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Caractérisation de I'organisation et du trafic de paires récepteur/anticorps thérapeutiques
par microscopie de localisation de molécules uniques couplée au criblage a haut débit.

Résumé

L'immuno-oncologie est un domaine en pleine expansion, a la frontiere de la thérapie du
cancer. Les immunothérapies du cancer visent a stimuler le systeme immunitaire de
I'organisme pour qu'il cible et attaque la tumeur, grace a des anticorps thérapeutiques. Ces
anticorps se lient spécifiqguement aux récepteurs membranaires des cellules T, lymphocytes
jouant un réle central dans la réponse immunitaire, modifiant leur signalisation intracellulaire.
Comprendre comment I'organisation spatiale des récepteurs et des protéines de signalisation
est régulée, et comment elle détermine I'activation des lymphocytes, est devenu le "Saint
Graal" de l'immunologie cellulaire. Dans cette optique, une meilleure compréhension des
fonctions des anticorps et du trafic intracellulaire associé, permettrait d’expliciter les
différences d’efficacité des candidats thérapeutiques ciblant les récepteurs d'intérét. La
microscopie de super-résolution permet l'acces a l'organisation et la dynamique des
récepteurs membranaires avec des résolutions nanométriques. Elle offre la capacité de
révéler des informations sur les évenements précoces déclenchés par la liaison d’un anticorps
a son récepteur, permettant a terme I'optimisation de leur efficacité fonctionnelle. Associée
aux techniques de criblage a haut débit, elle a le potentiel de jouer un réle prépondérant dans
les phases précoces des projets ou il est nécessaire de sélectionner les meilleurs anticorps
issus de banques pouvant en compter plusieurs centaines.

L'objectif de cette these CIFRE a été de caractériser fonctionnellement I'organisation et le
trafic de paires récepteur/anticorps par I'association de méthodes de microscopie super-
résolution par localisation de molécules individuelles (SMLM) et de criblage a haut débit (HCS).
Dans ce contexte, nous avons mis au point et utilisé une plateforme permettant de
caractériser différents anticorps thérapeutiques ciblant des récepteurs de cellules T, dans le
but de recueillir des informations quantitatives sur les candidats thérapeutiques potentiels.
Nous avons également optimisé la technique d'imagerie a feuille de lumiéere simple objectif
(soSPIM) dans le but de pouvoir réaliser une cartographie 3D des récepteurs membranaires
sur d'une cellule T entiere avec une résolution nanométrique. Cette nouvelle approche
permet l'imagerie de cellules T dans des conditions plus physiologiques, fournissant des
informations complémentaires par rapport aux expériences de criblage a grande échelle. Ces
deux techniques nous ont permis d’améliorer notre compréhension du mode d'action des
anticorps sur les récepteurs au niveau de la cellule unique. Les expériences a grande échelle
réalisées dans le cadre de ce travail ont nécessité plusieurs développements logiciels pour
I'automatisation de l'acquisition et |'analyse statistique des Téraoctets de données de
molécules individuelles générées.

Ce projet de these s'est concentré sur la cible PD-1, un point de contréle crucial du
systeme immunitaire impliqué dans la modulation de [I'activation des lymphocytes. La
premiere partie de la thése a été principalement consacrée a la mise en place de nouveaux
protocoles pour l'imagerie de super-résolution des récepteurs PD-1 sur cellules Jurkat
activées. La seconde partie concerne |'étude de I'impact d’anticorps thérapeutiques anti-PD-
1 utilisés en routine en clinique, sur I'organisation spatiale et la dynamique des récepteurs PD-
1 sur cellules vivantes, a I’échelle nanométrique. Ce travail est la preuve concept de I'utilité
de ces outils d’imagerie de pointe pour la caractérisation quantitative d’anticorps
monoclonaux thérapeutiques ciblant PD-1 a la membrane des cellules T.

Mots clés : Immunothérapie, Criblage a Haut-Débit, Microscopie de Super-Résolution, Localisation de
Molécules Individuelles, Développement Logiciel, Datamining




Characterization of therapeutic antibody/receptor pairs nanoscale organization &
trafficking by quantitative single molecule localization microscopy combined with high
content screening

Abstract

Immuno-oncology is a young and growing field at the frontier of cancer therapy. Immuno-
oncology therapies aim to stimulate the body's immune system to target and attack the tumor
through therapeutic antibodies, by binding and modifying the intracellular signaling of T-cells
(lymphocytes playing a central role in the immune response) surface receptors.
Understanding how the spatial organization of receptors and signaling proteins is regulated
and how it determines lymphocyte activation and cell fate decisions has become a ‘holy grail’
for cellular immunology. To achieve this goal, a better comprehension of antibodies functions
and subcellular trafficking is requested to explain the differential efficacies of therapeutic
candidates targeting receptors of interest. Quantitative super-resolution microscopy provides
access to the nanoscale organization of membrane receptors playing a physiological role. It
offers a new investigation tool for antibody optimization as well as maximizing their functional
efficacy. In combination with high throughput screening techniques, it has the potential to
play a crucial role in the early phases of projects in which it is necessary to select the best
antibodies from banks that may contain several hundreds of them.

