP proteins and the
immunomodulatory molecule PD-L1 (60). PD-L1 (which dampens the immune response
by blocking signal 2 in T cells) can be directly upregulated by HIF1a in both tumor and

immune cells (61).

Paradoxically, HIF1a induction in T cells seems to augment their cytotoxic activity against
tumors, increasing their proliferation and IFNg production (62) (63). Even if hypoxia does

not affect cytotoxic T cell function, T cells inside the hypoxic TME are observed as
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dysfunctional. Hypoxic signatures are also correlated with worse prognosis (64) and
immune therapy failure (65). This could suggest a role for hypoxia in the upstream

regulators of the immune response, the dendritic cells.

The effect of hypoxia and HIF induction in DCs has not been as well studied as in other
cell types. However, most studies point to a beneficial role of HIF1a induction in DC
activation. After DC activation HIF1a levels are increased more than the stabilization seen
in hypoxic conditions (66). It has also been reported that some crucial molecules
upregulated after antigen uptake such as IL-12 and IL-22 are dependent of HIF1a
stabilization (67). A more recent study highlighted the importance of HIF1a in DC
migration to the dLN by boosting the glycolysis pathway (68). Perhaps the contradictory
roles of HIF1a and hypoxia in immune function and its effect in the TME is explained by

the nutrient deprivation observed in this environment.

1.2.2. Glycolysis and nutrient deprivation

Nutrient consumption is dictated by the necessities of the cell state. For activation,
immune cells require an extra boost of energy, that makes them turn from oxidative
phosphorylation (OXPHOS) to aerobic glycolysis (16) (69). In cDCs sustained levels of
glycolysis are needed both for maturation and function (70). Enhanced glycolytic activity
has been observed to appear after antigen uptake, to increase during late activation by

HIF1a upregulation of Glut1, and to be needed during DC-T cell interactions.

T cell activation requires an exponential increase of their biomass through proliferation.
This process requires a metabolic switch from the mitochondrial respiration of naive T
cells to an enhanced glycolysis. Teff metabolic demands are in contradiction to the
nutrient landscape found in the TME. In healthy tissues there are cooperative and
complementary metabolic relationships but in tumors nutrient competition is fierce (16).
The scarce nutrient availability forces TILs to adapt (Figure 7). Texh metabolism is altered
with reduced mitochondrial mass and function, low oxygen consumption and increased

ROS generation (71). Texh start the metabolic changes after PD1 signaling inducing them
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to rely on lipid metabolism which makes them increase in catabolism, autophagy and lipid
import (72). These metabolic changes are enhanced as they get to a more Tterm-exh

state.
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Figure 7. Schematic diagram of metabolism at different T cell states. Source: (73)

1.2.3 Waste products: lactate accumulation

The high glycolytic activity in the TME leads to elevated lactate and lactic acid
accumulation. Lactate has been seen as a waste or bystander product but there is an
increasing body of literature highlighting its complex and important role in immune
regulation (69). Lactate is a known inhibitory molecule for T cells. It has been shown that
in tumors with reduced lactate concentration due to low levels of LDHA (the enzyme that
catalyzes the reaction from pyruvate to lactate) there is better T cell infiltration and tumor

control (74).

Lactate can also influence cDC function. A recent study shows that lactate stabilizes

HIF1a in cDC which helps reduced autoimmunity in the central nervous system. In the
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TME lactate accumulation has been correlated to impaired cDC differentiation and
maturation by decreasing MHCII and co-stimulatory molecules, as well as reduced

migration (75).

However, the molecular mechanisms of lactate mediated immune regulation are still
unclear. There are well known lactate transporters inside the solute carriers family (SLC)
that are also present on immune cells. Mct1 or Sic16a1, Mct2 or Scl16a7, and Mct4 or
Scl16a3 are the main lactate transporters genes (69). Lactate transport works in both
directions emphasizing the need of cells to sense lactate concentration in the environment
and the potential role of lactate as an immune regulator. While MCT1 and MCT2 primarily
work on lactate import, MCT4 is predominantly involved in lactate secretion (76).
Alterations of these lactate transporters can impact cDC function and boost the immune

response in the TME, highlighting the role of lactate as an immune regulator (77).

1.3. Spatial analysis of the TME

Single-cell techniques have revolutionized biology by allowing the discovery of rare cell
populations and phenotypes, as well as the characterization of highly heterogenous
populations of cells. However, both the localization of each specific cell type inside a
tissue and the identification of cell-cell interactions requires spatial information that is lost

during the sample processing.

Obtaining a map with both spatial resolution and transcriptional state is crucial to
understand the complex reality of tumor microenvironment. Imagine this intricated scene
painted by the Spanish artist “El Bosco” (Figure 8a) as an analogy of the real situation in
the tissue: if we were to study it with high throughput microscopy, we would get a big
picture idea of the general things happening (Figure 8b). But we will fail to resolve all the
relationships and details of the different individuals involved. However, with current
scRNAseq techniques we can obtain a very detailed idea of the specific state of each
character (Figure 8c), but we fail to resolve the big picture if we miss the spatial

information that is crucial to set things in a context.
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High throughput microscopy scRNAseq

Figure 8. Limitations of current techniques in their approximation of reality. Real tissue or TME
is a very complex ecosystem that is represented here in the first panel by an inset of “El Jardin de las
Delicias” painting from “El Bosco”. The second panel is a representation of how we would visualize
such a complex environment if we were to visualize it utilizing solely a limited number of colors. The
third panel exemplifies the visualization obtained by current scRNAseq analysis where we would

appreciate every single pigment and composition, but ignoring completely the spatial distribution.

In the recent years many different approaches are being developed in order to solve this

problem from multiplexed immunofluorescence to the spatial transcriptomics field.

1.3.1. Multiplexed immunofluorescence

Multiplexed immunofluorescence tries to approach the problem by increasing the number
of markers to analyze in a single image. They have the advantage of measuring protein,
so their readouts are at the latest state of molecular regulation. On the contrary they have
a limitation in the number of possible measurements and are considered a targeted
technique since the parameters to measure are pre-stablished (antibodies and markers

are decided in advance).
Some of the most common multiplexed immunofluorescence techniques:

- CODEX: the name comes from co-detection by indexing, and it is based in DNA

oligo conjugated antibodies (78). In this method samples are stained with up to 60
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conjugated antibodies. Then the sample is revealed by rounds of hybridization of
3 complementary fluorescently labeled oligonucleotides. After every round the
previous oligonucleotides are washed, and the developing process is repeated
(Figure 9). We will show some quantification of specific immune subsets in distinct

regions of the tumor using this method in the Result section.
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Figure 9. Schematic diagram of CODEX workflow. CODEX tissue preparation starts with a single

staining step using all the antibodies. After the staining the developing process occurs in an

automated manner, revealing rounds of 3 antibodies at a time by hybridization with fluorescent

probes and image acquisition. Source: https://www.scilifelab.se/units/co-detection-by-indexing-codex/

CyCIF: It is a public domain method for cyclic immunofluorescence of up to 30
markers. In this method sample is sequentially stained with groups from 3-6
fluorescently conjugated antibodies. Already attached antibodies are gently

inactivated between rounds in order to preserve tissue integrity (79).
MIBI: Multiplexed lon Beam Imaging conjugates antibodies with heavy metals to

fuse imaging with mass spectrometry (80). This technique allows for 30+ antibody

single staining and then images are revealed with a TOF mass spectrometer.
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1.3.2. Spatial transcriptomics

The field of spatial transcriptomics started a huge expansion in 2016 after the work of
Stahl PL et al (81) in which they developed for the first time an untargeted method to
obtain spatial information of transcripts from a tissue section. Since then, a lot of effort
has been made to face the three main challenges: spatial resolution, number of gene

transcripts and cost/availability.

- Microdissection technologies: This approach requires the use of a laser capture
microdissection microscope. Fresh frozen or FFPE slides are micro dissected
under the microscope and then sent for RNAseq. TOMO-seq examines the RNA
content through tissue sections and allows to examine a specific position across a

whole specimen (82). It is easy to implement but lacks single cell resolution.

- In situ hybridization-based techniques: These techniques evolved from
methods to detect single RNA molecules inside cells such as FISH or RNAscope.
They developed different strategies to bypass their main limitation that is given by
the number of fluorophores the microscope can detect. These methods possess
single cell resolution, but the use of probes makes them a targeted method. The
main technique in this category, MERFISH (83), has been shown to recognize 10K
genes with 80% efficiency (84). MERFISH’s disadvantage lies in the cost, which
escalates with the number of probes to be used. It also requires the use of
specialized equipment. Since it is a microscopy-based method as the number of

probes increases so does the background, reducing the signal to noise ratio.

- Spatial capturing technologies: These technologies capture RNA content from
tissue and add a barcode based on the spatial location. After the RNA is
sequenced, every transcript can be traced to the original location in the tissue
using the spatial barcodes (81). Most widely used commercial methods are based

on this approach. They allow for whole transcript sequencing, but lack single cell
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spatial resolution due to the size of each spatial barcode spot that fits 10-50 cells.
10x Visium is currently the leader in the market and is working to reduce the

barcode sites to achieve single cell resolution.

- Photolabeling based techniques: The discovery of photoactivable and
photoconvertible proteins as PA-GFP and Kaede respectively, allowed for the
labeling of specific populations of cells originally intended to track them and study
cell migration with live imaging (85). More recently Medaglia C et al proposed
Niche-seq: a strategy that uses PA-GFP and two photon microscopy to label
specific niches of cells which could then be FACS sorted and submitted for
scRNAseq (86). This technique allows for true single cell resolution in sequencing
but needs a well-defined area to be studied. The use of multiphoton microscopy

increases the difficulty and the experimental time.

The different approaches with their respective advantages and limitations allow to the
user to pick based on their needs. Out work required true single cell resolution and had a
very specific question focusing on well-defined areas of the tumor microenvironment. We
developed our own method based on photolabeling based techniques with considerable

variations to ease the process and maximize photolabeling.

1.4. Triple Negative Breast Cancer

Breast cancer is the most common form of cancer in women accounting for 30% of
patients. Its incidence has been steadily increasing over the past years and is expected
to continue in this trend (87). Breast cancers can be further stratified into subtypes
according mainly to 3 markers. Triple Negative Breast Cancer (TNBC) is characterized
by the lack of all three of them: hormone receptors both progesterone and estrogen as

well as HER2 receptor.
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TNBC accounts for 15% of total breast cancer cases and it is the most common subtype
in women under 40 years old (88). It is the most aggressive, invasive, and proliferative
form of breast cancer leading to a bigger portion of breast cancer related deaths than

other more abundant subtypes.

1.4.1. Current treatments

The lack of the three principal markers discards the use of targeted therapies such as
hormonal therapy and targeted HER2 therapy. As a systemic treatment chemotherapy
has been the standard of care before and after surgery. This involves anthracyclines,
taxanes, or platinum-based drugs. The main treatment however is surgical resection that
could involve partial or total mastectomy. After surgery radiotherapy is also used to
eliminate any potential tumor residue. More recently immunotherapy has been approved
by the FDA as standard of care in metastatic TNBC and is being evaluated for non-

metastatic patients, which will be addressed in depth in the next section.

1.4.2. Recurrence and resistance

Despite all efforts 10% of patients relapse after a successful elimination of the primary
tumor. This is a constant observed phenomena throughout history. In 1934 Rupert Willis
already proposed the idea of tumor dormancy, referring to undetectable disease
persistence. In 1954, Hadfield reviewed this concept and observed that among BC
patients, recurrence after 5 years was less common. To this day the 5 years threshold is
still used to differentiate early and late recurrence (89). TNBC patients have shorter
recurrence time than other BC subtypes, being the fastest and most prevalent one at the

local site.

27



INTRODUCTION: TRIPLE NEGATIVE BREAST CANCER

0.10 4
A

0.08
@
g ~2
@ t N
© a
@ o \A\\ —— brain
£ ® ®- ungs
s O bones
[ LT liver
- 0.04 .
© 2 A A localrec
°
= o)
N R TR = o)
£ oo o A< 0

.02 oa \

A DOQ\\\ O
0.00 - A0 Qpe-os—Obe
T T

T T T T T

0 1 2 3 4 5 6 7
Time from diagnosis (years)

Figure 10. Relapse and metastasis risk in TNBC patients. Graph depicts the hazard rate of

recurrence and metastasis in patients with TNBC as a function of time after diagnosis. Source: (90)

This scenario remarks the existence of a microscopic, clinically undetectable tumor that
is the source of recurrent events. This is called minimal residual disease (MRD). By its
own definition it is almost impossible to study in patients since it would require exhaustive
screenings of biopsies. However, there is good evidence of this phenomenon in organ
transplants where a priori healthy donor organs develop cancerous lesions after the
immunosuppression of the organ recipient (9). Another source of evidence is the
presence of disseminated tumor cells in bone marrow of breast cancer patients (91).
Furthermore, the presence of DTCs has been correlated with shorter recurrence times.
The evidence of MRD together with the time it takes for patients to relapse reinforces the

proposal of a latent disease or dormancy.

1.4.2.1. Dormancy and stemness

Cancer cellular dormancy was proposed by Aguirre-Ghiso in 2007 as a cellular state to
explain disease latency or disease dormancy (92). As explained above dormancy was

proposed as a clinical term in which the disease was present but undetectable. However,
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this could be explained by different scenarios: 1) the small mass was in an equilibrium
state of proliferation and death by lack of vascularization or by the effect of the immune
system. 2) Cellular dormancy in which there is either a growth arrest in GO/G1 like state
or the cells show an extremely low proliferation rate. Dormant cells can be found in both
the primary tumor site and the metastatic site explaining why recurrence can appear as

both primary and metastatic independently.

There is growing evidence of slow cycling cells present in the tumor mass as the source
of relapse in different cancers (93) (94). It has been well reported that in response to
some targeted therapies and chemotherapy there are some persister cells that exhibit
dormancy characteristics (95). Study of quiescent cells in the tumor mass by dyes diluted
with proliferation has also allowed the identification of cells prone to metastasize (94).
These dormant cells are not a clonal selection but rather an epigenetic and metabolic
adaptation driven by the damage and the environmental cues. Analysis of patient samples
also showed the presence of a dormancy gene signature with differences in enrichment

varying from 2% to 30% among patients.

Recently it has also been appreciated the role of the immune system in the induction and
maintenance of cellular dormancy. Several studies have pointed to the role of different
types of interferon in this process. It has been shown that T cells are necessary for
chemotherapy induced dormancy in murine 4T1 orthotopic models of TNBC (96).
Similarly, CD8 T cells from murine 4T07 TNBC orthotopic model also induce dormancy
in the distant sites (97). Moreover, NK cells induce cellular dormancy in breast cancer
through IFNg production (98). In patient clinical samples, IFNb is associated with longer

metastasis free survival suggesting cells are kept in a dormant state for longer time (96).

1.4.2.2. HIF1a and persistence

Hypoxia has been associated with cancer aggressiveness, progression, and metastasis

(99). Since the discovery of the molecular mechanism governing hypoxia, HIF1a has
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been postulated as a signature of persistence (100), marking cells capable to survive

treatment and predicting relapse and poor response in patients (64).

In TNBC HIF1a signature is present in all stages even in initial lesions (101) and it is
known to rewire metabolism which cancer cells harness to their full advantage as
previously described. Some of the molecular markers for breast cancer stem cells as Ca9
(102) or Aldh (103) are induced by HIF and play a role in the generation of the suppressive
microenvironment in tumors. This highlights the role of HIF as a master regulator of cells

capable of recurrence (so-called “cancer stem cells” by some) (100).

Some of the common mutations of TNBC can induce HIF1a in an oxygen independent
manner (104) (105). This explains why HIF1a is particularly high in TNBC patients (106)
and why TNBC cancer cells retain hypoxic signatures even in normoxia cultured
conditions (107). However, mRNA expression is not altered so the accumulation must be

related to the post-translational regulation of HIF1a protein.

Active HIF complex is formed by the union of HIF1b that is constitutively expressed and
HIF1a or HIF2a. The HIFa subunits are constitutively expressed but regulated at the
protein level by oxygen conditions. PHD proteins hydroxylate two proline and one
asparagine residues in HIF1a in the presence of oxygen (P402/P557/N813). The VHL
protein will then recognize hydroxylated HIF and ubiquitinate it so that it is degraded by
the proteosome. It is therefore possible to stabilize HIF1a in normoxic conditions using a
mutated version of the HIF1a protein that cannot be hydroxylated (108). We will refer to

this form as HIF1aSTBL in the Result section of this thesis.
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Figure 11. Schematic diagram of HIF1a activation and normoxic stabilization of HIF1a STBL.
During normoxic condition in the presence of oxygen (O2) HIF1a gets hydroxylated. This hydroxylation
makes possible the binding of VHL that will mediate HIF1a degradation. HIF1a STBL has point
mutations in the hydroxylated residues that avoid such modification. In the absence of hydroxylation

the protein can not bind to VHL and is accumulated, even in the presence of Ox.

1.5. Immunotherapy for TNBC
1.5.1. Immune checkpoint blockade

Immunotherapy was named by Science as the breakthrough of the year in 2013. Immune
checkpoint blockade (ICB) therapy revolutionized the treatment of uncurable cancers like
melanoma (109), opening a new field full of possibilities. Its impact in the advance of
cancer treatment was reassured in 2018 when it was awarded the Nobel Prize in

physiology and medicine.

Immune checkpoint mechanisms were evolutionary developed as a way to maintain self-
tolerance and put breaks to the immune response. They consist of receptor — ligand

interactions that dampen the immune response. ICB therapy consists in the use of
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monoclonal antibodies that compete for either the receptor or the ligand blocking their

union, hence maintaining the immune activation.

The first ICB therapy tested in a phase lll study was aCTLA4 (Ipilimumab) in melanoma
patients that significantly increased the overall survival (110). During T cell activation in
the immunological synapse, APCs present antigen through MHC as signal 1. Then B7
family of proteins in APCs bind to the co-stimulatory molecule CD28 in T cells to activate
them (signal 2). CTLA4 is expressed in T cells and competes with CD28 for binding to
B7. Blocking CTLA4 will ensure the binding of CD28 to B7 to obtain a successful T cell
activation. This interaction is thought to be more relevant at the dLN where the T cell
response is being mounted. Blocking this mechanism can lead to loss of self-tolerance

and present higher immune related adverse events than other immune therapies.

PD1 is a family member of the CD28 family and acts as a co-inhibitory molecule when
binding to PDL1 or PDL2 (members of the B7 family) expressed in APCs. However, non-
immune cells and cancer cells can also express it and hijack this mechanism to defend
themselves against direct T cell engagement (111). In this case its effect is not on the T
cell activation but rather in the effector phase. It has been shown that PD1 signaling is
involved in T cell exhaustion and that its blockade can at least partially restore the
exhausted phenotype (109). PD1/PDL1 monoclonal antibodies have shown an
impressive response in several types of tumors and present less immune related adverse
events than CTLA4 blockade (112).

1.5.2. Current status and approval

TNBC presents a great opportunity for ICB since it presents high level of immune
infiltration, high mutational burden, and expression of PDL1. Among TNBC patients it was
first evaluated as a monotherapy in metastatic patients (nTNBC). mTNBC has very
limited treatment options and shows a poor prognosis, and therefore there is a critical

need to evaluate potential treatments options.
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The first study to evaluate the use of anti-PD1/PDL1 axis was Keynote012. In this study
pembrolizumab showed 18.5% overall response rate (ORR) in mTNBC patients. After this
Keynote086 (113) (114)(pembrolizumab) and JAVELIN (115)(atezolizumab) showed an
ORR of 21.4 and 22% respectively in PDL1+ patients. Another study showed combination
of aPD1 with aCTLA4 had a 17% ORR that increased to 43% when analyzing previously
treated patients (116). These encouraging results lead to the Keynote355 study for
chemotherapy in combination with pembrolizumab. After Keynote355 clinical trial the FDA
approved this combination in mTNBC and recurrent unresectable primary TNBC with
PDL1 expression (117).

After ICB success in the late stages of the disease it was evaluated in earlies stages. In
these studies, the measurement used is pCR that is defined as non-invasive cancer lesion
in breast or lymph node tissue. Several studies evaluated a-PD1 in combination with
chemotherapy (I-SP42 (118), Keynote173 (119) or IMpassion031 (120)) and they all
showed a pCR of 60% in the combo treatment. After the results of Keynote522 (121) the
FDA approved the use of pembrolizumab with chemotherapy in high risk TNBC

regardless of PDL1 status.

The field is now looking for other combinations that can further boost the results obtained
with ICB treatment. One of the most prominent ones is the combination with PARP
inhibitors (122). PARP inhibitors have been reported to lead to accumulation of DNA
fragments through induction of DNA damage. These are well established DAMPs that will
boost the innate immune system to produce type | IFN and activate an immune response.
It has been shown that they increase antigen presentation of DCs in the TME.
Combination of PARP inhibitor and aPD1 therapy has shown a 479%0RR in mTNBC with
BRCA1/2 mutations and a pCR of 47% in early stage TNBC in several studies (123) (124)
(125). These results are being further evaluated and highlight the potential of

combinatorial ICB treatment to treat TNBC.
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1.5.3. Unmet needs

ICB treatment has considerably improved the treatment of TNBC patients. It has given
successful and durable therapeutic options to previously unresponsive patients.
However, response rates are 20% in metastatic disease and 60% in early stages. There
is a lot of room for improvement. It is crucial to understand why therapy fails in order to
design new therapeutic strategies. The field is currently evaluating the potential to use
irradiation to induce inflammation prior to ICB or vaccines that are capable to generate

and sustain an immune response so that ICB can increase its effectiveness (126).