The goal of this PhD thesis was to functionally characterize receptor/antibodies pairs
organization and trafficking by quantitative single-molecule localization microscopy (SMLM)
combined with high content screening (HCS). In this context, we have developed and used an
HCS-SMLM platform to characterize multiple antibodies targeting T-cell membrane receptors,
allowing gathering unprecedented quantitative insight of potential therapeutic candidates.
We also optimized the single objective light-sheet microscope (soSPIM) to permit 3D mapping
of membrane receptors across an entire T-cell, with single molecule resolution. It allows 3D
nanoscale imaging of T-cells in more physiological conditions, and provide complementary
information compared to large scale single molecule screening experiments. Altogether, these
developments improved our comprehension of antibody mode of action on receptors at the
single cell level. Large-scale experiments performed during this work required the
development of several software for the automation of the acquisition and the statistical
analysis of the Terabytes of single molecule data generated.

This project is focused on targeting PD-1, a control point of the immune system involved
in the modulation of immune cells activation. The first part of the thesis was mainly devoted
to the implementation of new protocols for PD-1 receptors super-resolution imaging on
activated Jurkat cells. In the second part, we further investigated the impact of known anti-
PD-1 therapeutic antibodies used in clinics, on the nanoscale spatial organization and
dynamics of PD-1 receptors in living cells using our HCS-SMLM platform. This work provides
the proof of concept of the capacity of these cutting-edge imaging techniques to characterize
quantitatively different therapeutic monoclonal antibodies targeting PD-1 on T-cell
membrane.

Keywords: Immunotherapy, High Content Screening, Super-Resolution Microscopy, Single
Molecule Localization Microscopy, Software Development, Datamining
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Lexique

CD - Cluster of differentiation

MHC — Major Histocompatibility complex

TCR - T-Cell membrane receptors

PTK - Protein tyrosine kinases

Lck - Lymphocyte protein tyrosine kinase family

ITAM - Immune-receptor tyrosine-based activation motifs
APC - Antigen presenting cell

AA - Amino acids

IL-2 - Interleukin-2

INFg - Interferon gamma

TNFa — Tumor necrosis factor alpha

mAbs - Monoclonal antibodies

CAR-T Cell - Chimeric antigen receptor T-cell

TIL - Tumor-infiltrating T lymphocyte

PD-1 - Programed cell death proteins 1

PD-L1 - Programmed death-ligand 1

ITIM - Immune-receptor tyrosine-based inhibitory motif
ITSM - Immune-receptor tyrosine-based switch motif
FDA — Food and drug administration

EMA - European medicines agency

2D, 3D — Two, three-dimensional

SMLM - Single molecule localization microscopy

PSF - Point spread function

NA - Numerical aperture

TIRF - Total internal reflection fluorescence microscopy
HILO - Highly inclined laminated optical sheet

LSM - Light sheet microscopy

SPIM - Selective plane illumination microscopy (SPIM)
soSPIM —Single objective selective-plane illumination microscopy
SAF - Supercritical angle fluorescence

(d)STORM - (direct) Stochastic optical reconstruction microscopy
PALM - Photo-activated localization microscopy

SPT - Single particle tracking

(DNA/u) PAINT - Point accumulation for imaging in nanoscale topography
FRET - Fluorescence resonance energy transfer

HCS - High content screening

HTS — High-throughput screening

PFS — Perfect focus system

MLR - Mixed leucocyte reaction experiment

GUI - Graphical user Interface

GPU - Graphics processing unit

CPU — Central processing unit

LED - Light-emitting diode

FOV - Field of View

Ca2+- Calcium
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1.1. CHAPTER 1: Immuno-oncology, Immuno-therapies
1.1.1.  Principles of immunology

1.1.1.1. Main mechanisms of immune system response

The immune system response is a defensive reaction from the body against foreign
invaders. It represents how the body engages the immune system to recognize and defend
itself to viruses, bacteria, fungi or any non-self-pathogens. There are two distinct immune
mechanisms, the innate and adaptive immune response. The innate response is non-specific
and as the name suggests is the first reaction of the body against a pathogen preventing the
foreign pathogen to spread into the body. While innate immunity is immediate, the adaptive
immunity is the second line of defense of the body and is specific to the presented pathogen.
Many different groups of cells are involved in both types of the immune response:
granulocytes, monocytes, macrophages and Natural Killer cells are the main contributors of
the innate phase whereas lymphocytes play a key role in the adaptive immune response.
Lymphocytes are small and specialized cells which include two subtypes of cells: B-cells and T-
cells. Their engagement is antigen-dependent, once activated they have complementary
actions to ensure the destruction of the pathogen. T-cells represent 70% of the lymphocytes
population, and it exists many different T-cell sub-groups (e.g. helper, cytotoxic, memory and
regulatory T-cell), each having specific properties but all of them expressing the specific cell
surface markers CD3 for cluster of differentiation (CDs) 3 and T-cell receptor (TCR). To better
apprehend this project, it is important to well understand the main mechanisms of activation
pathways of immune T-cells.

1.1.1.2. T-cell activation: a critical step in immunology

In immunology, the presentation of an antigen to the T-cell receptor triggers T-cell
activation and proliferation. It is the main mechanism at the origin of immune T-cell response.
T-cell activation requires successive steps, involving different partners and underlying signal
pathways (Smith-Garvin et al*, 2009). It is described by a three-signals model: (1) formation of
the TCR-CD3 complex, (2) recruitment of co-stimulatory receptor and (3) cytokine production
(Figure 1).

T-cell activation occurs in several phases to result in an efficient immune response,
including: T-cell receptor dependent signaling, increase of T-cell life-cycle through
proliferation, differentiation, cytokine secretion/regulation. Firstly, T-cell intracellular
signaling cascade is mostly initiated through the interaction of the peptide-CMH domain
shown by an antigen presenting cell (APC) as macrophages, dendritic cells, and the T-cell
receptor (TCR) expressed on T-cells (Figure 1). The peptide (antigen fragment)-CMH / TCR-
CD3 complex interaction triggers the activation by phosphorylation of Src-family protein
tyrosine kinases (PTKs), such as the lymphocyte protein tyrosine kinase (Lck), on specific
immune-receptor tyrosine-based activation motifs (ITAM). These early intracellular
mechanisms lead to other activation signaling events (Gorentla et al’, 2012).

Secondly, several members of the co-stimulatory receptor family induce additional
signals through T-cells, strengthening the stimulation of the immune system response (Figure
2&3): CD28 receptors are well known co-stimulatory receptors recruited for the additional
signal pathway during T-cell activation. Its engagement with B7 receptors present at the
surface of APC cells results in an increase of the T-cell proliferation and cytokines production
as Interleukin-2 (IL-2) or Interferon-y (INFg).
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Finally, the secreted IL-2 cytokine recognizes the T-cell surface IL-2 receptors, which
leads to cell cycle engagement and consequently to T-cell proliferation forming a self-
activation loop (Figure 1; Kambayashi and Laufer?, 2014).
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Figure 1. The three-signals model of T-cell activation mechanism. A full
T-cell activation is regulated by 3 distinct signals: (1) An antigen signal trough the
TCR-CD3 complex presented by the CMH, (2) co-stimulatory receptors, and (3) via
cytokines production (adapted from Kambayashi and Laufer, 2014)

1.1.1.3. T-cell regulatory pathways via co-inhibitors and co-stimulators

Several T-cell membrane receptors are key actors in the regulation of the immune T-
cell response, playing either a co-stimulatory or co-inhibitory role. The interaction between
receptor pairs present on APC and T-cells induces either an activation or an inhibition of T-cell
signal pathway (Figure 2). As described in the literature, these co-stimulatory and co-inhibitory
receptor functions are context dependent since these receptors present a great diversity in
expression, structure and function according to the environment (Chen et al®, 2013). For
example, both receptor families are known to have distinct kinetics of expression. In general,
a majority of co-stimulatory receptors are expressed on resting and naive T-cells, whereas
inhibitory receptors are regulated after T-cell activation (Pardoll et al’, 2012).
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b Co-inhibition of T cells following interaction with
counter-receptors on APCs