Aside from the margin of improvement there is also a need to obtain better predictive
markers for responsive patients. This will help to direct patients to the most suitable
therapy and do not lose time with therapies that are destined to fail in their specific case.
As of now, the best markers are the presence of PDL1 together with the presence of TILs.
However, it is not well understood what drives the presence of absence of TILs and the
PDL1 marker is not always a good predictor marker for response. There are in fact some
studies in which they found a similar response rat between PDL1 positive and negative
patients making it not necessary for evaluation in the treatment of primary tumors

according to the FDA.

All this together remarks the need to further understand the interplay between immune
cells and cancer cells in the tumor microenvironment as well as their immune evasive
mechanisms in order to elucidate therapy resistance. These studies will be crucial for

driving new combinatorial therapies that can harness the full potential of immune therapy.
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HYPOTHESIS AND OBJECTIVES

Immunotherapy is a promising treatment for Triple-Negative Breast Cancer (TNBC).
However only a fraction of patients respond, arising the need to understand resistance.
Little is known about the ability of the immune system to clear the heterogeneous

populations that coexist in a tumor. We hypothesize that inside tumors there might be a

resistant population orchestrating a dysfunctional TME that avoids T cell function.

e Visualization and characterization of immuno-therapy resistant cancer cells in
primary TNBC. |s the immune system able to eliminate the different populations
and states of cancer cells in a tumor setting? We will assess the ability of the
immune system to clear the heterogenic populations of a tumor using the
proposed technology of GFP and Jedi T cells. We will also characterize the
surviving populations.

e /dentification of the stroma/immune components within the niche containing
immunotherapy resistant cancer cells. What are the defining features of the
stroma and immune populations surrounding immunotherapy resistant cells? We
will develop a new scRNA-seq with spatial resolution to characterize the niche
surrounding resistant tumor cells.

o Which are the underlying mechanisms used by resistant cancer cellsto survive
immunotherapy. How are tumor cells escaping direct T cell killing? T cell
infiltration in tumors is heterogenic tumors but the drivers of this uneven infiltration
are poorly understood. We will study the resistant mechanisms used by cancer
cells against T cell immunity.
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RESULTS

Quiescent cancer cells resist T cell

attack by forming an immunosuppressive niche.

Baldominos P, Barbera-Mourelle A, Barreiro O, Huang Y, Wight A, Cho JW, Zhao X,
Estivill G, Adam |, Sanchez X, McCarthy S, Schaller J, Khan Z, Ruzo A, Pastorello R,
Richardson ET, Dillon D, Montero-Llopis P, Barroso-Sousa R, Forman J, Shukla SA,
Tolaney SM, Mittendorf EA, von Andrian UH, Wucherpfennig KW, Hemberg M, Agudo J.

Cell. 2022 May 12;185(10):1694-1708.e19. doi: 10.1016/j.cell.2022.03.033. Epub 2022
Apr 20. PMID: 35447074.

My contribution was essential for the publication of this work. | designed all the
experimental settings under the guidance of my thesis directors. | performed all the
experiments except for those involving clinical data and participated in all the analysis
present in this work. | also contributed to a major part of the manuscript writing. The result

section of this paper is presented with some extended figures and clarifications.
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3.1. GFP as a visual antigen allows to unequivocally detect

resistant cells.

To investigate how tumor cells that retain expression of targeted antigen(s) can escape
T cell killing, we used anti-GFP specific Jedi T cells (29) in combination with GFP
expressing TNBC 4T07 cells (Figure 12). GFP as a visible tumor antigen allows one to
distinguish cells that survive T-cell attack and retain antigen expression. This is necessary
to differentiate tumor cells that truly developed T cell resistant mechanisms from cells that
escaped by antigen loss (GFP-). During tumor implantation and development GFP- cells
acquired an evolutionary advantage and become the predominant clone of the resulting
tumor. The immunoediting process will favor antigen loss and as a result bulk analysis of
the whole tumor population will mask the underlying mechanisms of antigen carrying

tumor cells.

Untreated

Jedi treated

Figure 12. GFP+ cells are a small fraction of tumor cells after Jedi treatment. Representative
images of 4T07 GFP+ tumors (n=3 animals per group) for untreated and Jedi adoptive transfer.

Immunofluorescence analysis shows Dapi (grey), GFP (yellow) and CD3 (magenta).

39
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3.2. Cancer cells that survive upon adoptive T cell therapy

do not proliferate.

In order to study how GFP+ cells escape Jedi T cell killing, we orthotopically injected a
mix of GFP+ and mCherry+ cells in mice. Since Jedi T cells do not recognize mCherry,
mCherry+ cells constituted labelled controls that were embedded within the same milieu
(Figure 13A). We generated PD1-deficient Jedi T cells (PD1-/- Jedi) by crossing with PD1-
/- mice (127), so PD1 inactivation was directed only against GFP+ cells. PD1-/- Jedi T
cells were transferred at either day 7 or day 15, to capture different stages of tumor growth
(Figure 13B). Jedi T cells were traced by CD45.1 staining, expansion was restricted to

tumor draining lymph node (tdLN) (Figure 13C).
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Figure 13. Experimental design to isolate T cell resistant cancer cells. A) Schematic of the
experiment: mammary carcinoma was grown with mixed GFP+ and mCherry+ 4T07 cells (1:1). Mice
were treated with 7M PD1-/- Jedi T cells at either day 7 or day 15 after tumor inoculation. All mice
were analyzed 7 days post-T cell injection B) Tumor growth curves of 2 independent experiment
following schematics of A. The mean+sem of the volume is shown. Arrow marks time of T cell injection.

C) Jedi PD1-/- quantification (mean+sem) in tumor draining lymph node (tdLN) and distant lymph node

40



RESULTS: CANCER CELLS THAT SURVIVE T CELL THERAPY DO NOT PROLIFERATE

(ndLN) by flow cytometry based on CD45.1 expression that was restricted to Jedi T cells. (n=4 mice).
*P<0.05.

PD1-/- Jedi T cells effectively killed most but not all GFP+ cancer cells (Figure 14A, B).
To ensure differences in GFP:mCherry ratio were due to Jedi kiling we grew same
mixture of cells in immunodeficient NSG mice. The GFP:mCherry ratio in NSG mice was
close to 1 ensuring there was no growth advantage and the difference was the result of
immune pressure (Figure 14C). We also confirmed the GFP:mCherry ratio at day 7 before

Jedi treatment when the adaptive immune response is minimal (Figure 14C).
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Figure 14. T cell resistant GFP+ cells represent a small fraction that can be identify by flow
cytometry. A) Representative flow cytometry plots from tumors in 2A, gated on DAPI- CD45-. (C)
Mean+sem of data in A. (n=4). ****P<0.0001.

Surviving GFP+ cancer cells were not scattered in the tumor mass but rather in organized
clusters (Figure 15A, B). Immunofluorescence with CD3 and CD45.1 showed that majority
of T cells inside the tumors were CD45.1+ Jedi T cells (Figure 15A, B). Images also
showed reduced T cell infiltration in GFP+ areas compared to mCherry+ regions,
indicating partial T cell exclusion. Quantification of CD3+ infiltrates showed a two-fold
reduction in GFP+ regions (Figure 15C). This result demonstrates that mammary

carcinomas contain regions with restricted T cell infiltration likely contributing to their

resistance to immunotherapy.
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Figure 15. GFP+ resistant cells form clusters that present T cell exclusion. A, B) Representative
tumor images from 2A at day 14. A) CD3 immunofluorescence B) CD45.1 immunofluorescence

(C) Number of T cells per tumor area from mice in 2A. Bar marks the median (n=3 tumors).

*P<0.05, ***P<0.001.

We FACS-sorted GFP+ surviving antigen-expressing cancer cells along with control
mCherry+ cells to perform RNA-sequencing (Figure 16A). Principal Component Analysis
(PCA) revealed that GFP+ and mCherry+ cells from the same tumors did not cluster
together. Instead GFP+ samples from the various tumors were closer to each other than
to mCherry+ cells from the corresponding tumor (Figure 16B, C). This provided a good
framework to search for differentially expressed genes between GFP+ and mCherry+

cells to uncover mechanisms of resistance to T cell killing.
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Figure 16. General overview of bulk RNA sequencing from GFP+ resistant cells. A) RNA-
sequencing was performed in mCherry+ versus GFP+ cancer cells from tumors in Figure 2A. Pie
charts show the percentage of statistically differentially expressed genes. B, C) Principal Component
Analysis (PCA) from RNA-seq data from mCherry+ and GFP+ tumor cells from 2A at day 14 (B) and
day 22 (C). (n=3-4 mice)

First, we focused on antigen presentation, and found that expression of essential genes
in the pathway was not reduced (Figure 17A). Because MHCI was reported to decrease
at the protein level in T cell-resistant pancreatic tumor cells (128), we also quantified
surface levels of MHCI protein in surviving GFP+ cells (Figure 17B, C). GFP-expressing
cells were MHCI positive and had comparable levels albeit a bit higher than their non-

targeted mCherry+ counterparts.
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Figure 17. GFP+ resistant cells have intact antigen presentation. A) Heatmap shows key genes
in the antigen presentation machinery from mice in Figure 1A. Data is color coded to reflect gene

expression Z-scores. B, C) Protein levels of H2-Kd (MHCI) in cancer cells from mice in 2A (n=4 mice).
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Measured by flow cytometry (B) or immunofluorescence (C). Representative plot and images are

shown (n=3 mice).

We then searched for the highest upregulated genes in GFP+ resistant cells in both
datasets of independent experiments. This analysis revealed that the top 10 upregulated
genes in the GFP+ population included Ngfr and Aldh1ai (Figure 18A). These genes
have been described as markers that identify a subset of breast cancer cells with
enhanced resistance to chemotherapy and stronger tumor initiating capacity, referred to
as breast cancer stem cells (129) (130). Car9, another breast cancer stem cell marker

(100), was also increased in GFP+ cells (Figure 18A, B).
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Figure 18. GFP+ resistant cells show upregulation of genes related to chemotherapy resistance
and hypoxia. A) Volcano plot showing log2 fold-change differences versus —log (adjusted p-value) of
GFP+ vs mCherry+ cells from Figure 13. B) Heatmap shows differentially expressed genes related to
resistance to therapy, tumor initiation and hypoxia from samples in Figure 1A. Data are color coded to

show gene expression Z-scores.

We next performed an unbiased pathway enrichment analysis of the transcriptome of
GFP+ versus mCherry+ cells. The most significant gene ontology pathways that differed
between GFP+ and mCherry+ cells were all related to cell cycle (Figure 19A, B). Key
genes involved in proliferation and DNA replication, such as Mki67 and Pcna, were all

downregulated (Figure 19C, D).
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Figure 19. GFP+ resistant cells present cell cycle downregulation. Pathway enrichment analysis
from differentially expressed genes in GFP+ versus mCherry+ cancer cells from RNA-seq from Figure
13 at day14(A) and 22 (B) (n=3-4 mice). Graph shows pathways ranked by lowest adjusted p-value.
(C, D) Heatmaps show key differentially expressed genes in GFP+ vs mCherry+ cells involved in
regulation of DNA replication (C) and cell cycle (D). Data are color coded to show gene expression Z-

scores.

To confirm whether these resistant cells were in cell cycle arrest, we treated tumor-
bearing mice with the thymidine analog 5-Ethynyl-2'-deoxyuridine (EdU) daily, starting
before adoptive transfer of PD1-/- Jedi T cells. Six days post-Jedi treatment, most
mCherry+ cancer cells were positive for EJU. Conversely, EdU signal was low in T cell-
resistant GFP+ tumor cells. This demonstrated that most T cell resistant GFP+ cancer
cells were not cycling prior to adoptive T cell transfer and did not cycle during T cell killing
(Figure 20A, B). Therefore, cancer cells that escaped attack by CD8+ T cells formed

distinct clusters of QCCs.
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Figure 20. GFP+ resistant cells were quiescent before Jedi PD1-/- T cell adoptive transfer. J)
EdU labelling in tumors from 2A. EdU was injected 30h before adoptive transfer of Jedi PD1-/- T cells
and continued daily (n=5 mice). (K) EdU intensity for every cell from pictures in J. Line marks the

median (n=15 images from 5 tumors). ****P<0.0001.

3.3. QCCs are more resistant to direct attack from cytotoxic

T cells.

To understand QCC resistance to T cell killing, we set up an approach to isolate
and profile live non-cycling cancer cells. We used a published quiescence reporter (131),
consisting of mVenus fused to an inactive p27-CDK binding domain (mVenus-p27K). We
validated this mVenus-p27K reporter in 4T07 tumors and observed that all mVenus-
p27KHish cells were negative for Ki67 (Figure 21A, B). mVenus-p27KMigh cells also
remained EdU-negative after 5 days of EdU treatment (Figure 21C, D). These findings
are consistent with previous studies reporting the existence of p27+ quiescent tumor cells
in primary breast cancer (93). mVenus-p27KHish cells were also observed in 4T07 tumors
in immune-deficient NSG mice (Figure 22), demonstrating that these QCCs arise

independently of T cells.
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Figure 21. Validation of mVenus-p27K reporter in 4T07 naive tumors. A, B) Analysis of Ki67 and
mVenus-p27K reporter expression. A) Representative picture B) Graph depicts the intensity of the
fluorescence signal for each marker in each cell from A. C, D) EdU was injected daily from day 10 to
day 15 when tumors were harvested. Analysis of EAU and mVenus-p27K reporter expression was
performed by immunofluorescence. C) Representative picture D) Graph depicts the intensity of the

fluorescence signal for each marker in each cell from C.

mChérry
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Figure 22. Quiescent mVenus-p27K tumor cells are formed in immunodeficient mice. Double
transduced mCherry and mVenus-p27K-expressing 4T07 cells were injected in the mammary fat pad

of NSG mice. Image shows a representative area of tumors at day 10 (n=3 mice).

Next, we replaced mVenus with the red protein tdTomato to prevent spectral overlap with
GFP, and then engineered 4T07 cells to express either GFP as antigen or miRFP670 (far
red) as a non-immunogenic control label. Mice with tumors that were mix of

GFP:miRFP670 cells and carrying the tdTomato-p27K reporter received adoptive transfer
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of PD1-/- Jedi T cells. Surviving GFP+ cells had a 2-fold increase in tdTomato!ish cells
compared to miRFP670+ cells (Figure 23A, B, C). We repeated this experiment using a
higher number of PD1-/- Jedi T cells to enable more stringent killing (Figure 23A). In this
setting, the few resistant GFP+ cells were almost all quiescent (Figure 23B, C). Taken
together, this suggests that intra-tumor QCCs are more resistant to T cell killing than

actively cycling cancer cells.
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Figure 23. GFP+ resistant cells are marked by the tdTomato-p27K+ reporter. GFP and tdTomato-
p27K 4T07 cells mixed with H2B-miRFP670 and tdTomato-p27k 4T07 and injected into animals.
Tumor-bearing mice were treated with the specified number of PD1-/- Jedi T cells (n=5 mice). A) Flow
cytometry analysis of GFP+ and H2B-miRFP670+ live tumor cells. Graph shows meanxsem of the
percentage of total live per color amongst DAPI- CD45-. (B) Representative flow cytometry plots gating
on GFP+ and miRFP670+ tumor cells from Dapi- CD45- gate. Percentages calculated over color
coded populations. (C) Mean+sem of percentage of tdTomatoHish cells from B. **P<0.01, ***P<0.001,
****P<0.0001.

Next, we assessed whether p27KHish cells were enriched upon T cell killing or, conversely,

surviving GFP+ cells became quiescent during T cell attack. We built a genetic circuit
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where Doxycycline induces H2B-tdTomato only in p27K+ cells (Figure 24A). p27K+ tumor
cells were labeled by one Doxycycline injection. The next day, after drug clearance, Jedi
T cells were adoptively transferred. Around 65% of the surviving GFP+ cells were
tdTomato+ while only ~20% of the cells were tdTomato+ in tumors from NSG mice (with
no T cell pressure) (Figure 24B). This indicates that many surviving GFP+ tumor cells

after Jedi treatment were already p27KHis" prior to adoptive transfer of Jedi cells.
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Figure 24. GFP+ resistant cells were p27K reporter+ before Jedi treatment. A, B) Genetic circuit
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to assess quiescence in cancer cells prior to injection of Jedi T cells. GFP+ 4T07 cells with the circuit
were injected in BALB/c or NSG mice. All mice received doxycycline on day 6 post-tumor inoculation.
30h later, 5M Jedi T cells were injected into the BALB/c group. (A) Schematic. (B) Meantsem of the
percentage of H2B-tdTomato+ cells (n=4-5 mice). ****P<0.0001.

Since interferons can induce quiescence in disseminated tumor cells (98), and the top
upregulated pathway in surviving GFP+ cells after T cell attack was “IFN-beta signaling”
(Figure 19), we generated knockout cells for the IFNB receptor Ifnar1 (Figure 25A). GFP+
Ifnar1-/- cancer cells were killed by Jedi T cells in a similar rate to their WT counterparts
(Figure 25B). Among the surviving cells, there was also a similar ratio of p27KHigh cells
compared to WT GFP+ cells (Figure 25C), suggesting that IFNB was not critical for the

quiescent phenotype observed in surviving cells.
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Figure 25. GFP+ resistant cells were tdTomato-p27K High in the absence of Ifnar1. A)
Confirmation of loss of IFNAR1 protein in Ifnar1-/- cells B, C) Quantification of p27KHigh cells in Jedi T
cell-resistant cancer cells upon loss of IFNAR1 signaling. Either Ifnar1-/- or WT GFP 4T07 cells were
mixed with WT H2B-miRFP670 4T07 cells (1:1) and were injected into BALB/c mice. WT GFP+ and
H2B-miRFP670+ 4TO7 cells were injected into NSG mice as no T cell controls. All cancer cells carried
tdTomato-p27K reporter. 5M Jedi T cells were injected into all BALB/c mice. A) Graph shows
quantification (meanxsem) of the GFP/H2B-miRFP670 ratio in the tumors. B) Meanxtsem of
percentage of tdTomatoHish cells in each group is shown. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001.

3.4. QCCs possess greater cancer initiation potential.

Since QCCs did not proliferate for multiple days, we questioned whether these resistant
cells could re-start a growth program after T cell therapy. We first tested the ability of
surviving GFP+ cells to re-grow tumors compared to bulk GFP cells. Jedi T cell resistant
GFP+ cells were able to re-grow tumors more efficiently than non-selected GFP+ tumor

cells (Figure 26).
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Figure 26. Assessment of tumor initiation potential in GFP+ cancer cells that survive T cell
attack. GFP+ cells were isolated from 4T07 mammary carcinoma of either untreated NSG mice or
from Jedi-treated BALB/c mice. 500 live sorted cells were injected in new mice. (A) Schematic of
experiment. (B) Percentage of tumor growth (n=4).

We already observed the presence of p27KHig" cells in naive treated 4T07 tumors (Figure
21). We wanted to investigate if they would also have enhanced tumorigenic potential
prior to therapy. First, in order to see if this was not cell line dependent, we investigated
the existence of p27KHish QCCs in other models of TNBC: EMT6 and D2A1. We used the
same experimental setting and treated tumors with EdU for the last 5 days, time in which
tumors double in size (Figure 27A). In these models, mVenus-p27KHish cells also formed

clusters and did not proliferate for several days (Figure 27B, C).
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Figure 27. QCCs formation in other TNBC orthotopic models. A) Mice with mVenus-p27K-
expressing EMT6 or D2A1 carcinoma were treated with EdU for the last 5 days prior harvesting
tumors. Graph depict tumor volume at time of treatment initiation and harvest. B) Representative
picture of immunofluorescence analysis after EdU staining. C) Graph depicts the intensity of the

fluorescence signal for each marker in (B) in each cell.

Once the presence of QCCs in multiple TNBC models was confirmed, we addressed
whether their quiescent state was terminal or if they were able to regrow tumor as p27KHigh
cells were able to do after Jedi treatment. We FACS-sorted live mCherry+ mVenus-
p27KHish (QCCs) and mCherry+ mVenus-p27KNed proliferative counterparts from these
models and injected them in new mice (Figure 28A). In all cases, mVenus-p27KHis" cells
re-grew tumors, proving they were not in a terminal state of quiescence. Remarkably,
QCCs displayed a higher tumor initiation potential when injected at limiting numbers than
mVenus-p27KNed cells (Figure 28B, C). Thus, QCCs were not only able to re-enter cell

cycle and initiate tumor growth but did so more effectively than their proliferating

counterparts.
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Figure 28. QCCs show higher tumorigenic potential than proliferative counterparts. A-C)
Assessment of tumor initiation potential in QCCs. mCherry+ mVenus-p27KHigh and mCherry+ mVenus-

p27KNeg cancer cells were isolated from 4T07, EMT6 and D2A1 tumors. Live sorted cells (500 for
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EMT6 and 1000 for 4T07 and D2A1) were injected in new mice. (A) Schematic. (B) Representative
picture. (C) Percentage of tumor growth (4T07 n=6; EMT6 n=3; D2A1 n=3).

3.5. Clusters of QCCs form a niche with limited immune

infiltration.

We performed immuno-staining of CD3 in untreated mVenus-p27K-expressing 4T07,
EMT6 and D2A1 tumors (Figure 29A). Although T cells were found inside clusters of

QCCs, their numbers were always lower in these regions (Figure 29B).
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Figure 29. CD3+ cells are excluded from QCC areas. Immunofluorescence analysis of CD3+ cells
in mCherry and mVenus-p27K-expressing 4T07, EMT6 and D2A1 mammary carcinomas (n=4 mice).
(E) Quantification of T cell density in mVenus-p27KHigh versus mVenus-p27KNeg areas in 4T07 tumors
(n=28 images from 3 mice. ***P<0.001, ****P<0.0001.

T cell exclusion in naive treated tumors was a crucial finding that could help explain why
GFP+ surviving cells originated from QCCs. Therefore, we wanted to further quantify the

relationship between QCCs and T cells. To do so we generated tumors with H2B-mCherry
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and mVenus-p27K reporter. The nuclear markers helped us with cell segmentation and
allowed us to quantify the distance from every cancer cell to the closest T cell (Figure
30A). We then randomized QCC positions among H2B-mCherry+ cells and recalculate
distance from QCC to the T cells. The real distance between mVenus-p27KHish and CD3+
cells was always larger than that obtained in the randomization, indicating that T cells

were on average further from QCCs than from the rest of cancer cells (Figure 30B).
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Figure 30. Computational analysis of T cell exclusion in QCC areas. A) H2B-mCherry tumors with
mVenus-p27K reporter were grown into Balb/c mice. Panel show a representation of the computational
analysis performed. For every tumor images were taken. Every picture was then segmented with Dapi,
and cells were assigned to QCC, or T cell based on the intensity values for every channel. Then
p27KHigh cells were randomized among H2B-mCherry+ cells. B) Representative graph obtained with
1 tiled image for the evaluation of T cell exclusion with Kolmogorov-Smirnoff statistic using the real
QCC population or a randomized QCC distribution among cancer cells (n=3 tumors with 3 sections

analyzed per tumor).

Staining for CD4 and CD8 confirmed that both types of T cells were reduced inside the
clusters of QCCs (Figure 31A, B). Further analysis with anti-CD45 staining revealed that
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regions with QCCs had poor immune infiltration compared to cycling areas (Figure 31C).
These results demonstrated that QCCs reside in a niche with reduced numbers of

infiltrating immune cells.
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Figure 31. Immune exclusion on QCC areas. A, B) CD4 (A) and CD8 (B) representative
immunofluorescence in mVenus-p27K-expressing 4T07 tumors (n=3 mice). (G) CD45 representative

immunofluorescence in mVenus-p27K-expressing 4T07 tumors (n=5 mice).

3.6. Proliferation correlates with T cell infiltration in

patients.

To dissect the relationship between QCCs and T cells in patients, we analyzed p27, Ki67,

CD3 and E-cadherin on tumor tissue (Figure 32A). We measured the number of Ki67+
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RESULTS: PROLIFERATION CORRELATES WITH T CELL INFILTRATION IN PATIENTS

(proliferative) or p27+ (quiescent) tumor cells in contact with T cells in cancer biopsies
from 10 de-identified treatment naive patients. This uncovered that Ki67+ cells were more

frequently found in the vicinity of T cells than p27+ cancer cells (Figure 32B).
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Figure 32. T cell infiltration in patients correlates with Ki67+ cancer cells. A) Immunofluorescence
analysis of CD3, p27, Ki67 and E-cadherin (E-cad) in tissue sections from TNBC de-identified patients
(n=10 patients). (I) Density of p27+ and Ki67+ tumor cells surrounding T cells. Each dot represents
the averaged density of the corresponding marker (p27 or Ki67) in all analyzed areas from each patient
in A.

Next, we investigated whether abundance of quiescent versus proliferative cells in human
TNBC could influence the response to ICB. We utilized bulk RNA-seq datasets from pre-
treatment biopsies in a cohort of 29 patients with metastatic TNBC that were treated with
PD-1/PD-L1 inhibitors (Barroso-Sousa R, Forman J, Collie K, et al under revision). In this
cohort, 5 patients presented with primary resistance to ICB; we defined them as non-
responders. Among the 24 patients with benefit, 5 patients experienced a durable
response (durable responders; progression-free survival ranging from 26-60 months)
(Figure 33A). Gene set enrichment analysis (GSEA) of these data comparing durable
responders and non-responders showed “Reactome E2F regulation of DNA replication”
as the number one most enriched pathway (Figure 33B), suggesting that tumor
proliferation may correlate with response to ICB. This result agreed with recent reports
comparing chemotherapy+ICB to chemotherapy alone. RNA-seq analysis of >800
patients in a multi-center clinical trial revealed “Cell proliferation” as a top pathway

enriched in responders in the ICB arm (65). Although it is only an association, these data
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suggest that TNBC with abundant proliferative tumor cells could have a better response

to ICB, while QCCs could lead to resistance.

A ()
Monoclonal c &
a-PD1/PDL1 T S @ 06 Enrichment prof
© c
_ 5Durableresponse  w®.L 2 04 == Hits
| T2 5 02 . .
g 4 = Ranking metric score
w § w 0.0
| . 19 Partialbenefit & o | | l
o 25 53
gg §§ 2;‘”;“”‘“_,‘; d
5 No benefit S =%
29 mTNBC P 52 3£’
Naive/chemol/targeted 2 g2
2 &% X104 2x10¢  3x10¢

Rank ordered dataset

Figure 33. Durable response of immunotherapy in patients is correlated with cell proliferation
by bulk RNAseq. A) Patient cohort treated with ICB at DFCI (n=29 patients). B) Most significantly
upregulated transcriptional program in durable responders compared to non-responders in A by bulk

RNAseq from tumor pre-treatment biopsies.

3.7. QCCs express genes related to chemoresistance,

hypoxia, and glycolysis.

To investigate mechanisms of resistance in QCCs, we FACS-sorted live QCCs (mVenus-
p27KHigh) and non-quiescent (mVenus-p27KNeg) tumor cells from 4T07, EMT6 and D2A1
tumors for RNA-seq. Unbiased Gene Ontology (GO) analysis from differentially
expressed genes (Figure 34,) showed that the most downregulated genes in QCCs were

involved in cell cycle, confirming their quiescent nature (Figure 35).
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GLYCOLYSISI

Figure 34. Overview of differentially expressed genes in three orthotopic mouse models

between QCC and proliferative cancer cells. RNAseq analysis of mCherry+ mVenus-p27KHish and

mCherry+ mVenus-p27KNed cells from 4T07, EMT6 and D2A1 tumors. Pie charts show the percentage

of differentially expressed genes by bulk RNAseq in cells from Figure 29 (4T07 n=4; EMT6 and D2A1
n=3, respectively).
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Figure 35. Gene Ontology analysis from downregulated genes in QCC ranked by significance.
Pathway enrichment analysis of RNA-seq from Figure 34 showing top downregulated pathways
ranked by adjusted p-value.

Amongst the most upregulated genes in QCCs, we identified genes linked to chemo-
resistance: Car9 (132), Kdmb5a, Kdm5b (133); and related to stemness: Runx1, Kif4,
Sox4, Sox9 (134) (135) (Figure 36).
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Figure 36. QCC upregulate genes related with stemness and chemoresistance. RNAseq analysis
of mCherry+ mVenus-p27KHish and mCherry+ mVenus-p27KNeg cells from 4T07, EMT6 and D2A1

tumors. Heatmaps show differentially expressed genes involved in stemness and chemotherapy-
resistance.

Unbiased GO term analysis of upregulated genes showed that the top upregulated
pathways in QCCs across the 3 models were hypoxia and hypoxia-related (eg.

angiogenesis) and glycolysis and glucose metabolism-related (Figure 37).
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Figure 37. Gene ontology analysis of upregulated genes in QCC. RNAseq analysis of mCherry+
mVenus-p27KHigh and mCherry+ mVenus-p27KNeg cells from 4T07, EMT6 and D2A1 tumors. (n=4).
A) Pathway enrichment analysis showing top upregulated pathways by adjusted p-value. (B) Heatmap
shows hypoxia-induced and glucose metabolism differentially expressed genes in A. Data is color

coded to reflect gene expression Z-scores.

To test whether these QCCs were indeed in a hypoxic niche, we visualized pimonidazole
(Hypoxyprobe®) along with CD3 in mVenus-p27K-expressing tumors. Pimonidazole+
regions partially co-localized with clusters of QCCs and inversely correlated with T-cell

rich regions (Figure 38).

mVenus-p27K

CD3
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Figure 38. Inmunofluorescence evaluation of hypoxic areas with Pimonidazol staining shows
correlation with QCC and anticorrelation with T cells. Pimonidazole was injected to EMT6 and
4T07 tumor bearing animals 30min prior euthanasia. Representative immunofluorescence shown for

Pimonidazol (magenta) and CD3 (cyan). (n=3 mice/model).
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Accordingly, areas of surviving GFP+ cancer cells after Jedi T cell attack also showed
augmented pimonidazole signal (Figure 39). This suggested that the HIF1Aa signature

observed in the RNA-seq data was the result of local hypoxia.

Pimonidazol .

Figure 39. Immunofluorescence evaluation of hypoxic areas in GFP:mCherry mixed tumors
treated with Jedi T cells. Pimonidazole in GFP:mCherry 4T07 tumors 7 days after treatment with 5M

Jedi T cells (n=5 mice).

HIF1A activation leads to expression of glycolytic genes such as the glucose transporter
Sic2at or Glut1. QCCs showed a >2-fold increase in uptake of 2-NBDG, demonstrating
that these cells were more glycolytic than their proliferative counterparts, a feature that
had been described in tumor initiating cells (135) (136) (100) (Figure 40). Hence, QCCs
in breast cancer reside in hypoxic micro-niches and display an enhanced glycolytic

phenotype as reported by others (93) (137).
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Figure 40. Glucose uptake evaluation in QCC vs proliferative cells from 4T07 tumors. Tumors
were processed to obtain single cell suspension and exposed to 2-NBDG-glucose. Glucose uptake
was evaluated by flow cytometry in tdTomato-p27K High cells vs tdTomato-p27K Negative cells.

Mean+sem of Mean Fluorescent Intensity (MFI) of 2-NBD-Glucose (n=3 mice). ***P<0.001.

3.8. The QCC niche displays suppressive fibroblasts and

more exhausted T cells.

To uncover how QCCs limited T cell function at single-cell resolution, we adapted a
protocol for isolation of cells from specific tissue areas for scRNA-seq (86) to our tumor
setting. We used transgenic mice expressing the photo-convertible protein Kaede to grow
tdTomato-p27K-expressing tumors and generated consecutive slices of live tumor
(Figure 41). This approach, which we named Photo-conversion of Areas to Dissect Micro-
Environments (PADME-seq), allowed us to profile infiltrating cells from distinct sub-

regions within the same tumor mass (inside and outside clusters of QCCs).
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Figure 41. PADME-seq schematic. Tumors transduced with tdTomato-p27K reporter were injected
into Kaede mice. Live consecutive sections were used to photoconvert infiltrated from p27K High areas

or p27K negative areas. Photoconverted cells were flow sorted and submitted for 10X scRNAseq.

In every tumor slice QCC or non-QCC locations were defined based on tdTomato-p27K
expression (Figure 42A). QCC areas were assigned in one slice and non-QCC in the
adjacent slice. Photoconversion allowed for distinction of the marked areas both in the

microscope (Figure 42 B, C) and by flow cytometry (Figure 43).
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Kaede

Photoconverted Kaede

Figure 42. Photoconversion of Kaede protein in tumor slices. A) Full-size image of the tumor slice
showing the distribution of the expression of the non-photoconverted Kaede protein in host cells (green
channel) and the expression of the quiescence reporter in specific tumor cells (red channel). The data
from the red channel was used to select positions of interest (white crosses) based on the tdTomato-
p27k reporter (red). B) Region of interest drawn based on tdTomato-p27k reporter expression (white
dash-dotted line) before and after photoconversion (left and right, respectively). Overlay of green and
red channels is shown. C) Full-size image of the tumor slice acquired after photoconversion to

corroborate successful photoconversion in all selected positions.
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Figure 43. Flow cytometry visualization of Kaede photoconversion in tumor slice.
Representative flow cytometry of digested tumor slice gated in Dapi- with and without

photoconversion.

We performed two separate experiments in which we FACS-sorted equivalent numbers
of live photo-converted cells from each region. After discarding doublets and cells with
low mRNA quality, we had 1,743 and 975 cells from inside the areas of QCCs for each
experiment respectively, and 1,968 and 2,259 in non-QCC regions. All major tumor
infiltrating cell types (macrophages, fibroblasts, T cells, dendritic cells, NK cells, and

neutrophils) were present both inside and outside regions of QCCs (Figure 44, 45, 46).
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Figure 44. UMAP representation of populations from PADME-seq. We performed PADME-seq
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from 2 independent tumors and for each tumor we pooled 2 slices from each tumor p27KHigh and

p27K negative areas. Populations were called based on specific markers for each population.

N
X OQ}\(O\\% § \@Q 6&(2’
&, L L& 0'\00 &S
ST YAET XKL
Pdgfra ¢
Pipre : ¢ . Av. Exp
Ncrt 5
Cd3e ® I
Itgam{ @ [
ltgax{ ® L ]
Csf3r O i
Csfir{ @ % EXp.
Flt31 ¢ ( N .0
Clec9ay ] + 25
Wfy41 ® o ; 752
Siglech; .
Cd274; o
Cd2001 o ®

Figure 45. Expression of markers used to call populations from PADME-seq. Plot shows

expression levels and percentage of cells expressing each marker for the genes used to call

populations in UMAP from figure 44.
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Figure 46. Distribution of cells from each area across the different populations. UMAP

visualization from figure 44 highlighting cells based on the area of origin.

65



RESULTS: THE QCC NICHE DISPAYS SUPRESSIVE FIBROBLASTS AND MORE
EXHAUSTED T CELLS

Since immunofluorescence analysis had shown that immune infiltrates (Figure 31C) were
reduced in QCC regions, we first investigated whether fibroblasts were phenotypically
different. Unsupervised GSEA comparing fibroblasts from p27KHish versus p27KNed areas
revealed that immune-related defense pathways were downregulated in the QCC niche
(Figure 47A). Conversely, collagen-deposition pathways were upregulated (Figure 47A,
B). Notably, we compared our data with a previously published fibroblast signature
identified in ICB-resistant patients (32) and confirmed a suppressive fibroblast phenotype
inside the QCC niche (Figure 47C).
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Figure 47. Collagen deposition and immunosuppressive fibroblast signature. A) Unsupervised
gene-set enrichment analysis performed in the fibroblast population comparing cells from p27KHish vs
p27KNeg areas. B) Heatmap with the average expression across populations in set signature genes
from A. C) Heatmap shows key differentially expressed genes depicted from Dominguez, et al. 2020

(32) as an immunosuppressive signature. Z-score normalized data are shown.

Although immune infiltration was lower in areas of QCCs, some T cells were able to enter.
To understand why these T cells could not kill QCCs, we analyzed gene expression
profiles of T cells inside and outside QCC areas. First, to elucidate the heterogeneity in T

cell subsets, we reclustered the Cd3+ T cell cluster (Figure 48, 49). This revealed one

subset of yoT cells, one of CD4+ T cells and five of CD8+ T cells. One CD8+ T cell subset
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displayed high expression of myeloid-specific genes such as Lyz2 and was not included

in further analysis (Figure 49).
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Figure 48. UMAP visualization of T cell reclustering. CD3+ cells from Figure 44 were reclustered.

Populations were called based on top differentially expressed genes shown in figure 39.
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Figure 49. Top differentially expressed genes in T cell reclusterization. Heatmap shows genes

driving the T cell reclusterization. Data is color coded to reflect gene expression Z-scores.
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We performed GSEA of the remaining CD8+ subsets comparing cells inside p27KHigh
regions with cells outside. This revealed downregulation of multiple immune functions and
signaling pathways in CD8+ T cells inside the QCC niche (Figure 50A). Additionally, we
constructed a co-expression network, which showed downregulation of genes related to
T cell activation in CD8+ T cells inside QCC areas (Figure 50B, C). Taken together, these
analyses suggest that CD8+ T cells in the QCC niche are more dysfunctional and less fit

for anti-tumor immunity.
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Figure 50. CD8 fitness analysis in QCC areas. A) Unsupervised gene-set enrichment analysis
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performed in all CD8 T cells comparing p27Hish vs p27Neg areas. B) Co-expression gene network in
CD8+ T cells visualized by Cytoscape (ver 3.7.1). The largest connected-component with only the
DEGs and their direct neighbors are shown here. C) Pathway enrichment analysis from direct
neighbors only from B. Graph shows only the T cell related-pathways ranked by lowest adjusted p-

value.

Further, we classified the 4 identified sub-populations of CD8+ T cells using previous
literature (18) (21) as: Terminally exhausted (Prf1, Havcr2, Gzmb, 112rb), Intermediate
exhausted (Tnfrsfd4, Lag3, Ifng, Ccl3, Tnfrsf9, Csf1), Proliferative (mKi67, Cdk1), and
Progenitor exhausted (Cd28, Cxcr3, Ifit1, Stat1) (Figure 48, 51).
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Figure 51. Expression of exhaustion state markers across the CD8 populations. Graph shows
expression levels and percentage of expression in every CD8 cluster from figure 48. Depicted genes

were used for identification of CD8 T cell populations from (Beltra et al., 2020 (21); Miller et al., 2019
(18)).

69



RESULTS: THE QCC NICHE DISPAYS SUPRESSIVE FIBROBLASTS AND MORE
EXHAUSTED T CELLS

The percentage of Terminally exhausted CD8+ T cells was higher inside the QCC niche,
whereas Proliferative CD8+ T cells were more frequent outside the QCC niche (Figure
52). Terminally exhausted T cells displayed the highest expression of Haver2 (TIM3+) a

hallmark of the most dysfunctional T cells inside QCC areas (data not shown) (138) (139).
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Figure 52. CD8 T cell states composition in QCC and proliferative areas. Distribution of CD8+ T

cell sub-populations identified in F. **adj. p-value<0.01.

Thus, to validate this T cell exhaustion signature inside the QCC niche, we quantified
PD1+ TIM3+ CD8+ T cells by flow cytometry using the same photo-labeling system
(Figure 53).

Flow cytometry
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Figure 53. T cell exhaustion analysis in QCC areas by flow cytometry after PADME. Flow
cytometry analysis of infiltrating cells in tdTomato-p27KHigh areas versus tdTomato-p27KNesg- Graph

show percentage of Tim3+ CD8+ T cells in each photoconverted area. (n=4 mice).

Additionally, we used CODEX (Akoya®) for multiplexed immunofluorescence to quantify

exhausted T cells with respect to p27+ cells (Figure 54A, B, C). Both approaches
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confirmed that less exhausted TIM3- CD8+ T cells were more abundant in proliferative
tumor areas (Figure 53, 54). CODEX analysis also confirmed a significant reduction in

overall immune infiltration inside the QCC nice (Figure 54D).

A CODEX B CODEX
3001 200 *

[aY] N

£ £ 150

% 200+ % p27KNeg

5 ‘ 3 100 ® p27KHih

(&) (&)

& 100 &

: e ‘
oL Gi) 4
p27KNeg p27KHigh TIM3+

D 101 *kk

©
o
~
X
N
£
£
® 54
5
[$)
+
Tp]
<
[m)
O

p27KNeg
® p27KHigh

V&

\/

o

Figure 54. T cell exhaustion and immune infiltration analysis in QCC areas by CODEX®.
Untreated 4T07 tumors were processed for CODEX®. A) CD3+ T cell density in p27KHigh areas and
p27KNeg. B) Exhausted (TIM3+) and non-exhausted (TIM3-) CD3+ T cells inside p27KHigh vs p27KNeg
areas (multiple areas from 4 tumors). Non-parametric Wilcoxson test was used. C) Representative
picture of CODEX visualization for p27, CD3 and TIM3 markers. Arrows point to T cells. D) CD45+

cell density quantification from tumors in figure 45. Multiple regions were quantified from 4 different
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tumors. *P<0.05, ***P<0.001.