a Co-stimulation of T cells following interaction
with counter-receptors on APCs

T cell Ty, cell
activation |
TCR s g i
I T 0000R LAGE
ICOS . o
(00) 3 ~
@ el
CD28 87-1 ~.
B7-H1
D27 B7-DC ~
PD1
D HVEM prl
©B7-H1 <
B87-1
HVEM oo «— LIGHT
CD40L — CD40 7 D160
HVEMC::::::\
4-1BBL <+ D 4-188 | | * Proliferation BTLA * Cell cycle
. (-kaln? Unknown inhibition
OX40L +~—— T 0X40 preduction PD1H < PD1H * Inhibition of
o D_.ﬁerennanon @ receptor L] effector function
TL1AC ——CcrrrpDbR: [’ (_ytot_oxlc Unknown| | * Tolerance
’fvt;ncnon PD1H - D1H * Exhaustion
- T :
GITRL +~—— P GITR foermgn{) i, receptor | |+ Anoptosis
CD30L — cD30 * Survival Collagen | = LAIR1
Unknown ? TIM1 o—+a %m i
TIM1 ligand
- > o—] Tim1 EESptor
TIM4[===20 (OGalectin § C==D «~—0C—] TIM3
SLAM — SLAM : Simown
o= i 7, ol
cos8 O ~—_ 2 e
COs8 =@ D cpis =~ D==mmD 184
CD155 — CD155 ~
o P CD226 CD112 — TiGm - -
CD113

Figure 2. Co-stimulatory and co-inhibitory T-cell receptors families. Several membrane receptors are
key actors in the regulation of the Immune T-cell response, playing a (a) co-stimulatory or (b) co-inhibitory role.
The ligation of receptor pairs induces either an activation or an inhibition signals pathway of T-cell. While, co-
stimulating signals lead to an increase of T-cell proliferation and cytokine production, a T-cell differentiation to
cytotoxic T-cell and better T-cell survival rate. In contrary co-inhibiting signals induce a cell cycle inhibition, a loss
of their effector functions, the exhaustion and apoptosis of T-cell. (adapted from Chen et al’ ,2013)

Co-stimulatory receptor family contributes through additional signals in T-cells to the
stimulation of the immune system response. The binding to their ligands or to agonist
antibodies conducts to a full T-cell activation. For example, the well-known receptors OX40
and 41BB are part of the tumor necrosis factor (TNF)receptor superfamily. An interesting
feature of most TNF receptors is their capacity to oligomerize, triggering stronger responses,
stronger activation than a single receptor. Certain antibody-based therapy research focuses
on this TNF feature (Figure 3). This superfamily and its important regulatory role have inspired
huge interest in the development of Ab-targeted for cancer immunotherapy (Bremer et al®,
2013).

In contrary, co-inhibitory receptor family conducts negative signals leading to a
complete T-cell deactivation, compromising the entire immune response process. The PD-
1/PD-L1 couple and CTL-4 membrane receptors have been recently discovered. They are now
the main targets of new therapies in immune-oncology treatments against cancer called
immuno-therapies.
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Figure 3. TNFR receptor superfamily. Main characteristics of the tumor
necrosis factor receptor superfamily receptors (TNFR). (adapted from Bremer and
al, 2013 and Chen and al, 2013)

1.1.2.  Immunotherapies in the field of oncology

In 2018, more than 18 million people worldwide have been diagnosed with cancer and
9.6 million died from it. These cancer-related numbers have been estimated to increase during
the next decade to probably reach 26.4 million of new cases and 17 million of deaths in 2030.
This is partly due to the increase of world’s population, its global ageing and lifestyles
deterioration (Freddie Bray et al’, 2018). Following local treatments of the tumors by surgery
or radiation, chemotherapy remains the main cancer treatment and it has already proven to
be very successful in the fight against cancer. Chemotherapy is considered as a systemic
treatment, with drugs travelling throughout the body to kill cancer cells that have spread
(metastasized) far away from the original (primary) tumor. However, the side effect of this
treatment is to also affect healthy cells, especially cells of the immune system, weakening
patients. Considering the health harms cause by chemotherapy and that cancer cells are
recognized by the host’s immune system, the concept of immuno-therapies in the field of
immuno-oncology have emerged (Figure 4).

1.1.2.1. Concepts of immunotherapies

The aim of cancer immunotherapy is to stimulate the body’s immune system to target
and attack tumor cells. To reach this goal, several approaches using different mechanisms of
action are emerging, such as therapeutic antibodies, modified T-cells, cytokines, vaccines, etc.

Immunotherapies are divided in two distinct approaches: “passive” immunotherapies
and “active” immunotherapies, according to their capacity to enlist immune system against
cancer (Lorenzo Galluzzi et al?, 2014). Passive therapies indirectly engage immune system to
fight cancer either via tumor-targeting antibodies, oncolytic viruses, or injection of modified
autologous T-cells into patient. Active immunotherapies aim to activate an immune response
against cancer through an immune cell-specific activation, without any direct manipulation
(Figure 4).