Furthermore, we used CODEX to characterize T cell exhaustion in GFP-expressing
tumors upon treatment with Jedi T cells. This confirmed that the small clusters of surviving
GFP+ cancer cells after Jedi attack (described in Figure 13) displayed lower T cell
infiltration (Figure 55A). The few T cells that were able to infiltrate GFP+ areas were more
exhausted (Figure 55B, C, D). Thus, all these data demonstrated that the QCC niche was

less infiltrated, with more exhausted T cells.
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Figure 55. T cell exhaustion in areas with GFP cells surviving T cell killing. 4T07 Thy1.1:GFP
mix tumors after treatment with 5M Jedi T cells were processed for CODEX® (Multiple areas from 3
tumors). A) Quantification of CD3+ cells density in the different tumor areas from GFP surviving cells
of Thy1.1 control cancer cells. B) Exhausted (TIM3+) and non-exhausted (TIM3-) CD3+ T cells in
GFP+ vs Thy1.1+ regions. C) TIM3+/CD3+ T cell ratio in GFP+ areas versus Thy1.1+ areas. D)

Representative image, arrows point to T cells. **P<0.01, ***P<0.001, ****P<0.0001.
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OF KEY GENES FOR T CELL IMMUNITY

3.9. Dendritic cells inside clusters of QCCs express lower

levels of key genes for T cell immunity

To uncover the immune populations that could contribute to T cell dysfunction in response

to local hypoxia, we quantified a hypoxic signature comparing cells inside and outside

QCC regions. All subsets of conventional dendritic cells (cDCs) ), considered the most

important antigen presenting cells, showed the largest enrichment in hypoxia-induced
genes: DC1 (identified by Clec9a, Xcr1, Wdfy4), DC2 (ltgax, Sirpa, Cd209a), and
mregDCs (Ccr7, Cd80, Cd200, Cd247) (53)(Figure 56, 57, 58).
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Figure 56. Hypoxic score evaluation across PADME-seq populations. Difference in expression of

hypoxic signature comparing cells from p27KHigh vs p27KNeg regions from figure 44. *ad]. p-value<0.05
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Figure 57. Top differentially expressed genes in DC clusters. Heatmap shows genes driving the

DC clusterization in figure 33. Data is color coded to reflect gene expression Z-scores.
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Figure 58. Expression of key markers to identify DC populations. Dot-plot graph shows
expression levels and percentage of expression in every DC cluster from figure 44. Depicted genes

were used for identification of DC populations.
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Unsupervised GSEA of all cDCs showed a downregulation of innate immunity and
immune-response pathways inside the QCC niche (Figure 59A). DC2s displayed a similar
result, presenting a highly immune-dysfunctional state (Figure 59B, C). Key IFN-induced
genes and other important genes for DC function were reduced in DC2 located in the

QCC niche (Figure 59D).
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Figure 59. Differential expression of activation and IFNg response genes in DCs based on their

location in tumor. A-B) Unsupervised gene-set enrichment analysis performed in all cDC (A) and
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DC2 specifically (B) comparing p27Hish vs p27Neg areas. C) Heatmap differential expression of relevant
genes in Figure 51 across cDC from p27KHighvs p27KNeg areas. D) Heatmap of differentially-expressed
interferon-induced genes comparing DC2 from p27KHighvs p27KNeg areas. Z-score normalized data is

shown.

We then focused on mregDCs, which are DCs that have taken up tumor antigen, being
key for anti-tumor immunity (53). Since this is a newly identified subset, we analyzed
expression of functionally relevant genes based on literature (Figure 60). mregDCs in the
QCC niche displayed lower expression of MHCI and MHClI-related genes, suggesting a
diminished ability to present antigen. They also displayed lower expression of Cd81 and
II12a and 1112b, a key cytokine for T cell responses (54). Moreover, mregDCs in the QCC
niche had lower expression of Fscni (Fascin1), which is expressed in migratory DCs

(140), suggesting a reduced capacity to migrate to lymph nodes.
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Figure 60. Differential expression of key genes involved in mregDC function. Heatmap of
differentially-expressed key functional genes in mregDC from p27KHigsh vs p27KNeg areas. Z-score

normalized data is shown.
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To validate our findings about cDCs from PADME-seq at the protein level, we quantified
MHCII in DCs by both conventional immunofluorescence (Figure 61) and CODEX (Figure
62). In both settings, DCs displayed lower MHCII when they were located inside QCCs
areas. Therefore, DCs within the QCC niche displayed a phenotype consistent with an

impaired ability to recruit and activate T cells.
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Figure 61. Conventional immunofluorescence analysis of MHCII expression in QCC areas. A)
Representative immunofluorescence image of MHCII and CD11c staining in mVenus-p27K-
expressing tumors (n=3 tumors). B) MHCII intensity in CD11c+ cells from A (4 images from 3 tumors).
****P<0.0001.
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Figure 62. MHCII expression analysis using CODEX®. MHCII intensity in DCs from untreated 4T07

tumors. DCs were identified as CD45+ CD11c+ F4/80- CD3- (n=4 tumors). A) Representative picture.

Arrow marks DCs. B) Intensity in the different DCs analyzed. Bar marks population mean. *P<0.05
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Moreover, we quantified MHCII in GFP+ surviving areas from setting in Figure 13. In this
setting cDC also presented downregulation of MHCII inside GFP regions (Figure 63).
These results further emphasize the importance of DC in reinvigoration of T cells since

the majority of T cells inside GFP areas were exhausted (Figure 55)
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Figure 63. MHCII evaluation in DCs from GFP:Thy1.1 tumors. 4T07 Thy1.1:GFP mix tumors after
treatment with 5M Jedi T cells were processed for CODEX® (Multiple areas from 3 tumors). DCs were
identify as CD45+ CD11c+ F4/80- CD3-. MHCII was interrogated in all DCs found and plotted based

on the area they were located. *P<0.05

Next, we investigated whether dysfunction in DCs was the direct effect of hypoxia by
exposing bone marrow-derived DCs (141) to low oxygen levels. Steady-state DCs did not
display any difference in key functional markers during hypoxia (Figure 64). Upon
treatment with Lipopolysaccharide (LPS) and polyl:C, all DCs similarly became activated
and upregulated MHCII, CD86 and CD40 regardless of oxygen concentrations. Thus, low

oxygen had no effect on the ability of DCs to respond to danger signals (Figure 64).
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Figure 64. Effect of oxygen concentration in DC activation. Bone marrow-derived DCs were
treated with LPS or Polyl:C for 18h while exposed to different oxygen levels. DCs were pre-conditioned
at the specified oxygen concentration for 2h prior to adjuvant treatment. Graph shows mean+sem of
MFI for depicted activation markers (n=3). *P<0.05, **P<0.01.

3.10.Specific activation of HIF1a in tumor cells abrogates anti-

tumor immunity.

Since QCCs displayed a transcriptional signature related to hypoxia, we assessed
whether the immune-suppressive niche orchestrated by QCCs was the result of HIF1a
activation in tumor cells. To this end, we engineered 4T07 cells to express a constitutively
active form of HIF1a that was named as HIF1a stable or HIF1aST8L (108). HIF1aSTBL-
expressing cells grew slower in vitro (Figure 65) but upon in vivo injection, breast
carcinomas showed no statistical differences in weight compared to WT tumor cells
(Figure 66).
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Figure 65. In vitro cell cycle evaluation of constitutive Hifla stabilization. WT mCherry+ 4T07
cells were seeded 1:1 ratio with HIF1aSTBL GFP+ 4T07 cells and cultured for 1 week. Representative

flow cytometry plots are shown.
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Figure 66. Hif1a constitutive stabilization in cancer cells does not affect tumor weight. 4T07
cells were transduced with either mCherry or mCherry ires Hif1aSTBL that results in a mutated Hif1a
protein stable in normoxic conditions. Tumors were grown with either WT or Hifta STBL cells in Balb/c

mice. Graph shows tumor weight at end point. (n=7)

HIF1aSTBL displayed a reduced infiltration of CD8+ T cells, and specifically of the less
exhausted subset of TIM3- T cells (Figure 67). Moreover, membrane MHCII protein levels
were lower in DCs as measured by flow cytometry (Figure 68), similar to the phenotypes

that we observed in infiltrating T cells and DCs inside the clusters of QCCs.
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Figure 67. Effect on T cell infiltration and exhaustion in tumors with constitutive Hifla
stabilization. A) Percentage of CD8+ T cells in WT or Hif1aSTBL 4TQ7 tumors (n=5 mice). (B-C) T cell
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exhaustion in CD8+ T cells from A. (B) Representative plot. (C) Meantsem of PD1+ TIM3- CD8+ T

cells (n=6 mice). *P<0.05.
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Figure 68. Effect on DCs with constitutive Hif1a stabilization. A) MHCII protein levels in DCs from
WT or Hif1aSTBL 4TQ7 tumors (n=5 mice). B) Mean+sem of MFI. **P<0.01.

To investigate whether these alterations could cause resistance to anti-tumor T cell
immunity, we generated breast tumors from Cherry+ 4T07 cells mixed with either GFP+
wild-type or GFP+ HIF1aSTBL cells (Figure 69).
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Figure 73. Experimental diagram to assess Hif1a constant stabilization in cancer cells immune
evasive properties. Mix GFP:mCherry tumors were grown with GFP cells being either WT or

Hif1aSTBL. 7M Jedi T cells were adoptively transfer 1 week after tumor implantation.

Although only a fraction of cancer cells had HIF1aS™., DCs showed a trend to lower
MHCII levels (Figure 74A, B). Moreover, mixed mCherry with GFP-HIF1aS™l-expressing

81



RESULTS: SPECIFIC ACTIVATION OF HIF1a IN TUMOR CELLS
ABROGATED ANTI-TUMOR IMMUNITY

tumors showed a ~50% reduction in CD8+ T cell infiltration and the infiltrating T cells were

mostly excluded from GFP+ regions (Figure 74C, D).
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Figure 74. Analysis of TME from GFP:mCherry tumors with or without Hif1a stabilization. A,B)
MHCII staining in tumors from Figure 73. A) Representative histogram. B) Graphical representation of

meanzsem of MFI. C) Total CD8+ T cells analyzed by flow cytometry in WT or Hif1aSTBL 4TQ7 tumors.
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D) Representative tumor section with CD3 immunofluorescence. Images on the right show GFP and

CD3 from corresponding inset of images on the left. (n=5 mice). *P<0.05.

Upon adoptive transfer of Jedi T cells, WT tumors showed <6% of surviving GFP+ cells,

demonstrating efficient killing. Conversely, ~26% of GFP+ HIF1aSTB. cells survived,

constituting a 4-fold increase (Figure 75).

A B
WT HIF 1aSTBL 05- *x
1074 3 ~ o
] 87 ] 61
v E > 047 5
- | [ ]
105 E E
] ] % 0.3
10° 3 o 0.2 —|—
Pl SRR B ] . 6
5 0 4 S 6 ||d BN 26 014 L
c 7 L b N :
O El : E . °®
E 1 O_3 SLARELEN ol b ILELRLLL BELRRLLL BELRALL BELRRLL BRLALLL | L o o BLELL BELEE L Bl BEEL e Bl | C
108 0 10° 105 107 0 105 105 107
GEP > WT HIF1aSTB

Figure 75. GFP survival is increased by Hifla constitutive stabilization. A) Representative flow

cytometry of surviving GFP+ cells in tumors from Figure 73. B) Mean+sem of GFP:mCherry cells ratio

in tumors from A. (n=5).

Then, we sought to investigate the possible therapeutic benefit of modulating HIF1a in
cancer cells to enhance anti-tumor immune responses. To address this, we generated

Hif1a knockout GFP+ 4T07 cells using CRISPR/Cas9 (Figure 76).
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Figure 76. Hifla KO confirmation by western blot. HIF1A levels in WT and Hif1a-/- 4T07 cell lines

by Western-blot. Actin was used as loading control.
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Mice with either WT GFP+ or Hif1a-/- GFP+ tumors were treated with Jedi T cells. This
led to a larger reduction in size in Hif1a-/- tumors compared to WT (Figure 77A). Both
endogenous CD8+ T cells and adoptively transferred CD45.1+ Jedi T cells displayed
increased numbers and reduced exhaustion in Hif1a-/- tumors (Figure 77B, C, D)

compared to those infiltrating WT tumors.
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Figure 77. Therapeutic benefit of Hif1a KO in cancer cells. A) Area under the curve of tumor growth
in Hifla-/- GFP and WT GFP tumors upon treatment with 5M Jedi T cells (n=4 mice). B) Meantsem
of percentage of CD8+ T cells in tumors. C) Mean+sem of percentage of Jedi T cells (CD45.1+) in

tumors. D) Meantsem of percentage of TIM3- PD1+ Jedi T cells in tumors. (n=5). ***P<0.001.

To further understand the impact in the TME of the activation or absence of the HIF
program in cancer cells; we performed scRNAseq in our mCherry+ 4T07 model WT,
Hifla-/- or HIF1a STBL. After data normalization and clusterization the UMAP

representation showed 9 main clusters of cells (Figure 78A). We were able to identify the
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main immune population based on well-known markers as done in our previous
scRNAseq datasets (Figure 78B). We then analyzed the composition of each tumor type.
WT tumors were a middle point between Hif1a-/- and HIF1a STBL tumors in regards of
TME composition (Figure 78C). As expected HIF1a STBL tumors had a decreased
population of lymphocytes. This emphasized the role of HIF1a as an immune modulator

and the main factor driving QCC phenotype.
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Figure 78. scRNAseq analysis of TME in tumors with different states of HIF1a activation. A)
UMAP representation of all cells analyzed. B) Expression levels of markers used to define the different

populations. C) TME composition in the different tumor types.

Since we observed also differences not only in T cell numbers but also in T cell state
inside and outside QCC areas. We wanted to know if this phenotype was also
recapitulated by HIF activation on our tumors. We reclustered the lymphocyte cluster to

deepen in this population (Figure 79A). We obtained 10 new clusters that we identified
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based on the markers previously described (Figure 79B). We identified a cluster of Tprog-
exh T cells with Pd1+ Tim3- and a mixture population of both CD8 and CD4 T cells. This
Tprog-exh cluster was more abundant in our Hif1a-/- tumors and reduced in the HIF1a
STBL samples (Figure 79C). On the contrary, the Pd1+ Tim3+ CD8 T cells cluster that
we identified as Tterm-exh was the predominant cluster in the HIF1a STBL tumors, even
more so than in WT tumors. Thus, HIF1a stabilization was inducing T cell exhaustion as

observed in QCC areas.
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Figure 79. scRNAseq T cell analysis in tumors with different states of HIF1a activation.
Lymphocyte cluster from Figure 78 was reclustered on its own. A) UMAP representation of reclustering
B) Expression levels of markers used to define the different populations of T cells. C) T cell composition

in the different tumor types.
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3.11._HIF1a activation in tumor cells but not in DCs impairs DC

activation.

These previous results suggest that HIF1a activation in cancer cells restricts T cell
infiltration and increases T cell exhaustion, possibly through forcing DCs into a less

activated phenotype (Figure 80).

Low MHCII in DCs

Low T cell infiltration
High exhaustion

Figure 80. Schematic summary of the effects of HIFaSTEL in tumor cells.

We investigated further the state of DCs in 4T07 Hifta STBL vs Hifla KO tumors. The
use of fluorescently labelled tumor cells allows for identification of DCs that have
phagocyted tumor cells as they will show some fluorescent signal. Although we did not
see statistically significant differences, we observed a trend to higher percentage of
mCherry+ DCs in Hifta KO tumors compared to Hifta STBL (Figure 81A). This phenotype
was observed in both DC1 and DC2 populations. DCs increase surface levels of the
chemokine receptor CCR7 upon antigen uptake, which is key for their migration to the
draining LN. We measured CCR?7 in tumor DCs and we found that CCR7 expression was

higher in Hifta KO tumors (Figure 81B), indicating a more functional DC phenotype.
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Figure 81. DC functionality in response to Hifla state in tumor cells. 4T07 tumors transduced
with mCherry Hif1aSTBL or mCherry, Hif1a KO was performed in the mCherry+ cells. These groups
were injected into Balb/c mice and processed 2 weeks after injection by flow cytometry. A) MFI
analysis of mCherry signal in DC subgroups normalized to the WT tumor. B) MFI analysis of CCR7
signal in DC subgroups normalized to the WT tumor. (n=4) *P<0.05.

We aimed to discern the possible deleterious effect of HIF1a in DCs in contraposition to
the orthogonal role of HIF1a activation in tumor cells. To assess this, we generated mice
that were knockout for HIF1a only in cDCs to investigate whether blocking HIF1a
activation in DCs could improve their function in tumors. To this end, we obtained mice
that express the CRE recombinase specifically in cDCs under the control of the Zbtb46
genes (Zbtb46-Cre) (142) and we bred them with mice carrying flox sequences in the
Hif1a gene (Hif1a"). We obtained mice that were homozygous for the Hif1afl/fl allele and
carried the Cre transgene and we used littermates that were also homozygous for
Hif1afl/fl and negative for Cre as controls (Figure 82). We inoculated these Hif1a-KOPC

and littermate controls with the well-established melanoma model B16F10, which is

88
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known to be resistant to ICB treatment. The elimination of Hif1a in DCs did not affect the
response to anti-PDL1 treatment (Figure 82). These results suggest that impairment of

DC function in tumors related to hypoxia is not the result of HIF1a activation in DCs.
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Figure 82. Hif1a loss in DC population does not affect ICB response. B16F10 melanoma tumors
were implanted in either control mice (Zbtb-Cre-/- Hif1a+/+) or mice with DCs lacking Hif1a (ZbtbCre+/-
Hif1a+/+). ICB treatment with 100ug/mouse of aPD1 antibody was started on day 10 after implantation
and repeated every 4 days. Tumors were harvested at day 21. Graph depicts tumor weight. (n=10)
*P<0.05.

3.12. Lactate may drive immune dysfunction of DCs.

Once we proved that DCs were not affected by their own HIF1a but instead by HIF1a in
the tumor cells, we aimed to discover the mechanism of this bystander effect. QCCs were
likely secreting something that turned near cells immune-suppressive. Since QCCs
display high HIF1a activation and high glycolysis, our hypothesis was that the signal was
a metabolite derived from the glycolytic pathway. Thus, we took advantage of scRNAseq-
seq from the TME from Figure 44 and we analyzed the expression of metabolite
transporter genes. We observed expression of Mct4 in all immune and stromal cells

(Figure 83). Notably, Mct4 has been reported to be responsible for the uptake of lactate
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from the environment (143). This suggests that immune cells may be taking up higher

levels of lactate when they are close to QCCs than when they are far from them.
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Figure 83. Lactate transporters are highly expressed in immune infiltrates. sScRNAseq data from
Figure 44. Graph shows expression levels of lactate transporters across different populations of tumor

infiltrates.

We used Hif1ta STBL and KO tumors to measure lactate by mass spectrometry to confirm
that HIF1a activity in tumor cells increases lactate production. Lactate concentration was
the highest in STBL tumors and lowest in the KO with the WT tumors showing

intermediate levels (Figure 84).

Lactate

Normalized area

WT STBL KO

Figure 84. Lactate quantification in 4T07 tumors with different Hifla states. 4T07 mCherry+
tumors either WT, Hif1a KO or transduced with mCherry Hif1a STBL were grown into Balb/c mice and

harvested after 2 weeks. Graph depicts total lactate quantification normalized to internal control.
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Next, we assessed if lactate could impair DC activation in vitro. CD86 expression in
response to Polyl:C was inversely correlated to the lactate concentration in the media
(Figure 85). We used a range of lactate concentration from physiological (2mM) where
we did not observe any affect to tumoral concentrations that can range from 10 to 40mM
(144). In the highest concentrations DC become highly dysfunctional being unable to
upregulate CD86. This could explain why more dysfunctional DC are localized in QCC

areas where lactate concentrations are expected to be the highest.
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Figure 85. DC activation in vitro in response to lactate. Splenic DCs were isolated and cultured in
vitro in presence or absence of Polyl:C and different lactate concentrations. Quantification of CD86

MFI as a surrogate of activation. (n=4) ****P<0.0001.

Our data, together with previous reports correlating HIF1a to chemotherapy-resistance
(132), suggest that HIF1a activation in tumor cells induces a multi-resistance phenotype.
This phenotype induces a highly glycolytic state that will result in elevated lactate
concentration. Lactate could be potentially impairing the immune niche by inactivating
DCs breaking the immune cycle and generating a dysfunctional niche unable to response
to immunotherapy. Thus, our work has identified a crucial cancer population that

orchestrates an immune suppressive TME and must be eliminated for treatment success.
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DISCUSSION

Uncovering the mechanisms that regulate the abundance and distribution of immune cells
inside tumors represents an outstanding question in biomedical research. Identifying
these drivers can predict which patients will benefit from immunotherapy. Even more
importantly, this is essential for developing strategies that allow resistant patients to
respond. Focusing on breast cancer, here we discovered a population of tumor cells that
formed intra-tumor clusters where immune infiltration was highly reduced, revealing an
until now hidden driver of immune exclusion. These clusters of cancer cells were resistant
to T cell attack and their most notable feature was quiescence. Rather than constituting
an inert population in cell cycle arrest, these quiescent cancer cells (QCCs) displayed
higher tumor initiation potential than other cancer cells. Our work exposed QCCs as
“‘dangerous” cells that not only escape from T cell killing but also possess the ability to re-
grow tumors. Our findings indicate that tumor dormancy is linked to immune evasion and

suggest that QCCs may constitute the seeds for recurrent disease after immunotherapy.

Since most cancer studies focus on mechanisms controlling tumor growth, quiescence in
the tumor mass has been less studied, with some exceptions (93) (94). In this study we
identified quiescence as the top feature of tumor cells that escape from T cell killing in
primary breast cancer. We showed that these surviving cancer cells were already in a
p27+ quiescent state prior to T cell adoptive transfer. However, the transcriptomes of
surviving GFP+ cancer cells from Jedi-treated mice and QCCs from untreated animals
did not show a clear overlap, mostly due to an increase in IFN and inflammatory
signatures in GFP+ cells in response to strong Jedi cell killing. Since IFN has been shown
to induce dormancy in disseminated tumor cells (98) we studied its role in QCC formation.
We focused on type | IFN since it was one of the top GO pathways in GFP+ resistant cells
and because QCC were also present in the absence of an adaptive immune system. We
showed type | IFN did not have a role in QCC. However, we did not explore further the
similarity of QCC in immune deficient mice, with those of immune competent animals.
The difference in number of GFP+ resistant cells vs QCCs point to some level of
heterogeneity inside QCC population in immune competent animals. Therefore, it would

be worth to further study this heterogeneity both in the presence and absence of the
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immune system as it is still possible that other inflammatory ques, as well as type Il IFN,

can be playing a role in the induction of different QCC flavors.

This intra-tumor quiescent phenotype is different from the process known as cellular
tumor dormancy, which has been described mainly in disseminated tumor cells (145)
(146). Although they all share the same principle: GO/G1 cell cycle arrest; they might differ
in the ques and cellular programs that induce this observation. While cellular dormancy
of disseminated tumor cells has been described to be induced by IFN (98), eliminating
IFNAR1-/- in our model did not impair QCC formation. In our system the quiescent state
seems to be induced by hypoxia, another environmental queue abundant in the TME.
Hypoxia induced cell cycle arrest has also been linked to senescence, a cellular arrest
that occurs in response to harsh environmental conditions (147). Of note, senescent cells
are usually associated to inflammation and increased immunogenicity, contrary to the
immune evasive properties of QCCs. In fact, Cdk4/6 inhibition in breast cancer patients
works by inducing senescence and enhancing tumor immunogenicity (148). In contrast
to the GO arrest of quiescence; senescence can be found in other cell cycle phases like
G2 and it is considered a terminal state (149). Unlike senescent cells, QCCs are a plastic
phenotype that can be reverted. Rather than a terminal state QCC phenotype shows a

higher tumorigenic potential when compared to proliferative cells from the same tumor.

We did not uncover whether this enhanced potential was the result of an inherent
resistance to cell death, their immune evasion properties, or higher stemness potential.
We showed HIF1a program was sufficient to recapitulate them, however it is unclear if
hypoxia alone is inducing this program or if there is a combinatorial effect. It is already
known how glucose starvation can induce HIF1a but there is evidence of HIF1a activation
in immune cells in homeostasis without either hypoxia or metabolic restriction. A recent
study showed mechanical force sensed by macrophages can induce HIF1a stabilization
(150). This connection is extremely important in the tumor setting where fast proliferation
is increasing cell density and therefore the pressure and forces sensed by them. It is
possible that high density triggers the HIF1a program inducing highly glycolytic cells that

will drain nutrients from already crowded and competitive areas. Of note, QCC areas
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seems to be present in highly compacted areas of TME and although they are labeled by
the hypoxic marker pimonidazole, they do not always localize away from vessels. Further
studies are needed to understand the connection between activation of HIF1a and cell

cycle arrest.

Importantly, reports from the IMpassion130 trial analyzing RNA-seq data from
>800 TNBC patients revealed “proliferation” as a feature that correlated with response to
ICB. Conversely, “angiogenesis” (a hypoxia-induced pathway that we observed in QCCs)
was associated with resistance to ICB (65). Thus, a metabolically distinct cancer sub-
population of quiescent cells comprises the fittest to survive upon T cell attack, becoming

reservoirs of resistance (and probably recurrence) during ICB treatment in TNBC.

One of the strongest mechanisms to escape from T cell killing is by downregulation of
antigen presentation (151). For example, disseminated pancreatic cancer cells survive
during anti-tumor T cell responses by losing MHCI protein (128) while quiescent stem
cells decrease MHCI both at the RNA and protein level (152). Nevertheless, the
quiescence program in primary breast tumors that we uncovered here did not reduce
MHCI, illustrating an orthogonal mechanism to previously published means of T cell
immune evasion. These differences may be the result of the surrounding environment
around quiescent cells when they are in isolation in the liver as opposed to inside a

complex tumor mass.

QCCs in TNBC were never found scattered, but instead, always formed clusters with low
T cell infiltration. This pointed to a cooperative or environmentally driven mechanism of
resistance to T cell-mediated immunity. To study complex tissular interactions in tumor
areas it was of upmost importance to obtain single cell resolution. This requirement is not
achieved by spatial capturing technologies, 10x Visium is currently at 10 cell resolution
(153). Photolabeling techniques on the other hand do not provide specific spatial
resolution for every cell, but they allow for true single cell transcriptomics (86). In our study
we had a very well-defined area: we wanted to understand the QCC neighborhood; so
photolabeling techniques were the perfect fit. However, Niche-seq performance in the

tumor setting was very inefficient and lacked the capacity to have QCCs and control areas
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from the same tumor. We developed PADME-seq to allow for multiple comparisons from
the same tumor. It also democratizes the technique and ease the process since utilizes
commonly used microscopy. Furthermore, PADME per se can be combined with other
subsequent techniques such as flow cytometry, biochemical and metabolic approaches,

or other “omics” high-throughput analyses (metabolomics, epigenomics...).

Using PADME-seq, we discovered that QCCs survived during adoptive T cell therapy
through orchestration of a local hypoxic and immune-suppressive milieu that led to
augmented T cell exhaustion. We exposed that while Terminally Exhausted CD8+ T cells
were more abundant inside the QCC niche, Proliferating CD8+ T cells were more likely
found outside these niches. Similarly, the percentage of PD1+ TIM3+ CD8+ T cells was
greater inside clusters of QCCs. The underlying mechanism/s inducing this exhausted
phenotype along with their location within the tumor mass had not been reported. Here
we described the spatial distribution of these dysfunctional TIM3+ CD8+ T cells,
identifying them near QCCs. We also found that HIF1a activation in tumor cells was
sufficient to increase the numbers of these more exhausted T cells. Remarkably, genetic
activation of HIF1a in T cells had been shown to improve their ability to eliminate tumors.
Conversely, HIF1a loss in T cells had been demonstrated to impair anti-tumor T cell
immunity (62) (154). Thus, these published data suggest that abrogated T cell function in
regions of QQCs is not the result of HIF1a activation in T cells. Instead, we uncovered a
circuit by which cancer metabolism altered T cells in an indirect manner through induction
of suppressive fibroblasts and DCs. This finding can explain the incongruency of the
previously reported beneficial role of HIF1a activation in T cells from the overall

detrimental effect of hypoxia on response to immunotherapy (155) (63).

Nevertheless, we did not specifically identify a direct molecular link between HIF1a+
cancer cells and downstream impaired responses in DCs. Lack of oxygen and HIF1a did
not alter DC function, but deprivation of nutrients along with unknown secreted factors by
QCCs could be the underlying mechanisms. We showed that addition of lactate alone, a
well-known byproduct of HIF1a activation, diminishes DC activation when present at

tumor-like concentrations. Lactate is gaining importance as an immune modulator and its
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role is clear in dampening the immune response; but the mechanisms governing this
process remain unknown. A recent study has shown that lactate can bind histones in a
process called lactylation (156). Histone lactylation can act as an epigenetic regulator and
could be the responsible of immune dysregulation in the TME. Understanding this process
might hold the key to revert immune dysfunction and tilt the balance toward successful

anti-tumor immune responses.

In summary, our work discovered that primary TNBC contained a population of QCCs
with the ability to resist T cell attack. These QCCs, through activation of HIF1a,
orchestrated a micro-niche with unfit DCs, suppressive fibroblasts, reduced T cell
infiltration, and enhanced T cell exhaustion. Development of strategies to overcome
immune suppression around QCCs and eradicate these cells will be key to improving

responses to immunotherapy in TNBC and prevent recurrence after these treatments.

Future perspective

1. Study QCC heterogeneity: scRNAseq analysis from p27High populations from
immune competent and immune deficient animals would allow to stablish the
heterogeneity of this population and determine the role of the immune system in
its formation with inflammatory cytokines like IFN.

2. Understand QCC higher tumorigenic potential in relationship with immune
evasion and stemness: QCCs are more efficient at generating tumors in immune
competent mice but it is unclear if this is a stemness phenotype or the result of
immune evasion. Perform reinjection experiments with limiting dilutions of p27High
and p27Neg cells in both immune competent and deficient mice.

3. Uncover mechanisms by with lactate alters DC function: we would need first
to clarify lactate effect in DC is the main responsible of immune disfunction. Ldha-
/- tumors as well as WT tumors in animals missing the lactate transporters Mct1,
Mct2 and Mct4 specifically in DC will help to clarify the role of lactate specifically

on DC in immune dysfunction. Once proven, histone lactylation seems the most
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straight forward regulation so we could check by flow cytometry with antibodies
and perform cut&run to understand the genes that are being regulated.

4. Use computational tools and CRISPR screenings to find cancer specific targets
and regulators of HIF1a that do not blunt HIF1a in T cells.

5. Identify pharmacologic approaches to block HIF1a in tumor cells as a

possible therapeutic avenue exploring synergistic effects with ICB.
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CONCLUSIONS

Using a model antigen, we have discovered that inside tumors there is a phenotypically
different population of cells, characterized by their quiescent state (QCCs), able to survive

T cell killing.

We have stablished PADME, a method to obtain single cell genomics with spatial

resolution from different areas of the same tumor sample.

Using PADME-seq we have uncovered that QCCs orchestrate the heterogeneous
distribution of immune cells inside of a tumor, generating dysfunctional DCs, suppressive

fibroblasts and inducing T cell exhaustion.

We have demonstrated that QCC phenotype is regulated by HIF1a program which
induction is sufficient to recapitulate the microenvironmental changes observed in QCC

areas and improve survival to T cell killing.
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Materials and key resources

Table 1. List of all materials and key resources.

MATERIAL AND METHODS

REAGENT or RESOURCE |[SOURCE IDENTIFIER

Antibodies

aCCRY7 Biotin BioLegend RRID:AB_389231 Clone:4B12
aCD11c PE BioLegend RRID: AB_313776 Clone:N418
aCD11c PE/Cy7 BioLegend RRID: AB_493569 Clone:N418
aCD3 AF647 BioLegend RRID: AB_389323 Clone:17A2
aCD3e biotin BioLegend RRID: AB_312668 Clone:145-2C11
aCD4 AF647 BioLegend RRID: AB_493372 Clone:RM4-5
aCD40 PE/cy7 BioLegend RRID: AB_10933422 Clone:3/23
aCD45 AF647 BioLegend RRID: AB_493534 Clone:30-F11
aCD45 AF700 BioLegend RRID: AB_493714 Clone:30-F11
aCD45.1 AF647 BioLegend RRID: AB_492864 Clone:A20
aCD64 APC BioLegend RRID: AB_11219205 Clone:X54-5/7.1
aCD8 AF594 BioLegend RRID: AB_2563237 Clone:53-6.7
aCD8 Pe/Cy7 BioLegend RRID: AB_312760 Clone:53-6.7
aCD86 PE BioLegend RRID: AB_313150 Clone: GL-1
aGr1 APC BioLegend RRID: AB_313376 Clone:RB6-8C5
aH2Kd AF647 BioLegend RRID: AB_493063 Clone:AF6-88.5
aH2Kd APC BioLegend RRID: AB_10640118 Clone:SF1-1.1
aHIF-1a XP® Rabbit mAb Cell signaling RRID: AB_2799095 Clone:D1S7W
aHuman CD3 Agilent RRID: AB_2631163 Clone:F7.2.38
aHuman E-Cadherin CST RRID: AB_2291471 Clone:24E10
aHuman Ki67 Biocare RRID: AB_2721189 Clone:SP6
aHuman p27K BD RRID: AB_397636 Clone:57/Kip1/p27
alFNAR1 biotin BioLegend RRID: AB_1134250 Clone:MAR1-5A3
aKi67 mAb Cell Signaling RRID: AB_2620142 Clone:D3B5
aMHCII APC BioLegend RRID: AB_313328 Clone:M5/114.15.2
aMHCII PB BioLegend RRID: AB_493528 Clone:M5/114.15.2
aPD1 PerCP/Cy5.5 BioLegend RRID: AB_10550092 Clone:29F.1A12
aTCRDb biotin BioLegend RRID: AB_313426 Clone: H57-597
aTIM3 APC BioLegend RRID: AB_2562997 Clone:B8.2C12
Donkey anti-rabbit IgG AF647 BioLegend RRID: AB_2563202 Clone:Poly4064
Goat anti-mouse AF555 Invitrogen RRID: AB_2535849

IRDye 800CW Goat anti-Rabbit LI-COR RRID: AB_2651127

Rat IgG1, k Isotype Ctrl BioLegend RRID: AB_11150772 Clone: RTK2071
Rat IgG2a, « Isotype Ctrl BioLegend RRID: AB_11147167 Clone: RTK2758
Rat IgG2b, Kk Isotype Ctrl BioLegend RRID: AB_11149687 Clone: RTK4530
Mouse IgG1, k Isotype Ctrl BioLegend RRID: AB_11148942 Clone: MG1-45
American Hamster IgG Isotype Citrl BioLegend RRID: AB_11203529 Clone: HTK888
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MATERIAL AND METHODS

Rabbit IgG Isotype Ctrl Thermofisher RRID: AB_243593
scientific

Anti-mouse CD16/32 BioLegend RRID: AB_2561482 Clone: 93

CD45-BX007—Alexa Fluor™ 750- Akoya Cat#4450002, Clone: 30-F11

RX007 Biosciences

MHCII-BX014—Atto 550-RX014 Akoya Cat#4250003, Clone: M5/114.15.2
Biosciences

CD3-BX021—Cy5-RX021 Akoya Cat#4350014, Clone: 17A2
Biosciences

CD11¢c-BX030—Cy5-RX030 Akoya Cat#4350013, Clone: N418
Biosciences

Anti-p27 KIP 1 Abcam RRID: AB_2811037, Clone: Y236

Anti-GFP Abcam RRID: AB_305643

Anti-mouse CD90.1 (Thy-1.1) BioLegend RRID: AB_314013 Clone: OX-7

Anti-mouse F4/80 BD Biosciences |RRID: AB 2739222 Clone: T45-2342

Anti-mouse CD366 (Tim-3) Biolegend RRID: AB_1626128 Clone: B8.2C12

Bacterial and Virus Strains

One Shot™ Stbl3™ Chemically Thermofisher cat#C737303

Competent E. coli scientific

Biological Samples

anonymized TNBC patients

Brighman’s and
Women'’s
Hospital
Pathology core

protocols 11-104 and 93-085

Chemicals, Peptides, and Recombinant Proteins

Iscove's Modified Dulbecco's Medium  |Thermofisher Cat#31980030
(IMDM) Scientific
USDA FBS Life Technologies [Cat#10437028
Penicillin-Streptomycin Life technologies |Cat#15140122
Glutamax Life Technologies [Cat#35050061
Polybrene Transfection Reagent Thermofisher Cat#TR1003G
Scientific
T4 Ligase NEB Cat#M0202L
BamHI-HF NEB Cat## R3136L
Nhel-HF NEB Cat#R3131S
CutSmart® Buffer NEB Cat#B7204
Agel-HF NEB Cat#R3552S
Sall-HF NEB Cat#R3138S
BsaBI NEB Cat#R0537S
Q5® High-Fidelity DNA Polymerase NEB Cat#M0491S
Bcll-HF NEB Cat#R3160S
Notl-HF NEB Cat#R3189S

Calcium Chloride, Anhydrous (Pellets,
4-20 mesh, for Desiccators), Fisher
Chemical™

Fisher Scientific

Cat#C614-500

UltraPure 0.5 M EDTA, pH 8.0

Life Technologies

Cat#15575020

Alt-R® S.p. Cas9 Nuclease V3

IDT

Cat#1081059
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Hyaluronidase StemCell Cat#07461

Collagenase IV StemCell Cat#17104019

DNasel Sigma Aldrich Cat#10104159001

RBC lysis buffer Biolegend Cat#420301

BSA Cell Signaling Cat# 9998S
Tchnology

Dapi Biolegend Cat#422801

10X CODEX Buffer Akoya Cat#7000001
Biosciences

CODEX Assay Reagent Akoya Cat#7000002
Biosciences

Nuclear Stain Akoya Cat#7000003
Biosciences

CODEX Storage Buffer Akoya Cat#232107
Biosciences

BX002—Atto 550-RX002 Akoya Cat#5450023
Biosciences

BX006—Cy5-RX006 Akoya Cat#5450027
Biosciences

BX017—Atto 550-RX017 Akoya Cat#5250001
Biosciences

BX027—Cy5-RX027 Akoya Cat#5350004
Biosciences

BX042—Cy5-RX042 Akoya Cat#5350008
Biosciences

7-AAD Biolegend Cat#420404

Trizol LS Life Technologies |Cat#10296010

Trizol Life Technologies [Cat#15596018

D(+)-SUCROSE Fisher Scientific |Cat#AC177140010

Sodium L-Lactate >99% (NT) Sigma Aldrich Cat#71718-100G
SODIUM L-LACTATE (13C3, 98%) Cambridge #CLM-1579-N-0.1MG
Isotope
laboratories
PARAFORMALDEHYDE 32% SOL. EM [VWR Cat#100496-496

GRADE

16% Paraformaldehyde Aqueous
Solution, EM Grade

Fisher Scientific

Cat#50-980-487

FB OCT COMPOUND CLEAR 40Z

Fisher Scientific

Cat#23730571

Normal Mouse Serum Jackson Cat#015-000-120
ImmunoResearch
Laboratories
Avidin/Biotin Blocking System BioLegend Cat#927301
ProLong Diamond Antifade Mountant |Life Technologies |Cat#P36961
Doxycycline hyclate Biogems Cat#2431450
Poly-L-lysine solution Sigma Aldrich Cat# P8920-500ML
2-NBDG VWR Cat#76021-666
Recombinant Murine FIt3-Ligand VWR Cat#10780-338

103




MATERIAL AND METHODS

Lipopolysaccharides from Escherichia |Sigma Aldrich Cat#L4391-1MG
coli O111:B4 y-irradiated
Poly I:C Invitrogen Cat#tlrl-pic
Pierce RIPA Buffer VWR Cat#P189900
NuPAGE Sample Reducing Agent Life Technologies |Cat#NP0009
Novex 4-20% Tris-Glycine gels Life Technologies |Cat#P04205BOX
Nitrocellulose Sandwiches Cell Signaling Cat#12369P2
Technology
Critical Commercial Assays
QlAprep Spin Miniprep Kit Qiagen Cat#27106
EndoFree Plasmid Maxi Kit Qiagen Cat#12362
miRNeasy Micro Kit Qiagen Cat#217084
SF Cell Line 4D-NucleofectorTM X Kit  [Lonza Cat#V4XC-2032
S
EasySep™ Mouse CD8+ T Cell StemCell Cat#19853
Isolation Kit
QIlAquick PCR Purification Kit Qiagen Cat#28104
QIAquick Gel Extraction Kit Qiagen Cat#28706
Hypoxyprobe-Biotin Kit Hypoxyrpobe Cat#HP10-1000kit
EdU-Click 647 BaseClick Cat#BCK-EdU647
CODEX Staining Kit Akoya Cat#7000008
Biosciences
CODEX Conjugation Kit Akoya Cat#7000009
Biosciences
EasySep™ Mouse Pan-DC Enrichment |[STEMCELL Cat#19763
Kit
Deposited Data
Sequencing datasets This paper Available at NCBI accession # GSE198715
Experimental Models: Cell Lines
4707 Dr. Robert N/A
Weinberg, MIT
D2A1 Dr. Robert N/A
Weinberg, MIT
EMT6 ATCC Cat#CRL-2755™
Hek293:Lenti-X™ 293T Cell Line Takara Cat#632180
B16F10 Dr. Brian Brown [N/A
Experimental Models: Organisms/Strains
Mouse: Balb/c :BALB/cJ The Jackson Strain #:000651
Laboratory
Mouse: NSG: NOD.Cg- The Jackson Strain #:005557
Prkdcsed 112rg™Wi/SzJ Laboratory
Mouse: Dr. Brian Brown [N/A
Jedi: Ptprc? Terbtn1Bdb TeraltntBdd H2d/J  (laboratory, Mount
Sinai
Mouse:PD1-/-:B6.Cg-Pdcd1tm1.1Shr/J |The Jackson Strain #:028276