Passive immunotherapies involve an immediate action thanks to the injection of
specific immune-cell factors, such as tumor-targeting monoclonal antibodies. Other non-
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specific techniques, called adoptive cell transfer, allow to induce an immune response against
cancer via in-vitro selected or modified T-cells injection able to specifically target malignant
cells. Several approaches exist. Amongst them, one is based on the selection and transfer of
the most effective T-cells of a patient in the tumor micro-environment (TIL for tumor-
infiltrating T lymphocyte transfer). Another one seeks to genetically modify patient’s T-cells in
vitro to recognize the tumor-associated antigens (CAR-T Cell for chimeric antigen receptor T-
cell). Unfortunately, CAR-T Cells cannot be transferable to other patient making this approach
individual and patient-dependent. The improvement of engineered T-cell specificity as well as
the development of a new automated cell culture system is a challenge which can render this
method more accessible to the public (Kalos et June®, 2013).

In contrast, active immunotherapies adopt another approach: stimulate the patient's
immune system against cancer by injections of immuno-stimulatory or immuno-modulatory
agents. The non-specific cytokines-based methods induce a general stimulation of immune
response, activating a wide range of immune cells. In opposition, specific active
immunotherapies, such as vaccines or checkpoint inhibitors therapies, promote specific
reactions on targeted cells to incite an immune response.

Recent treatments use monoclonal antibodies (mAbs) to target specific membrane
receptors on T-cells, which are critical actors on the regulation of immune system response.
By binding and modifying the intracellular signaling of T-cells, these types of active therapies
have proven to enable and trigger a complete and powerful immune response against
malignant cells. These therapeutic antibodies are at the center of interest of my PhD thesis
project. The most widely known mAbs target the PD-1/PD-L1 axis or CTLA-4 receptors.
During the last decades, they gave unprecedented results in the treatment of various
cancers.

The latest advances in therapeutic immunomodulatory Ab are the development of
modified antibodies called bi-specific or tri-specific T-cell engagers. Bi-specific are artificial
antibodies that can simultaneously bind two separated and unique antigens (or different
epitopes of the same antigen), whereas tri-specific antibodies have three antigen-binding
sites, rather than two. They target specific membrane receptors to force the convergence of
two types of cells, such as T-cells and tumor cells, favoring an antigen immune recognition. A
single antibody capable to target two or three receptors simultaneously is promising for
cancer immunotherapy research, since it considerably improves the ability of T-cells to target
cancer (Garfall et June'®, 2019, Frans V.Suurs et al*, 2019).
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Figure 4. Spectrum of anti-cancer immunotherapies. Different kind of immunotherapies have been
developed during the last decades including adoptive cell transfer; tumor-targeting and immunomodulatory
monoclonal antibodies (mAbs); dendritic cell (DC), peptide and DNA-based anticancer vaccines; immunogenic
cell death inducers; oncolytic viruses; pattern recognition receptor (PRR) agonists, oncolytic virotherapy; and
others. Immunotherapies can be distinguished into “passive” or “active” based on their ability to engage the
immune system against cancer cells. (adapted from Galluzzi et al, 2014)

1.1.2.2. Active immunotherapies: checkpoint inhibitors

The first solution to activate the immune response was to inhibit the co-inhibitory
receptors expressed on activated T-cell using specific antibodies. Indeed, these key receptors
have a role in down-regulating the immune system and promoting self-tolerance by
suppressing T-cell inflammatory activity. In 1992, Pr. Honjo"? discovered two crucial inhibitor
proteins called checkpoint inhibitors: the T-cell membrane receptor PD-1 (Programed cell
death proteins 1) and its ligand PD-L1 (Programmed cell death-ligand 1), (Figure 2&6), a pair
of receptors able to block T-cells in a critical phase of immune response against cancer cells.
In 1994, Pr. Allison®® did an unexpected discovery and brought to light another inhibitor
protein, the membrane T-cell receptor CTLA-4. He demonstrated a self-regulating mechanism
of the immune system on mice, and showed that antibody blockade of CTLA4 induced anti-
tumor immunity. It is finally 25 years after, in 2018, that Tasuku Honjo and James Allison co-
received the medicine Nobel Prize for their research at the origin of the immuno-oncology
therapies as new axes to fight cancer.