Laboratory
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Mouse:B6:C57BL/6J The Jackson Strain #:000664
Laboratory
Mouse:Kaede:Kaede Dr. Osami N/A
Kanagawa,
Univeristy of Lyon
Mouse:B6.129-Hif1am3Rsio/J The Jackson Strain #:007561
Laboratory
Mouse:B6.Cg-Zbtb46im3.1(creMnz/ The Jackson Strain #:028538
Laboratory
Oligonucleotides
Alt-R® CRISPR-Cas9 tracrRNA IDT Cat#1072533
Hif1a IDT Alt-R® CRISPR-Cas9 crRNA
gRNA: AGTGCACCCTAACAAGCCGG
Ifnar1 IDT Alt-R® CRISPR-Cas9 crRNA

gRNA: GCTCGCTGTCGTGGGCGCGG

Recombinant DNA

3rd Generation Lentiviral packaging Dr. Brian Brown, |N/A
vectors Mount Sinai
PGK:eGFP Lentiviral vector Dr. Brian Brown, |N/A
Mount Sinai
mVenus:p27k reporter Dr. Toshio N/A
Kitamura,
University of
Tokyo
PGK:mCherry Lentiviral vector Dr. Brian Brown, |N/A
Mount Sinai
H2B-mCherry Addgene Cat#51007
H2B-tdTomato Addgene Cat#58101
rtTA Addgene Cat#104543
TetON lentiviral expression vector Addgene Cat#131687
Hif1a STBL: mHif-1a MYC Addgene Cat#44028
(P402A/P577A/N813A)
Software and Algorithms
FlowJo 10 BD https://www.flowjo.com
Prism 9 GraphPad https://www.graphpad.com/scientific-software/prism/
FiJi® (v2.0.0-rc-69/1.52i) ImageJ https://imagej.net/software/fiji/
Seurat Satija Lab https://satijalab.org/seurat/articles/pbmc3k_tutorial.html
DESeq?2 Bioconductor https://bioconductor.org/packages/release/bioc/

htmI/DESeq2.html

Akoya CODEX Processor®

Akoya

https://www.akoyabio.com/phenocycler/software/

clusterProfiler

Bioconductor

https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

lacono, G., et al,

bigSCale2 2019 https://github.com/iaconogi/bigSCale2
Benchling Benchling ttps://www.benchling.com

Biorender Biorender https://biorender.com/

Other

Compresstome® Precisionary VF-310-0Z
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Experimental model and subject details
Mice

Two-month-old BALB/cJ females (Stock No. 000651) from Jackson Laboratories were
used for all experiments as tumor-bearing mice, unless otherwise stated. NOD.Cg-
Prkdcsed 112rgimWil/SzJ a.k.a. NSG mice (Stock No. 005557 from Jackson Labs) were
used as non-T cell bearing controls. Just EGFP Death Inducing (Jedi) mice (Ptprc?2
Tcrbtn1Bdo TerglntBdd H2d/J) (29) in BALB/cJ background were obtained from Dr. Brian
Brown. These Jedi mice were bred with PD1-- mice (B6.Cg-Pdcd1tm1.1Shr/J, Stock No.
028276, from Jackson Labs) to generate PD1-- Jedi, ensuring the H2-Kd haplotype and
CD45.1 congenital marker were also selected. F1 from BALB/cJ crossed with C57BL/6J
mice (Stock No. 000664 from Jackson Labs) were used for tumor implantation in
experiments using PD17 Jedi T cells adoptive transfer. Kaede mice were previously
reported (85) and provided by Dr. Osami Kanagawa at RIKEN, Japan. Kaede mice were
crossed with BALB/cJ one generation for injection of 4TO7 breast cancer cells for tumor
formation. To obtain animals with Hif1a deficiency in cDC we crossed Zbtb46Cre animals
(Stock No. 028538 from Jackson Labs) that have Cre expression restricted to cDC
population with Hif1a floxed animals (Stock No. 007561 from Jackson Labs). Zbtb46Cre*-
Hif1a"" animals were obtained and Zbtb46Cre”- Hif1a/ liter mates were used as controls.
All animal procedures were approved by Dana-Farber Cancer Institute IACUC and the
Harvard Medical School IACUC and performed according to DFCI protocol #17-017 and
HMS protocol # 1IS00002540. The study is compliant with all relevant ethical regulations

regarding animal research.

Cell lines

4T07 and D2A1 breast cancer cell lines were a gift from Dr. Robert Weinberg. B16F10
melanoma cells were a gift from Dr. Brian Brown. EMT6 breast cancer cells were
purchased from ATCC. HEK293T cells were purchased from Takara. All cell lines were
cultured in Iscove's Modified Dulbecco's Medium (IMDM), 10% heat inactivated FBS
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(Gibco), 1% Penicillin-Streptomycin (Gibco) and 1% Glutamax (Gibco). 4T07, EMT6 and
D2A1 cells were engineered to express the desired fluorescent proteins and markers by
stable transduction with lentiviral vectors (LV). All cells were tested for mycoplasma prior

to injection.

GFP and mCherry-expressing 4T07 cells used in Figure 1 were subjected to RNA-
sequencing analysis to ensure no bias had occurred during generation of the cell lines.

This analysis revealed no differences between the cell lines.

Human FFPE samples and Bulk RNAseq data

This study was performed in accordance with the guidelines of ethical regulation for
human samples under approved protocols 11-104 and 93-085 at Dana Farber Cancer

Institute.

Sections from Formalin-Fixed Paraffin Embedded (FFPE) Primary Triple Negative Breast
Cancer from treatment naive unidentified patients were obtained from the Brigham and

Women’s Hospital Pathology core.

Bulk RNAseq data cohort was formed by 29 patients with confirmed mTNBC defined as
<1% progesterone receptor, <1% estrogen receptor and HER2 negative by ASCO/CAP
guidelines on a metastatic biopsy. Patient regimens: treated with an ICB alone
(pembrolizumab, n =6, NCT02447003; atezolizumab, n = 4, NCT01375842) or as part of
a combination regimen with chemotherapy (pembrolizumab + eribulin, n = 8,
NCT02513472; atezolizumab + nab-paclitaxel, n =5, NCT0163970) or a targeted therapy
(nivolumab + cabozantinib, n = 6, NCT03316586). Samples were sequenced before ICB
treatment. PFS was defined as the date of starting immunotherapy to the date of
progression, death, or last follow-up. Durable responders were considered as free of

disease progression at time of analysis (5 patients) with a PFS of 26-60 months.
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Plasmids

Third generation lentiviral packaging and lentiviral vector (LV) backbone with eGFP
expression under PGK promoter were a gift from Dr. Brian Brown (157). The mVenus-
p27K insert sequence was a gift from Dr. Kitamura (131). Fluorescent protein sequences
were obtained from the following vectors: mCherry (Dr. Brian Brown gift), H2B-mCherry
(Addgene #51007) and H2B-tdTomato (Addgene #58101). The eGFP lentiviral plasmid
was used as backbone to generate vectors expressing mCherry, H2B-mCherry, mVenus-
p27K, tdTomato-p27K and a shuttle vector for co-expressing two proteins with Internal
Ribosome Entry Site (IRES) element by PCR, digestion by BamHI and Sall restriction
enzymes and T4 DNA Ligase.

The mVenus fluorescent protein (yellow) was replaced by tdTomato by PCR from H2B-
tdTomato and using BamHI and BsaBl restriction enzymes to make a tdTomato-p27k
fusion protein in red color. Same strategy was used to create a fusion protein with rTA-
p27K for the genetic circuit in Figure 10. The TA sequence was obtained from Addgene
#104543. The doxycycline expression vector was obtained from Addgene #131687 in

which H2B-tdTomato fluorescent protein was introduced using Bcll and Notl.

The fluorescent proteins mCherry or eGFP were cloned into the same third generation
LV backbone with a normoxia-stable form of HIF1a, mHif-1a MYC (P402A/P577A/N813A)
(Addgene #44028), here referred as HIF1aSTBL, The resulting vectors had therefore the
following structure mCherry-IRES-HIF1aS™L and GFP-IRES-HIF1aS™L. DNA was
extracted by miniprep or maxiprep kits (QIAGEN) after transformation in StbI3 E.coli

(ThermoFisher). All plasmids were verified by Sanger sequencing.

Methos details

Tumor injection

Breast tumors were induced by intra-mammary fat pad injection of indicated breast cancer

cell lines (4T07, EMT6 and D2A1). The injections were performed after introducing a 2mm
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incision to visualize the 4th mammary fat pad under isoflurane anesthesia. A total of
250,000 cells in 50uL sterile PBS were injected in the fat pad of the mammary gland.
Local analgesic was used for pain relieve. Tumors were measured with a caliper and

monitored twice a week and tumor volume was calculated as (length*width*width)/2.

Lentiviral production and transduction

Third generation lentivirus were produced by Cas(POa4)2 transfection into HEK293T cells
(157). Supernatants were collected, passed through a 0.22um filter, aliquoted and frozen,

or directly used to transduce breast cancer cell lines.

For LV transduction, tumor cells were cultured with filtered LV in the presence of 1:2000
Polybrene Transfection Reagent (Millipore) for 16-24 hours, expanded, and subsequently
FACS-sorted with Aria Il cell sorter (BD Biosciences) using the expressed fluorescent
reporter. All transgenes introduced by LV transduction were expressed under the

ubiquitous promoter PGK.

Generation of knockout cell lines

Amaxa 4D-Nucleofector X Unit device (Lonza) was used to generate knockout cells lines
through CRISPR/Cas9-mediated genome editing. Briefly, 2.5uL 200puM trRNA,
2.5uL 200uM gRNA and 5uL 20uM recombinant CAS9 (Integrated DNA Technologies)
were mixed to make Cas9/gRNA ribonucleoprotein (RNP). The RNP was delivered into
tumor cell lines using program A549 by SF Cell Line 4D-NucleofectorTM X Kit S (Lonza).
200,000 cells were used per reaction and recovered in 6-well plate for 4 days after
nucleofection, and then subjected to a 2nd round of the same process. The efficiency
of Ifnar1-/- was validated by flow cytometry analysis. Hif1a-/- cells were validated by
western blot using HIF-1a (D1S7W) rabbit antibody from Cell Signaling Technology. The
guide RNA sequences were: HIF1a (AGTGCACCCTAACAAGCCGG), Ifnart
(GCTCGCTGTCGTGGGCGCGG).
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Adoptive transfer of CD8+ T cells

Jedi CD8+ T cells as well as PD1-- Jedi CD8+ T cells were purified from spleens and
lymph nodes (LNs) after obtaining a single cell suspension by mechanical disruption and
filtering through a 70um cell strainer. CD8+ T cells were selected with the mouse CD8+
T cells isolation kit (STEMCELL) following manufacturer’s instruction. 5-7x106 T cells

(unless stated otherwise) were injected via tail vein per mouse in 200uL sterile PBS.

Flow cytometry and FACS-sorting

Tumors were collected and placed in 500uL of digestion solution (400U/mL
CollagenaselV, 6.8U/mL Hyaluronidase, 20ug/mL DNasel and 10%FBS in HBSS). After
mincing, they were transferred to a 10mL tube with 5mL digestion solution and incubated
at 37 °C for 20 minutes on a rotator. Digested samples were then filtered through a 100pym
cell strainer followed by red blood cell (RBC) lysis (Biolegend) for 5 minutes at room
temperature (RT). Single cell suspensions were blocked with 1:100 dilution of TruStain
FcX (#101319 Biolegend) in flow buffer (2mM EDTA 0.1% BSA PBS). Samples were then
stained with the appropriate antibodies. DAPI (1:10,000) or 7AAD (1:100) were used as
viability markers. Samples were analyzed by CytoFLEX (Beckman). Cells were FACS-
sorted by Aria lll cell sorter (BD Biosciences) and collected in 15mL tubes with 5mL of

media. Data were analyzed using FlowJo v.10 software.

Bulk RNA-sequencing

GFP+ and mCherry+ 4T07 cells in Figure 1 were directly FACS-sorted into TRIzol LS
(Invitrogen) and submitted directly for RNA extraction and low-input RNA-sequencing to
GENEWIZ. FACS-sorted mVenusp27KHish and mVenus-p27KNes 4T07, EMT6 and D2A1
cells from primary tumors were collected in media, centrifuged, and resuspended in 1mL

TRIzol (Invitrogen). RNA was extracted with miRNeasy Micro kit (QIAGEN) following the
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manufacturer’s instructions. RNA samples were submitted to GENEWIZ for bulk RNA-

sequencing.

Immunofluorescence

Tumors were harvested and fixed in 20% Sucrose 4% Paraformaldehyde (PFA) solution
in PBS overnight at 4°C. They were then embedded in OCT compound (Fisher Health
Care) and stored in -80°C. Sections (10um) were blocked in 10% Fetal Bovine Serum,
2% Normal Mouse Serum, 0.1% Tween-20 TBS for 1 hour at RT and incubated for 3
hours at RT or overnight at 4°C with primary antibodies. Tissue was washed and, when
needed, incubated with secondary fluorescently labelled antibodies for 2 hours before
nuclear staining with DAPI (ThermoFisher). For Nuclear marker Ki67, samples were
permeabilized with 1% TritonX-100 at 37°C for 30min prior to staining. For biotin
antibodies, an extra blocking step was done with Avidin/Biotin Blocking System
(Biolegend) following the instruction of the Kit. Antibodies were used at 1:100 dilution in
blocking buffer. The stained tissue was then mounted on ProLong™ Diamond Antifade

Mountant (Invitrogen) and covered with a #1.5 coverslip.

For assessment of tumor hypoxia, Pimonidazole (75mg/Kg of body weight) was
intraperitoneally injected 30-60min prior to euthanasia. Staining was performed with

Hypoxyprobe® following manufacturer instructions.

Microscopy methods

Microscopy methods are reported following the guidance of (158).

Images for Figures 21A, 29 (4T07), 38A were acquired in Yokogawa CSU-W1 single
disk (50 um pinhole size) spinning disk confocal unit attached to a fully motorized
Nikon Ti inverted microscope equipped with a Nikon linear-encoded motorized stage with
a Pl 250 Om range Z piezo insert, an Andor Zyla 4.2 plus (6.5 ym photodiode
size) sCMOS camera using a Nikon Plan Apo 20x/0.75 NA DIC air objective. The final

111



MATERIAL AND METHODS

digital resolution of the image was 0.325 ym/pixel. Fluorescence from mVenus, Alexa
Fluor 555 (or mCherry) and Alexa Fluor 647 was collected by illuminating the sample with
solid-state directly modulated 488 nm diode 100 mW (at the fiber tip) laser line, a solid
state, directly modulated 561 nm DPSS 100mW (laser tip) laser line or a solid state,
directly modulated 640 nm diode 100mW (laser tip) laser line in a Toptica iChrome MLE
laser launch, respectively. A hard-coated Semrock Di01-T405/488/568/647 multi-
bandpass dichroic mirror was used for all channels. Signal from each channel was
acquired sequentially with either a hard-coated Chroma ET525/36 nm, Chroma ET605/52
nm or Chroma ET705/72m emission filters in a filter wheel placed within the scan unit, for
mVenus, Alexa Fluor 555 (or mCherry) and Alexa Fluor 647 channels, respectively.
Fluorescence from DAPI was collected by illuminating the sample with a Lumencore
SOLA 395 LED based light engine using a Chroma 49000 filter cube. Nikon Elements AR

5.02 acquisition software was used to acquire the data. Data was saved as ND2 files.

Images for Figures 21C, 22, 27, 29 (EMT6, D2A1), 30, 31A,B, 65 were acquired using a
motorized Nikon Ti inverted widefield microscope equipped with a SOLA SE LED light
engine, Prior ProScan Il linear encoded motorized stage, a Shutter Instruments Lambda
10-3 motorized excitation filter wheel, a LUDL MAC3000 motorized emission filter wheel
located in front of the camera on the side port. A Hamamatsu Orca Flash 4.0 v3, 6.5 yum
photodiode size sCMOS camera was used for detection. Images were acquired using
a Nikon Plan Apo 20x/075 Ph2 air objective lens. Final digital resolution of the image was
0.325 ym/pixel. Signal from DAPI, FITC, RED, FAR RED was collected by illuminating the
sample with a hard-coated Chroma AT350/50x, Chroma ET490/20X, Chroma ET555/25x
and Chroma ET 645/30x excitation filter, a hard-coated Chroma ET 69002bs multiband
dichroic DAPI/FITC/TRITC/Cy5 and a Chroma ET455/50m, Chroma ET525/50m,
Chroma ET605/52M, Chroma ET700/75m emission filter, respectively. Images from each
experiment were collected under identical imaging conditions using Nikon Elements 5.2

AR acquisition software and a 12-bit low gain digitizer. Images were saved as ND2 files.
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Images for Figures 15, 17, 20, 31C, 32, 38B, 39, 75 were acquired using a motorized
Zeiss Axio Observer 7 inverted microscope equipped with a LED Colibri 7 fluorescence
light source, and motorized scanning stage with a Z-piezo insert of 500 ym range. A
Photometrics Prime BSI sCMOS 6.5 um photodiode size was used for detection. Images
were acquired using a Zeiss 20x Plan Apo 20x/0.8 DICII air or a Zeiss Plan Apo 63x/1.4
DICII oil objective lens with Zeiss 518F immersion oil; the final digital resolution of the
image was 0.325 ym/pixel or 0.1 um/pixel, respectively. Signal from DAPI, GFP/mVenus,
Alexa Fluor 555, mCherry, Alexa Fluor 647 and Alexa Fluor 750, was collected by
illuminating the sample with a Zeiss 90 HE DAPI/GFP/Cy3/Cy5 multi-band pass filter cube
or a Zeiss 110 HE DAPI/GFP/Cy3.5/Cy7 multi-band-pass filter cube. Images were

collected using Zen Blue (Zen 2.6 Pro) acquisition software and saved as .czi files.

In images for Figures 38A and 6H tile scans of the whole tumor section were collected
with a 10% of overlap between each tile and stitched automatically in the acquisition

software using the "blending algorithm", using the DAPI signal as the reference channel.

Evaluation of cell cycle

To evaluate cell proliferation in vivo, animals were injected intraperitoneally with 10mg/Kg
of EdU (5-ethynyl-2'-deoxyuridine) daily during the last 5-8 days of tumor growth. Tumors
were harvested and processed for immunofluorescence staining as described above.
EdU was stained using the immunofluorescence BCK-EdU647 staining kit (BaseClick)

following manufacturer’s instructions.

Evaluation of cell cycle state prior to adoptive transfer of Jedi T cells was performed using
a genetic circuit as explained in Figure 10. 4T07 cells carrying both GFP and the genetic
circuit were injected in the mammary fat pad. Animals received one intraperitoneal
injection of Doxycycline (50mg/kg diluted in sterile PBS) 30h prior to adoptive transfer of

Jedi T cells to ensure doxycycline had been eliminated from the system (159) (160). 5
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million Jedi T cells were injected on day 6 of tumor growth. H2B-tdTomato+ tumor cells

were quantified by flow cytometry on day 12 of tumor growth.

Tumor initiation assay

To test the tumor initiation potential of Jedi-resistant cancer cells: GFP or mCherry-
expressing 4T07 cells were mixed 1:1 ratio and injected into the mammary fat pad of
BALB/c mice. 7 days after tumor inoculation 5M of Jedi T cells were adoptively transfer.
In parallel, double transduced tdTomato-p27K and GFP-expressing 4T07 were injected
into mammary fat pad of NSG mice as controls with no T cell killing. 14 days after tumor
inoculation tumors from both groups were processed and surviving GFP+ cells were

FACS-sorted. 500 live (DAPI-) were injected into mammary fat pad of new BALB/c mice.

To test the tumor initiation potential of p27KMig" cells: mCherry and mVenus-p27K
expressing breast tumors (4T07, D2A1 or EMT6) were processed to obtain single cell
suspensions by collagenase digestion. mCherry+ mVenus—p27KNes and mCherry+
mVenus-p27KHish cells were FACS-sorted. Tumor initiation potential was assessed by
injecting 500 live (DAPI-) cells (for EMT6) and 1,000 cells (4T07 and D2A1) into mammary
fat pad of new BALB/c mice.

Glucose uptake

Tumor single cell suspensions were resuspended in 200uM 2NBDG (BioVision) in flow
buffer for 20 min at 37 °C, using equivalent number of cells across tumors. Samples were

then analyzed by flow cytometry.

Photo-conversion of Areas to Dissect Micro-Environments (PADME-
seq)

Step by step description of the protocol is described in Annexes | of this thesis work.

tdTomato-p27K-expressing 4T07 cells were injected into the mammary fat pad of Kaede

114



MATERIAL AND METHODS

x BALB/c F1 females. Tumors were embedded in 2% low melting agarose and cut into
300um slices by the Compresstome VF 310-0Z vibrating microtome (Precisionary
Instruments). Setting of the machine were 3 for vibration and 1-2 for speed depending on
tumor consistency. Tumors were sectioned to obtain 2 consecutive slices together from
2 depths/regions from each tumor mass. Consecutive slices were used to photoconvert
cells infiltrating tdTomato-negative areas and then cells in regions with tdTomato-p27KHigh
cells. Slices were kept in a 12 well plate with IMDM media on ice. Photoconversion was
performed in a Zeiss LSM710 single point-scanning confocal unit with galvanometer
mirrors attached to a fully motorized Axio-Observer Z1 equipped with a Zeiss motorized
stage using a Zeiss Plan Apochromat 20x/0.8 NA DIC air objective. Photoconversion of
Kaede was performed using a 405nm 30mW diode AOTF modulated line set to 0.2 %
transmittance laser and a time series of 325 cycles at a 1.58usec/pixel pixel dwell times,
using a 405 long-pass dichroic mirror. Kaede green and red (after photoconversion)
fluorescence was collected by illuminating the sample with an argon multi-line 488 nm
25 mW Argon AOTF modulated line set to 0.2 % transmittance and a 561 nm 20mW
DPSS AOTF modulated line set to 0.2 % transmittance, using a multi-bandpass dichroic
mirror with 488/561cut off wavelengths (MBS 488/561). The emission wavelength range
for the green and red fluorescence signal was set to 499-560 nm and 571-735 and
collected by multi-alkali PMTs. No offset was applied. The microscope was controlled by
ZEN Black SP2 acquisition software, scanned unidirectionally with a pixel dwell time of
1.58usec/pixel, no averaging, a 12-bit digitizer, zoom 1.0x, a pixel size of 0.83 um and

pinhole set to 1 A.U. for 488 nm wavelength. Images were saved with the .czi file format.

Photoconverted slices were digested in collagenase IV + DNase | as described above.
Samples were digested for 15 min at 37°C and pass through a 100um cell strainer
followed by RBC lysis. Cells were washed and resuspended in 1mL flow buffer with DAPI
(1:10,000) for sorting. Green/red double positive live cells were considered as the
successful photoconverted ones and FACS-sorted into 1.5mL Eppendorf tubes with
500uL media at Arialll.
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Co-detection by indexing (CODEX) tissue staining.

mCherry from the original Figure 1 setting was replaced by Thy1.1 as a tumor marker.
The CODEX technology requires three spectrally distinct dyes (Atto 550, Cy5, Alexa
Fluor™ 750) for each imaging cycle and Atto550 overlaps with mCherry. Thy1.1 was not
immunogenic in BALB/c mice and antibody in the panel was used to detect Thy1.1 (as
the non-GFP cancer cells). Wildtype (untransduced) or Thy1.1:GFP-expressing mixed
4T07 tumors were harvested and dehydrated in 20% sucrose in PBS overnight at 4°C.
Tumors were then embedded in OCT compound and stored in -80°C. Sections (8um)
were obtained onto poly-L-lysine-coated coverslips and blocked for 1h at RT in Akoya
CODEX Blocking Buffer® with IgG isotype controls and anti-mouse Fc receptors (93,
Biolegend #101330). Then tissues were stained overnight at 4°C with the
oligonucleotides-barcoded primary antibody cocktail (Table 3), which were prepared
following Akoya Biosciences CODEX Fresh-Frozen Tissue Staining protocol. The
following primary antibodies were purchased from Akoya Biosciences: CD45, MHCII,
CD3, CD11c. The rest primary antibodies were conjugated to Akoya barcodes according
to Akoya Biosciences CODEX Antibody Conjugation protocol: p27, GFP, Thy1.1, F4/80,
TIM3. Secondary fluorophore-tagged oligonucleotides (reporters) and DAPI (Akoya
#7000003) were automatically added and washed away for each imaging cycle using
Akoya CODEX system to allow multiplexed visualization on a single tissue section.
Images (Figure 4L, S4F, 5G) were acquired using a motorized Zeiss Axio Observer 7
inverted microscope equipped with a LED Colibri 7 fluorescence light source, and
motorized scanning stage with a Z-piezo insert of 500 ym range. A Photometrics Prime
BSI sCMOS 6.5 um photodiode size was used for detection. Images were acquired using
a Zeiss 20x Plan Apo 20x/0.8 DICII air; the final digital resolution of the image was 0.325
um/pixel. Signal from DAPI, Atto 550, Cy5 and Alexa Fluor™ 750, was collected by
illuminating the sample with a Zeiss 90 HE DAPI/GFP/Cy3/Cy5 multi-band pass filter cube
or a Zeiss 110 HE DAPI/GFP/Cy3.5/Cy7 multi-band-pass filter cube. Images were

collected using Zen Blue (Zen 2.6 Pro) acquisition software and saved as .czi files.
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Analysis was done using CODEX Multiplex Analysis Viewer CODEXMAV (v1.5.0.8)
plugin in Fiji (v2.1.0/1.53c).

Bone marrow derived dendritic cell (BM-DC) generation and culture in

different oxygen concentrations.

BM-DCs were generated using FIt3l as already described in (141). At day 9 BMDC were
recovered with flow buffer 10mM EDTA and 90,000 live cells/well were seeded in a 96
well U bottom plate. Cells were conditioned for 2 hours to the required oxygen level
(normoxia, 5% or 1%02). Then either LPS (50ng/ml) or Polyl:C (5ug/ml) was added. Cells
were kept with either LPS or Polyl:C for 18h at the corresponding oxygen level (so total
20h). Cells were detached with flow buffer 10mM EDTA and processed for flow cytometry

assay.

Western blot

Whole cell lysate (WCL) was collected from 1 million WT or Hifla-/- cells using RIPA
buffer (Cell Signaling Technology, CST) with Pierce Protease Inhibitor (Thermo Fisher
Scientific). After incubating for 10 min on ice, WCL was spined for 15 min at 13,000 rpm
at 4°C to get the supernatant. 3X loading buffer with DTT (CST) was added and boiled at
100°C for 5 min to denature. Protein samples were separated by Novex 4-20% Tris-
Glycine gels (Invitrogen) and transferred to nitrocellulose membranes (Cell Signaling
Technology, CST). The membranes were blocked by 5% milk TBST (0.1% Tween 20),
then incubated with rabbit anti-HIF1A (D1S7W, 1:1000, CST) and mouse anti-Actin
(8H10D10, 1: 5000, CST) overnight at 4°C. Followed by washing use TBST for 3 times,
the membranes were incubated with AF555 Goat anti-mouse (1:5000,Invitrogen) and
IRDye 800CW Goat anti-Rabbit (1:5000, LI-COR Biosciences) fluorescent secondary
antibodies for 2 hours at room temperature. The membranes were imaged using Bio-Rad

ChemiDoc MP Imaging System.
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scRNA-seq

mCherry+ 4T07 tumors either WT, Hifla KO or HIF1a STBL were processed and FACS
sorted for Dapi- following above instructions. Cells were sorted into conditioned media
and then washed in PBS 0.01% ultrapure BSA. Cells were counted and resuspended to
obtain a 1K/uL dilution. A target population of 10K ells were submitted for 10x processing

at the single cell genomics core of Dana Farber - Broad Institute.

Lactate quantification by mass spectrometry

About 50mg of mCherry+ 4T07 tumors either WT, Hiflta KO or HIF1a STBL were snap
freeze in liquid nitrogen. Samples were submitted to the metabolomics sore at Dana
Farber for ethanol extraction. Lactate quantification was performed by relative

quantification using labbeled 13C L-Lactate as internal control.

Splenic cDC isolation

cDC were purified from spleens and lymph nodes (LNs) after obtaining a single cell
suspension by mechanical disruption and filtering through a 70um cell strainer. cDC cells
were selected with the mouse EasySep™ Mouse Pan-DC Enrichment Kit (STEMCELL)
following manufacturer’s instruction. 300K cDC cells were cultured in 200uL of media +/-

L-sodium lactate addition at the specified concentration.

Quantification and statistical analysis

Computational analysis of immunofluorescent images of mouse

tumors

All images were analyzed using FiJi® (v2.0.0-rc-69/1.52i) (161).

Colocalization analysis for nuclear markers (Ki67, mVenus-p27K and EdU) was done

using DAPI channel for segmentation with the Trainable Weka Segmentation (v3.2.29)
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plugin. Nuclear particles were converted into a binary mask to analyze the fluorescent
intensity in the different channels with the function Analyze Particles. Intensities of the
different channels in the same particle were plotted to assess correlation or exclusion

patterns.

T cell density per area was analyzed in tumors from Figures 15 and 29 after CD3 staining.
Areas were drawn using mVenus-p27K, GFP or mCherry and blindly to CD3 signal. After
drawing the regions of interest (ROls), CD3 signal was revealed, and T cells were counted
manually. Area was calculated by FiJi after scaling images. Density of T cells was

calculated as number of T cells/area (mm?).

Images from H2B-mCherry and mVenus-p27K expressing tumors that had been stained
with CD3 were processed with Fidi (v2.0.0-rc-69/1.52i). DAPI channel was used for
segmentation using the Trainable Weka Segmentation (v3.2.29) plugin. The generated
mask was used to measure the mean intensity in each cell of H2B-mCherry, mVenus-
p27K and CD3. A computational reconstruction of every image was obtained using the
mean intensity values for each channel. To assess CD3 exclusion the distribution of
mVenus-p27KHigh cells was randomized among H2B-mCherry+ cells. The average
distance from a CD3 cell to the 10 closest mVenus-p27KHigh cells was measured in the
real and in the random distribution and then plotted and analyzed with the Kolmogorov-

Smirnoff statistic.

Quantification of MHCII fluorescent intensity in DCs (Figure 5G) was performed on
immunofluorescence images with CD11c and MHCII staining on mVenus-p27K-
expressing 4T07 breast tumors. ROIls were drawn using only mVenus-p27K, being blind
to both CD11c and MHCII. Afterwards, CD11c channel was used to create a binary mask
after thresholding with Otsu method. Fluorescent intensity of the MHCII channel was

measured using Analyze Particles function using particles generated by the CD11c¢ mask.
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Analysis of immunofluorescent FFPE sections from human TNBC

FFPE sample slides from 10 anonymized TNBC patients were stained by the BWH
Pathology Core with E-Cadherin (24E10, CST), p27K (57/Kip1/p27, BD), Ki67 (SP6,
Biocare) and CD3 (F7.2.38, Agilent). Samples were imaged with Zeiss Axio Observer 7
inverted microscope as explained in the immunofluorescence method section. For T cell
enrichment analysis areas surrounding T cells that were able to infiltrate E-Cadherin+
areas were drawn and then evaluated for Ki67 or p27 positive cells. Total number of
positive cells were normalized by area to obtain density of p27+ and Ki67+ cells in the

vicinity of T cells.

Mouse Bulk RNAseq analysis

GENEWIZ performed basic computational analysis for quality controls and constructed
the gene matrices. Gene matrices were normalized using DESeq2 size factors and
filtering for a minimum of 10 read per condition (60-80 rowSums). The resulting genes
with adjusted p-Value <0.05 were considered significant for GO term enrichment analysis
at https://david.ncifcrf.gov/. Log2 fold change =0.5 was considered as upregulated and <
-0.5 as downregulated genes. Volcano plots were generated with the package
EnhancedVolcano from Bioconductor. Heatmaps were generated in excel using Z-score
across different samples in a given gene after after counts per million mapped reads

(CPM) normalization.

CODEX image processing and analysis.

Raw images were processed using Akoya CODEX Processor® for background
subtraction, deconvolution, extended depth of field and shading correction. CODEXMAV
plugin in Imaged was used for visualization and selection of cell populations. To assess
T cell exhaustion, p27 positive versus negative areas or Thy1.1+ versus GFP+ areas in
tumor images were drawn and then evaluated for TIM3 expression on T cells (CD45+

CD3+ MHCII- CD11c- F4/80-). To assess DC function, same selected areas were used.
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DCs were considered as CD45+CD11c¢c+F4/80-CD3-. MHCII intensities were recorded for
each DC. T cells were normalized dividing the total number of T cells by the area (um?)
of the ROI. MHCII intensities from DC were normalized and centered using a Z-score to

be able to pool the different experiments eliminating the batch effect.

RNA-seq analysis from TNBC patient cohort

RNAseq data was aligned using the STAR software (162). Further transcript per million
(TPM) quantification was performed using RSEM (163). Canonical pathways compiled in
MSigDB from pathway databases, namely the C2 CP gene sets, were used for gene set

enrichment analysis (GSEA) analysis using 1000 permutations by phenotype (164).

PADME-seq and murine scRNA-seq 10X genomics and analysis

Count matrix generation

FACS-sorted live cells were submitted to the Bigham and Women'’s Hospital Single Cell
Genomics Core for 10x genomics. Samples from different areas were tagged using
hashed antibodies and then pooled to reduce technical variability in the preparation of the
10X library following an approved protocol from the core (Table 2). The BWH Single Cell
Genomics Core performed basic computational analysis using Cell Ranger pipeline and

provided us the filtered matrix of read counts per gene in each cell.

Table 2. PADMEseq library preparation information.

Sample ID Library ID Hashing antibody Input cell number
Tumor 1 p27K+ area | BRI-703 | Mouse hashing antibody 7 7K
Tumor 1 p27K- area | BRI-703 | Mouse hashing antibody 8 7K
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Tumor 2 p27K+ area | BRI-705 | Mouse hashing antibody 9 5.6K

Tumor 2 p27K- area | BRI-705 | Mouse hashing antibody 10 7.1K

Filtering, normalization, clustering and UMAP generation

Seurat v4.0.3 package (165) for R was used to analyze the scRNAseg-seq data.
Following Seurat-guided clustering tutorial (Source: vignettes/pbmc3k_ tutorial. Rmd),
cells were filtered using <15% of mitochondrial genes reads to eliminate dead cells. We
distinguish unique hashtags from each cell by excluding the cells that have > 250 read
count in both hashtags. We excluded cells outlier to the 200-25000 read count (nCount
RNA) to eliminate doublets and debris. Having filtered our data, we normalized, scaled
and log-transformed the matrix (NormalizeData function) and then we centered the mean

to 0 and the variance to 1 (ScaleData function) without regressing out variables.

Next, we performed a linear dimensional reduction by PCA using the top 2,000 most
variable genes (FindVariableFeatures using the vst method and a span of 0.3). Based on
an elbow plot (function ElbowPlot) we selected 30 PCs to calculate the shared nearest
neighbor graph based on the calculated Euclidean distance (FindNeighbors function) and
clustered our data using the Louvain algorithm (166) with a resolution of 0.5, with the
Seurat function FindClusters (167) (168) (169) (170). Clustered data was displayed using
the UMAP dimensional reduction (RunUMAP function, (171)). Clusters were identified
using well known markers for immune populations and fibroblasts as described in the
Figure 4C, S4A,E,H, S5A,B.

Cells from the T cell cluster were subjected to another round of unsupervised clustering
as described above, except 10 PCs were used, to find further differences among QCC

and non-QCC areas.
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Differential expression analysis

Differential expression analysis was performed using the Seurat function FindMarkers.
Genes were pre-filtered for a minimum log fold change of 0.25 and detectable expression
in at least 10% of cells in the cluster, then compared for differential expression using
DESeq2 (170). Genes with an FDR-adjusted p-value less than 0.1 were selected as input
for gene-set enrichment analysis using GO biological processes as implemented in the
clusterProfiler package from Bioconductor (172), using a set size between 3 and 800
genes and an FDR-adjusted p-value cutoff of 0.05. Relevant genes were curated from
the GSEA to generate heatmaps. Average gene expression for each tumor and area was

generated using AverageExpression.

Heatmaps from Figures 49 and 57 were generated with the individual cell values and the
top 10 differentially expressed genes per cluster. Heatmaps with specific genes selected
from the differential analysis between QCC and non-QCC areas and selected signatures
among the same cluster were generated using the average value of cells coming from

the same tumor and area with the function AverageExpression.

Cell abundance comparisons

We performed a Fisher’s exact test for each cell type between the two different groups

followed by Benjamini-Hochberg (BH) correction to obtain adjusted p value.

Co-expression gene network construction and analysis in CD8 T cells

To understand differences in the regulation of CD8+ T cells, we generated a co-
expression gene network. Because of the zero-inflated and highly noisy nature of single-
cell transcriptome data, we inferred co-expression of gene pairs using BigSCale2 (173),
which pools cells with similar expression profile. We considered the set of genes from the
co-expression network that were direct neighbors of the 124 genes that had been
identified as downregulated in the DEG analysis, and we refer to this as the DEG module.
The DEG module was visualized by cytoscape (ver 3.7.1) (174). We obtained the
enriched pathways for the DEG module by GO enrichment analysis (175) implemented

in Gene Ontology website (http://geneontology.org/).
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Hypoxic score

Hypoxic signature scores were calculated using the Seurat function AddModuleScore that
calculates the average expression of a given signature per cell and subtracts it from the
average expression of randomly selected control features. AddModuleScore (176) was
run using 100 control features. Scores were averaged within all cells from the same
cluster and tumor region (p27K+ or p27K- areas). To compare the hypoxic signature
across populations we generated a delta score subtracting the average score of p27K-
areas to that of p27K+ areas for each cluster of cells. Hypoxic signature was formed by:
Hifla, Slc2a1, Vegfa, Hmox1, Bnip3, Nos2, Mmp2, Sod3, Cited2, Ldha. This list is
constituted by genes from the GO:0001666 “Response to hypoxia” that were upregulated
in mVenus-p27K+ QCCs. Statistical analysis was performed by two-sided Wilcoxon rank

sum test followed by BH correction.

Statistical analysis

All analysis was performed using data from at least three independent biological
replicates (exact number of replicates are stated in the figure legend). Unless stated
otherwise, all statistical analyses were performed in PRISM6 software using paired or

unpaired Student’s t test.
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8.1. Photo-conversion of Areas to dissect Micro-Environments

(PADME)

Baldominos P, Barreiro O, von Andrian U, Sirera R, Montero-Llopis P, Agudo J.

STAR Protoc. 2022 Oct 28;3(4):101795. doi: 10.1016/j.xpro.2022.101795. PMID:
36325581; PMCID: PMC9619724.

My contribution was essential for the publication of this work. | designed all the
experimental settings under the guidance of my thesis directors and in collaboration with
Olga Barreiro. | performed all the experiments and analysis present in this work. | also
contributed to a major part of the manuscript writing. The entirety of this paper is

presented.

Before you begin

PADME is a versatile microscopy-based technique that enables the characterization of
specific cell populations within a living tissue at the single cell level that retains information
of their intra-tissue location. As an example, we developed this technique to study the
transcriptional profile of cells that infilirate specific niches within a tumor mass. This is
achieved by localized photo-labelling of cells in a discrete region of interest that express
a photoconvertible protein. In this specific tumor setting, the regions of interest can be
defined as those enriched in a tumor sub-population with a distinctive phenotype.
Visualization of such regions can be achieved, for example, by transducing tumor cells
with fluorescent reporters that are uniquely expressed in the tumor sub-population of
interest. Once the infiltrating cells are photolabeled by direct illumination using an optimal
light source, they can be FACS-sorted and processed for scRNA-seq.

PADME can be used in a large variety of tissular contexts as long as there is a reporter
or tracer to label the specific areas of interest to guide photoconversion. Furthermore,

PADME per se can be combined with subsequent techniques such as flow cytometry,
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biochemical and metabolic approaches, or other “omics” high-throughput analyses

(metabolomics, epigenomics or transcriptomics to name a few).

Here we show isolation of specific intra-tumor infiltrating cells in murine primary breast
cancer. Such infiltrating cells reside in micro-regions of abundant quiescent cancer cells
(QCCs). In this experimental setting, tumor cells were engineered to express a reporter
to visualize quiescent cells (i.e., a construct expressing tdTomato-p27K). Photo-labelled
immune and stromal populations within regions enriched in QCCs could then be flow-

sorted and used for scRNA-seq.

Institutional permissions

All animal procedures were approved by Dana-Farber Cancer Institute IACUC and the
Harvard Medical School IACUC and performed according to DFCI protocol #17-017 and
HMS protocol # 1IS00002540. The study is compliant with all relevant ethical regulations
regarding animal research.

Note: All experiments must be compliant with the specific regulations of animal care and

receive the approval from the relevant institutional review board.

Mice

PADME requires the use of transgenic animals ubiquitously expressing a
photoconvertible protein such as Kaede (M. Tomura., PNAS 2008), Kikume (KikGR
(Nowotschin S and Hadjantonakis AK, 2009) ), Dendra2 (Miller et al., 2021), EosFP
(Wacker et al., 2007) or PS-CFP2 (Nowotschin S and Hadjantonakis AK, 2009).
Alternatively, the use of photoactivatable proteins such as PA-GFP (Victora et al.,2010)
is also feasible. However, photoconversion is advantageous since it allows for cell
detection before and after photolabeling, while cells of interest are not readily visible
before photoactivation. In our model, we make extensive use of Kaede (Ando et al., 2002),
a fluorescent protein that emits in the green spectrum but shifts its emission to red upon

exposure to violet light. We used 10-week females from an F1 cross of Kaede mice
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(C57BL/6 background) with Balb/c to avoid rejection of the tumor cell line models we
used. Balb/c mice are commercially available and we obtained them from Jackson

laboratories. Kaede mice were obtained from Dr. Michio Tomura upon MTA approval.

Cell lines

4T07 cells were a gift from Dr. Robert Weinberg and were cultured in Iscove's Modified
Dulbecco's Medium (IMDM), 10% heat inactivated FBS (Gibco), 1% Penicillin-
Streptomycin (Gibco) and 1% Glutamax (Gibco). Protocol was optimized to work with
cellular reporters to label regions of interest inside the tumor but it can be easily modified
to use antibody staining among other experimental designs.

CRITICAL: Take into account excitation, emission, and photoconversion wavelengths

needed in your specific mouse model when adapting the experimental design.

Cells were engineered to express a modified quiescent reporter from Dr. Kitamura (OKki
et al.,, 2014), tdTomato-p27k using lentiviral system. Although tdTomato and
photoconverted Kaede fluorescent emissions overlap, they are expressed in different cell
types. Kaede-expressing cells are either green (non photoconverted) or double-positive
(green, red - photoconverted), thus cannot be confused with tdTomato-p27k single
positive tumor cells.

CRITICAL: Transduced cells were selected by FACS sorting at confluency to maximize

expression of the quiescent reporter.