The activation of those checkpoint inhibitor proteins by their ligands expressed on
tumor cells will slow down the entire immune system response. Thereby, cancer cells foil and
bypass the immune system controls by inhibiting activated T-cell to ensure their own survival.
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Indeed, a T-cell blocked into a non-activated status is not able to provide a proper immune
response, meaning a cessation of cytokines production and T-cell proliferation. This major
immune resistance mechanism results in the expansion of cancer cells.

By introducing therapeutic antibodies against checkpoint inhibitors in the tumor
micro-environment, any interactions with their ligands is blocked, triggering T-cell activation.
Then, driving by the signaling cascade, the immune system is turned on and has a chance to
kill cancer cells (Figure 6).

Pembrolizumab (Keytruda) Cemiplimab (Libtayo)
Anti-PD-1 for melanoma Anti-PD-1 for cutaneous squamous cell
Discovery of CTLA-4 . . carcinoma disease

Nivolumab (Opdivo)
Anti-PD-1 for melanoma and
non small cell lung cancer|

Pr Allison
Nobel Price

Pr Honjo, Pr Allison

I
Discovery of the | Ipilimumab (Yervoy)
checkpointinhibitors:| ANt CTLA-4 for 2::2?;‘:
PD-1/PD-L1 Durvalumab (IMFINZI)
Atezolizumab (Tecentriq) Anti PD-L1 for bladder cancer

Pr Honjo Anti PD-L1 for bladder cancer

Figure 5. Timeline of therapeutic mAbs discovery and evolutions. For three decades immunotherapies
emerged in the field and present since unprecedented results in the treatment of diverse kind of cancer such as
melanoma, non-small cell lung cancer, kidney cancer, bladder cancer, head and neck cancers. (Sivanandam et

14
al™ 2019)

Figure 6. Principle of therapeutics mAbs against the programed cell death receptors PD-1/PD-L1. (a)
the binding of PD-L1 highly expressed on the surface of tumor cells with PD-1 T-cell receptors occurs to a
complete inhibition of the activated T-cell. (b) Therapeutic antibodies against PD-1 introduced in the tumor
micro-environment, prevent the binding of PD-L1 receptors to PD-1 T-cell receptors, enabling a T-cell activation
and the destruction of cancer cells. Images taken from Roche ©

As explained previously, checkpoint inhibitors are not the only receptors playing a key
role in the intracellular signalization pathway of T-cells. A list of interesting potential targets
for such therapies has been discovered, each of them exhibiting different degrees of
stimulation or inhibition actions. Recent discoveries of co-stimulatory receptors emerged, and
the use of therapeutic agonist antibodies is particularly interesting (Chin et al*®, 2018). The
huge potential of these T-cell surface receptors put them in the focus of cancer therapies
research axes of pharmaceutical industries and laboratories.

The past 10 years revealed a huge scientific advance on immunotherapy development.
In 2011, the FDA and EMA (American and European sanitary authority, respectively) approved
the first treatments and clinical assays on patients with therapeutic antibodies targeting CTLA-
4 and PD-1 or PD-L1 on various cancer types. Therapies relative to these receptors leaded to
very promising results in some aggressive cancers (Callahan et al'®, 2016). They have been
particularly efficient on advanced metastatic states of melanoma, non-small cell lung cancers,
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kidney cancers, bladder cancers, head and neck cancers, changing patient futures (Figure
5&7).

1.1.3.  Existing Therapeutic monoclonal antibodies targeting checkpoint
inhibitors

The first monoclonal antibody (mAb) approved by the FDA in 2011 was the Ipillumab
(Yervoy-Bristol-Myers Squibb). This is an igG1 human mAb targeting the CTL-4 receptor, which
has been used on clinical trials to treat metastatic melanoma diseases.

Three years later, the mAb Pembrolizumab, (Keytruda-Merck&Co) and Nivolumab
(Opdivo-Bristol-Myers Squibb) have been approved by the FDA. They are respectively the third
and second best-selling monoclonal antibodies in 2018. They are both humanized/human
lgG4kappa against PD-1 antibodies. As Ipillumab, they both are used in advanced melanoma
cancer treatment (2015). Over the years, they outperformed in clinical assays compared to
other cancer treatments and have now been approved in the treatment of patients suffering
from non-small cell lung cancers (2015) and head and neck cancers (2016). Nivolumab is also
used to treat renal cell carcinoma (2015) and Pembrolizumab for Hodgkin’s lymphoma (2018),
cervical cancers (2018), Microsatellite instability-high cancers (2018) and stomach cancers.