Tumor injection
Timing: 2 weeks

Tumors were induced by intra-mammary fat pad injection.
1. Prepare cell suspension for injection.

a. Obtain a single-cell suspension of the cells in culture following standard

cell culture passaging technique.
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Wash cells 2x in sterile PBS.
Count cells and prepare 250,000 cells in 50L sterile PBS per mouse.

2. Prepare mice for surgery.

a.
b.

C.

Anesthetize mice with 4% isoflurane in an induction chamber.

Shave hair around the 4™ nipple.

Apply eye ointment to prevent corneal drying.

Place the mouse in the nose cone to maintain the delivery of 2%
isofluorane. Assess the depth of anesthesia by pinching the mouse hind
paw with tweezers to check for absence of pedal reflex.

Clean the area with 70% ethanol wipes and iodine to keep aseptic the

area.

3. Mammary fat pad injection

a.
b.

C.

Make a 2mm incision next to the nipple area.

Localize mammary gland.

Inject 50pL of the cell suspension into the mammary fat pad.
CRITICAL: Keep needle parallel to the skin to avoid injecting in the
intraperitoneal cavity.

Drop a couple of drops of lidocaine for topical analgesia in the incision.

Close the incision using tissue glue (VetBond®).

Place the chilling block on the freezer

Timing: 1h

During the embedding process of the tumor, we will use a chilling block (provided with

the compresstome) to cool and solidify agarose faster, minimizing the waiting time and

reducing heat damage to the tissue. Place the chilling block at -20 for at least 1h before

use to let it cool down.

Prepare 12 well plate
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Timing: 10 min

Fill all wells from a 12 well plate with 1ml of non-supplemented IMDM medium to store

the tumor and the slices obtained during the process.

Materials and equipment

Compresstome

The VF-310-0Z compresstome from Precisionary Instruments LLC was used to obtained

live tissue sections.
Point scanner confocal microscope

A Zeiss LSM710 single photon point-scanning confocal unit with galvanometer mirrors
attached to a fully motorized Axio-Observer Z1 inverted microscope equipped with a Zeiss
motorized stage and a Zeiss Plan Apochromat 20x/0.8 NA DIC air objective was used. A
405nm 30mW diode AOTF modulated line was used for photoconversion. An argon multi-
line 488 nm 25 mW Argon AOTF modulated line and a 561 nm 20mW DPSS AOTF
modulated line were used for image acquisition. The emission wavelength range for the
green and red fluorescence signals was set to 499-560 nm and 571-735, respectively,

and collected by multi-alkali PMTs.

CRITICAL: Imaging and photoconversion require the use of laser lines that are
hazardous for eyes and skin irradiation. Avoid exposure to laser beams and use eye

protection when required.

Alternatives: Any single point-scanning confocal microscope or spinning disk confocal
microscope equipped with a DMD (Digital Mirror Device) endowed with the capability of
drawing irregular polygonal regions of interest (ROI) can be used for this
photoconversion-based method. If the microscope software only allows the use of
standard ROls (squared, rectangular, circular or ellipsoid regions), the user will not be

able to accurately photoconvert individual cell clusters (“niches”) with irregular shapes.
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This point might be critical or not depending on the scientific question to be addressed. If
“‘irregular” illumination is not required, alternative equipments such as a widefield

microscope can be used to image and photoconvert areas of interest.

Step-by-step method details

Tumor sectioning
Timing: 1-2 h

After tumor growth and harvest, tumors were processed with a compresstome in order to
obtain live tumor slices whose infiltrates can be photoconverted using a point scanner
confocal microscope. The use of slices directly exposes deep tumoral areas, avoiding the
need of a multiphoton microscope for photoconversion across the whole tumor. Besides,
the use of slices also allows for the enrichment of the population/s of interest, increasing

recovery yield in the subsequent flow-sorting step.

1. Collect tumor. Harvest the tumor with the help of scissors and a blade to maintain
tissue integrity. Trim the surrounding fat tissue. Place the tumor in one well of the

12-well cell culture plate with medium prepared before starting.

Note: When possible protect tumor from light to avoid photobleaching or undesired

photoconversion.
2. Embed tissue in low melting agarose.
a. Mounting tumor into the specimen tube.
i.  Cut with a blade the edge of the tumor to generate a flat surface.

i. Place one drop of Gorilla Glue® into the tissue holder of the

specimen tube.

iii.  Glue the flat surface of the tumor to the tissue holder (Figure S1A).
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Critical: Make sure the tissue is located in the center to obtain a
block with homogenous agarose thickness around the tissue when

embedding.

Figure S1. Mounting tumor into specimen tube. A) Glue tissue to tissue holder (white plunger). B)
Assemble tissue holder with the metallic tube to create embedding cavity. C) Place sample holder into

the chilling block to solidify the agarose faster.

b. Prepare the agarose solution.

i. Dissolve 0.5g of agarose in 25ml of PBS to get a 2% agarose

solution.

Critical: Agarose concentration in this protocol is optimized for our
model of mammary tumors. It is crucial that the agarose density is

similar to that of your tissue to obtain clean slices.

ii. Heat the solution in a microwave until the solution gets clear (20-30”

aprox).

iii.  Cool down the solution by washing the flask under cold running water
to reach 37C.
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Use right away to prevent undesired polymerization prior to tissue

embedding.

Note: The flask can be kept in a water bath at 37C to avoid

solidification.

Embed tissue with agarose.

Assemble the specimen tube by introducing the sample holder (white

plunger) into the metal tube (Figure S1B).

Cut the tip of a 1000l pipette tip to facilitate the pipetting of a dense
substance such as agarose and pour it around the tissue into the

sample holder.

Critical: Avoid bubble formation during this process. Additionally,
when embedding the tissue in agarose, be sure to leave
approximately 0.2-0.5cm between the sample and the edge of the
tube to set up compresstome settings with the free agarose before

reaching the sample.

Introduce the specimen tube into the chilling block until agarose
solidifies (Figure S1C).

3. Slice samples with the compresstome.

a.

Assemble the sample holder into the compresstome following manufacturer
instructions (compresstome VF-310-0Z user manual). Make sure the blade
is placed in the correct position and the buffer tray is secured in place with
the screw tightly attached. (Figure S2A,B)

Fill buffer tray with PBS until it covers half of the sample (specimen tube).

Sectioning of the tissue.

Push the tissue advancement plunger until the agarose is seen out
of the tube.
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Set machine in single cutting mode, speed 1-3 and oscillation 5-6.

Set slice thickness to 300um.

Note: Settings are optimized for the breast tumors we normally
process, but they need to be adjusted for each specific tissue and
also throughout the slicing process, as the tumor surface increases
and becomes less cohesive. See Problem 1 in Troubleshooting

section for more details.

Slice through the agarose using the manual fast forward to trim the
tissue-free agarose gel using thicker slicing until the tissue appears.
The speed of cutting can also be increased during the trimming. Do
not cut slices thicker than ~2mm to obtain slices with even surfaces.
Note: During trimming, you can set continuous mode and a higher
slice thickness. However, make sure you start reducing the slice
thickness gradually before reaching the tissue, since the equipment
does not readjust the thickness immediately (it might take a couple

of slices to get the desired slice thickness).

Once the tissue is visible, change to single mode and keep adjusting
the settings to the tissue needs. Generally a speed 1-3 and
oscillation 5-6 is suitable for most tissues. Place sequential slices in
pairs in one well of the 12-well plate with medium to store them until

image acquisition. (Figure S2C,D).

Note: Keep the 12-well plate on ice and covered from light. Slices
should be protected from light to avoid photobleaching or undesired

photoconversion.

After finished slicing the tumor, make sure to clean the buffer tray,
the blade and the sample holder. Remove the gorilla glue with

acetone if needed.
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Figure S2. Tissue sectioning with compresstome. A,B) Compresstome assembly. C) Successful
floating tissue section. C) Sections stored in non-supplemented medium to keep track of sequential

slices after sectioning until microscope processing.

Photoconversion in the microscope
Timing: 1-1.5h/slice

Live tissue slices are mounted on a slide and photoconverted using a point-scanning
confocal microscope that can perform selective illumination of irregular polygonal ROls

to maximize the spatial resolution of the areas of interest.
4. Mount tumor slice on a microscope slide:

a. Place a few drops of medium on the slide before mounting the slice to

facilitate straightening the tissue.

b. Set the slice on the slide and carefully extend it using tweezers, without

inflicting damage to the tissue.

c. Add a moisturizing agent such as lubricant eye gel to decrease evaporation

and maintain/keep slices hydrated during the whole imaging process.
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Note: The use of lubricant instead of alternative physiological aqueous
buffers helps avoiding desiccation. Lubricant eye gel might possess slightly
different refractive index as compared to water-based buffers impacting in
the quality of imaging. However, the aim of this imaging step is the specific
photoconversion of cellular niches and not the generation of high-resolution
images. As the tissue needs further processing to obtain a viable single-cell
suspension, we prioritize the wellbeing of the tissue over the quality of

imaging at this step.

d. Place a coverslip and seal the edges using paraffin or nail polish to fix the

sample.

Note: Use nail polish with caution since it could be toxic for the sample in

case of undesired contact.

5. Scan the whole slice by tiling fields of view (FOV) to generate a full-size image of

the tissue that helps to identify regions of interest:

a. Acquire a tile scan using fast scan rate (short pixel dwell time) and low

resolution to generate a full-size image of the whole slice:

i.  Collect green (non-photoconverted Kaede) and red (from tdTomato-
p27k reporter in quiescent cancer cells in our experimental model)
fluorescence by using a Zeiss Plan Apochromat 20x/0.8 NA DIC air
objective. The acquisition settings are as follows: the sample was
illuminated with an argon multi-line 488 nm 25 mW Argon AOTF
modulated line set to 0.2 % transmittance and a 561 nm 20mW
DPSS AOTF modulated line set to 0.2 % transmittance, using a
multi-bandpass dichroic mirror with 488/561cut off wavelengths
(MBS 488/561). The emission wavelength ranges for the green and
red fluorescence signals were set to 499-560 nm and 571-735,
respectively, and collected using multi-alkali PMTs. No offset was

applied. The microscope was controlled by ZEN Black SP2
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acquisition software, scanned unidirectionally with a pixel dwell time
of 1.58usec/pixel, no averaging, a 12-bit digitizer, zoom 1.0x, a pixel
size of 0.83um and pinhole set to 1 A.U. for 488 nm wavelength.

Images were saved with the .czi file format.

b. Once a mesoscopic image of the tissue is obtained, positions of interest can
be marked per slice. In our experimental model, positions were placed in
tdTomato-p27kHish areas in the first slice and in tdTomato-p27kNesative greas

in the consecutive paired slice (Figure S3A).
6. Photoconversion of the identified regions of interest:

a. A single confocal image (snapshot) was generated for each position marked
in the slice using same microscope settings as in 5.a.i., except for the

pinhole aperture that was set to max.

Note: In confocal microscopy, fluorophore excitation is not restricted to the

focal plane.

Critical: Opening the pinhole allows to recover also the out of focus signal
above and below the focal plane. This is critical to assess that the volume
to be photoconverted only contains cells of interest (either tdTomato-

p27kHigh or tdTomato-p27kNegative clysters).

b. A defined region of interest (ROI) was drawn in the snapshot using the

freehand shape tool of the microscope (Figure S3B).

Note: If the aim is to compare the approximate number of infiltrating cells
or the relative abundance of a cell type among different conditions,
equivalent areas should be photoconverted. For this purpose, a ROl can be
initially defined and saved, then applied to every position of interest

throughout the set of slices from the same experiment.

c. Photoconversion of Kaede protein was performed specifically within the
ROI using a Zeiss Plan Apochromat 20x/0.8 NA DIC air objective, a 405nm

30mW diode AOTF modulated line set to 0.2 % transmittance laser, and a
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405 long-pass dichroic mirror. A time series of 325 cycles at a

1.58usec/pixel (pixel dwell time) was used during photoconversion.

d. A single confocal micrograph with dual green-red fluorescence was
acquired after photoconversion using the settings from 5.a.i. (Figure S3C)
to ascertain that the process was successful. If not, check problem 2 in

Troubleshooting section.

7. Scan the whole slice to check the overall photoconversion using same setting as
5.a.i. (Figure 3C).

Photoconverted Kaede
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Figure S3. Photoconversion of Kaede protein in tumor slices. A) Full-size image of the tumor slice
showing the distribution of the expression of the non-photoconverted Kaede protein in host cells (green
channel) and the expression of the quiescence reporter in specific tumor cells (red channel). The data
from the red channel was used to select positions of interest (white crosses) based on the tdTomato-
p27k reporter (red). B) Region of interest drawn based on tdTomato-p27k reporter expression (white
dash-dotted line) before and after photoconversion (left and right, respectively). Overlay of green and
red channels is shown. C) Full-size image of the tumor slice acquired after photoconversion to

corroborate successful photoconversion in all selected positions.

Slice processing and flow sorting populations

Timing: 30-45min processing + 1h sorting per slice

Photoconverted slices are digested to obtain single-cell suspensions that are flow-sorted

to isolate individual photoconverted cells from the specific tumor region of interest.
8. Tissue digestion to obtain a single-cell suspension:
a. Prepare digestion buffer as follows:

Table S1. Digestion buffer

Reagent Amount
Hyaluronidase 6.8U/mL
Collagenase IV 400U/mL

DNasel 20pg/mL

FBS 10%
HBSS Up to 500 pL/slice

b. Digest slices:

i. Place 500uL of the digestion buffer in a 12-well cell culture plate to

digest each slice separately.
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ii. Puttissue slice in the solution and disrupt tissue with two needles.
iii.  Incubate for 15-20min at 37C.
iv.  Pipette up and down with a 1000uL pipette to further disrupt tissue.

v. Filter digestion with a 100um (pore size) filter, washing the well and
the filter with flow buffer (2mM EDTA, 0.1% BSA in PBS).

vi.  Spin down at 800g for 5min.
c. Prepare a single-cell suspension for sorting:

i. Resuspend in 500uL of red blood cell lysis buffer (Biolegend) and

incubate for 5min at RT.
ii. Wash with flow buffer.
ii.  Spin down at 800g for 5min.

Optional: Stain with antibodies to analyze specific cell populations,
such as exhaustion markers in our particular case (Baldominos P. et
al, Cell 2022).

Critical: As quality control, it is recommended to stain a single-cell
suspension from one slice that has gone through the whole
procedure, combining an apoptosis marker such as AnnexinV and a
viability dye (DAPI, Biolegend). Viable cells will be negative for both
markers. The percentage of cell viability in photoconverted samples

should be comparable to non-photoconverted ones.

Note: We did not experience major phototoxicity issues with the

conditions used for photoconversion.

iv. Resuspend in flow buffer + DAPI (dilution 1:10000 from stock,
Biolegend).

9. Sort photoconverted population:
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Set gates using a single-cell suspension from a non-photoconverted slice
(negative control) and another from a photoconverted slice with a big

photoconverted area as a positive control (Figure S4A).

Check cell viability using the single-cell suspension stained with AnnexinV
and DAPI, as a quality control before proceeding further with the protocol
(Figure S4B).

Note: If cell viability is low, check problem 3 in Troubleshooting section.

Sort enough cells to comply with the requirements for sequencing. In our
experimental model, the target amount for scRNA-sequencing using 10x
genomics platform was 10000 cells per condition (See problem 4 in

Troubleshooting section).

Note: Sorting in serum-supplemented cell culture medium increases cell
viability but requires extra washing steps that might reduce the cell recovery

yield.

Critical: If sorting in serum-supplemented culture medium, use 1.5ml
Eppendorf tubes and a swing centrifuge to minimize cell loss during

repeated washes.

. Samples are ready for standard single-cell RNA-sequencing (such as 10x

genomics, the procedure used for our experimental model) or any other

analysis dependent on the scientific question to be addressed.

Note: If comparing two different regions inside of a tumor, it is
recommended to use hashtags to eliminate technical variability when

sequencing paired samples.
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Figure S4. Representative FACS plots of photoconverted infiltrates. A) Set up gate strategy using
the DAPI negative cell population gated from a non-photoconverted sample (left) and from a
photoconverted one (right). B) Assessment of sample viability after photoconversion using viability dye

(DAPI) and annexinV staining (to control for apoptosis).

Expected outcomes

After performing this protocol, infiltrates in the areas of interest inside of a tumor will be
labeled by photoconversion. This protocol will allow to flow-sort single-cell populations
from a known spatial location, enabling scRNA-Seq with detailed spatial resolution
(Figure 4).

Quantification and statistical analysis

Photoconverted infilirates from different areas were submitted to the Brigham and
Women’s Hospital Single-Cell Genomics Core for 10x genomics sequencing and

analyzed following well-stablished pipelines in Seurat package (Hao et al., 2021; Stuart
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et al.,, 2019; Butler et al., 2018; Satija el at., 2015), as explained in Baldominos et al.
(2022).

Limitations

* Overall time from photoconversion to cell recovery is critical for cell viability. For that
reason, we limit photoconversion to a maximum of 10 different regions per tissue section,
with an area < 50% of the FOV/region. All the microclusters in the tissue section are not
photoconverted, but this is not a problem, since we only analyzed photoconverted cells
(being 10 regions/slice optimal to obtain enough cell recovery yield with acceptable

viability).

* PADME might not be the most accurate or quantitative technique to fairly compare, e.g.,
number of infiltrating cells or the relative abundance of a cell type among different
conditions, since photodamage and tissue processing might affect differently specific cell

populations.

* The consistency of the tissue to be analyzed might not allow the use of tissue sections.
This scenario might be overcome by using fresh tissue (such as a whole tumor) and a
multiphoton microscope for the photoconversion step. Take into account that light
penetrance will continue to be a limiting factor, even using this equipment that allows for

deep tissue imaging.

* Processing of the tissue (e.g. agarose embedding, sectioning) might partially affect the
metabolic or activation status of the cells of interest, inducing subtle changes in their

transcriptional profiles, as compared to fresh tissue.

Troubleshooting

Problem 1: Slices are not cut evenly in thickness or tissue gets disrupted during

the cutting process.
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During tissue slicing, it is necessary to have the same density across the tissue surface
to maintain fix settings. However, tumors are not homogeneous, and the core has usually
necrotic areas, that dramatically change the tissue consistency affecting the integrity of

the slices.
Potential solution: Adjust speed and oscillation as you cut through the tissue.

The speed of the blade can be adjusted during the cutting process. You can lower the
speed when the blade is approaching difficult areas (usually the center of the tumor) to
improve cutting. You can also increase or decrease the oscillation to help with tissue
integrity. Higher oscillation will improve the cutting, but if the tissue consistency is very
soft tissue integrity can be compromised. It is necessary to balance both settings to get

an even and consistent tissue slice.

If problems persist, multiphoton microscopy could be used to penetrate deeper in the
tissue and allow for accurate photoconversion of thicker slices (easier to generate) or
even of a whole-mount tissue preparation. However, fluorophore excitation in a
multiphoton microscope is restricted to the focal plane, as opposed to confocal
microscopy. This dramatically reduces the amount of photoconverted cells obtained per
cycle. Therefore, using this type of equipment increases the overall microscopy time due
to the need of photoconversion in several focal planes across the sample, which can be

a limiting factor depending on the downstream application.

Problem 2: Suboptimal photoconversion.

Potential solution: If photoconversion is not optimal, you will need to change your
microscopy settings by increasing time of fluorescence excitation or laser power, but
always being aware of the concomitant increase in phototoxicity. We recommend
increasing the number of cycles of fluorescence excitation, instead of the continuous

illumination of the sample.
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Problem 3: High phototoxicity and low viability observed in the combined annexin

V and viability staining.

The photoconversion process requires violet light exposure of live tissues that can be
cytotoxic and induce cell death. Using Annexin V combined with a viability dye as quality

control helps to define the microscope settings that are optimal to minimize cell damage.

Potential solution: Adjust microscope settings for photoconversion to reduce

photodamage.

Kaede protein is photoconverted from green to red with ultraviolet light. However,
increasing the wavelength to the violet spectrum reduces phototoxicity, since a higher
lambda radiation carries less energy and will improve the overall quality of the sample.
Prolonged exposure also increases the temperature of the sample, contributing to tissue
damage. In order to minimize these issues, the laser scanning dwelling time can be
reduced. Hence, scanning faster but performing several cycles of laser exposure using
the time series setting allows to achieve an optimal photoconversion with less harmful
conditions. Another plausible solution to overcome phototoxicity is the use of multiphoton
microscopy that relies on infrared wavelengths with lower frequency, lower energy level
and higher tissue penetrance than those in the violet spectrum. However, multiphoton
technology might not be broadly available as compared to the widespread use of
conventional single-photon excitation confocal laser scanning microscopes. Alternatively,
the use of a DMD (Digital Mirror Device) or similar spatial light modulators that use LED-
based illumination, therefore producing lower irradiation than a point scanning confocal

microscope, may be used to reduce phototoxicity.

Problem 4: Poor recovery yield after cell sorting.

If the viability of the samples is acceptable but the cell recovery yield after cell sorting is
insufficient to run a scRNA-Seq experiment or another alternative downstream analysis,

the number of photoconverted areas should be increased.

Potential solution:
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Increase the number of slices to be pooled in a single-cell sequencing experiment instead
of increasing the amount of photoconverted ROls/sample will better preserve the cell

viability, while increasing the cell recovery yield.
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