Cancer Type Agent Phase Cancer Type Agent Phase

durvalumab Gastric cancer pembrolizumab
pembrolizumab 1 Hepatocellular cancer  [lie[TyEL) 1/2
Renal cell carcinoma nivolumab 3
atezolizumab 1
pembrolizumab 1 -
atezolizumab 1

Small cell lung cancer  ITITYEL) 1/2 -
pembrolizumab 1

li 1
pembrolizumab nivolumab 2

Non small cell pembrolizumab 1

avelumab 1

nivolumab 3 pembrolizumab | 1

Mismatch-repair-de- pembrolizumab 2
ficient carcinoma
(colorectal and others)

durvalumab 172 - pembrolizumab | 2

atezolizumab 2 3
nivolumab 3
Hodgkin's lymphoma nivolmumab 1 3

pembrolizumab 1

WECCIE TR pembrolizumab 2

Figure 7. Existing therapeutic mAbs anti-cancer treatment use across a range of cancer types.
Nivolumab, Pembrolizumab: being therapeutic anti-PD1 mAbs and Atezolizumab, Avelumab,
Durvalumab: being therapeutic anti-PDL1 mAbs (Adapted from Callahan et alls, 2016)
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More recently, the Cemiplimab (2018, Libtayo-Regeneron pharmaceuticals), another human
mAb anti PD-1 has been approved for patients affected by cutaneous squamous cell
carcinoma disease (Lu et al*’, 2020).

Concerning mAb-targeting PD-L1, two human/humanized 1gG1l received the US
approval for bladder cancer treatment: Atezolizumab (2016, Tecentrig-Roche) and
Durvalumab (2017, Imfinzi-MedImmune-AstraZeneca).

In cancer treatment, monoclonal antibodies targeting checkpoint inhibitors are
applied in second-line and often in association with another therapy. Monoclonal Ab therapies
are commonly combined with conventional chemotherapy or other immunotherapies.
Depending on the cancer type and clinical phase trials, some monoclonal anti-PD-1 antibodies
can be used as monotherapy, but most of the time they are associated with Ipillumab
targeting CTLA-4 protein. Some trials combine the two anti-PD1 mAbs Nivolumab or
Pembrozilumab to strengthen the wanted effect or proceed in several phases, the first one
with mAb combination and a second monotherapy phase (Institut national du cancer). All
those clinical assays are obviously cancer and patient-dependent.

Patients cured with monoclonal antibodies against PD-1/PD-L1 showed incredible
survival rates in comparison with standard second-line chemotherapy such as Docetaxel (Lu
et al'’, 2020). For a decade, new mAbs from different companies have been approved by the
FDA, and thanks to their promising results they continue to be developed by pharmaceutical
company as it is the case in Sanofi R&D departments. They develop and test new mAbs against
PD-1 with different conformation and antibodies conjugation to improve cancer treatment by
immunotherapies (chapter 1.3.1).

1.1.4. PD-1/PD-L1 blockade checkpoint inhibitors

The crystal structure of PD-1 (also known as CD279) has been reported by Lin et al'®
and Lazar-Molnar et al*® in 2008, and recently characterized by Zak et al® (2017), who also
investigated the interactions between PD-1 and clinical monoclonal antibodies. Figure 8
shows PD-1 interactions with Pembrolizumab and Nivolumab, two therapeutic mAbs studied
in this thesis.

PD-1 has two natural ligands: PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273). PD-1
proteins are Ig-like transmembrane receptors expressed at the surface of activated T-cells.
PD-1 is a monomeric receptor of 288 amino acids (aa) (Zak et al*®, 2017). It is composed of an
extracellular domain, Ig-like of 147aa, which interacts and induces signal transduction to an
intracellular domain. The cytoplasmic domain of 97aa has two tyrosine motifs in its tail, an
immune-receptor tyrosine-based inhibitory motif (ITIM) and an immune-receptor tyrosine-
based switch motif (ITSM) (Francisco et al*!, 2010).
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Figure 8. PD-1/PD-L1 molecular structure and interactions with clinical antibodies. Structural basis for
blocking the ligation of PD-1 (grey) and PD-L1 (white) by therapeutic mAbs, Nivolumab (brick-red) and
Pembrolizumab (purple). (adapted from Zak et alzo, 2017).

PD-1is present on T-cells, NK cells, B-cells and monocytes, upon their activation (Agata
et al”®, 1996). In particular, PD-1 is not only highly expressed on T-cells after their activation
on “exhausted” T-cells (T-cells with a progressive loss of their effector function)(Francisco et
al’, 2010). PD-1 is not expressed or at barely detectable level on resting primary T-cells.
However, they start to appear two hours after their activation (Riley*?, 2009). It i still not clear
yet if there is a correlation between the level of PD-1 expression and its function on T-cell
inhibition.

The couple of programed cell death receptors PD-1/PDL-1 has been highly reported
and studied in literature. They are the main targets of therapeutic medication campaigns ( for
review see: June et al**, 1987; Mullard et al®, 2013). However, a few information is available
about the organization of such receptors at the surface of these cells and more particularly
during the course of their activation. It was thus obvious to extend the use of microscopy
tools to decipher the checkpoint inhibitors PD1-PD-L1/antibodies interactions and nano-
organization at the single-molecule level. In combination with high content
screening approach, quantitative super resolution microscopy will provide relevant
information for the selection of the best antibodies in the early phases of the project when
a large number of molecules can be generated and displaying different formats
(nanobodies, mono/bi/tri-specific antibodies, etc.).
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1.1.5. Super-resolution microscopy in immunology: quantification of the
nanoscale organization of T-cell membrane receptors

Imaging technologies have largely contributed to our understanding of spatial and
dynamic organization of T-cell receptors at the immunological synapse, providing biological
insight to T-cell activation mechanisms. Diverse techniques such as immunohistochemistry,
electron microscopy and fluorescent microscopy have provided accurate details, both at the
cellular and molecular levels (Balagopalan et al*®, 2011). The two last decades have witnessed
the unprecedented evolution of fluorescence microscopy in terms of labeling efficiency and
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achievable spatial resolution, illustrated by two Nobel price awards for the discoveries of GFP
(Osamu Shimomura, Martin Chalfie and Roger Tsien, 2008) and super-resolution microscopy
(Stefan W. Hell, Eric Betzig and William E. Moerner, 2014). It is today possible to investigate
T-cell receptor organization and dynamics at the nanoscale using super-resolution
microscopy.

Pentcheva-Hoang et al*’ (2007) and Yokosuka et al*® (2012) used diffraction-limited
fluorescence microscopy and TIRF microscopy (described in chapter 2) with quantitative
image analysis (i.e. colocalization and clustering analysis), to investigate the location and
kinetic of PD-1/PD-L1 interaction at the immunological synapse. They showed how this couple
regulates T-cell activation.

Investigation on T-cell surface receptors using super-resolution microscopy

receptor SMLM methods authors year
TCR STED-dSTORM Rossboth and al 2018
TCR SIM-LSM-dSTORM Hu and al 2016
Lat PALM-dSTORM Williamson and al 2011
TCR-CD45 PALM-dSTORM Razvagandal 2018
TCR-CD45 LSM-PALM Ponjavic and al 2018
CD2-CD45 LLSM-dSTORM Wadldchenand al 2020
TCR-CD3 dSTORM Pageon and al 2016
CD19 dSTORM Nerreter and al 2019
TCR LLSM Jillian Rosenberg and al 2020

Figure 9. List of publications which investigated T-cell surface receptors using super-
resolution microscopy.

Since then, TCR receptor behaviors have been extensively investigated over the past
decade using fluorescence microscopy (Rossy et al®”®, 2012; Roh et al*®, 2015; Ma et al*, 2020;
Meddens et al*?, 2018). With the advent of super-resolution microscopy, and single molecule
localization microscopy (SMLM) in particular, scientists recently precisely described T-cell
receptors dynamics (Figure 9). Several T-cell membrane receptors (CD3, CD45, CD2, Lat, etc.)
and intracellular signaling proteins (Lck, etc.) playing a key role in T-cell activation signaling,
have been recently studied (Figure 9). However, there is still no study of PD-1 receptor
organization and dynamics by super-resolution microscopy.

For practical reasons of SMLM limitations, most of the studies were performed on T-
cells seeded on coverslips using either standard coating (Poly-L-Lysine, Fibronectine, etc.) or
supported lipid bilayers combined with specific ligands (e.g. ITAM-1, CD3 or PD-L1) mimicking
the immunological synapse. Coating-free methods allowed high-resolution imaging of the
immunological synapse between two cell types using mechanical or microfluidic devices (Jang
et al®, 2015).
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More recently, the 3D nanoscale organization and dynamics of T-cell membrane
receptors has been investigated by Ponjavic et al** (2018) and Waldchen et al*® (2020) by
combining advanced light-sheet and super-resolution microscopies.

These publications describe the temporal and spatial organizations of T-cell membrane
receptors, revealing new insight of biological mechanisms with either new sequence of events
(kinetic studies) or specific nanoscale organizations of receptors. Receptor organization was
reported to be heterogeneous, encompassing a broad range of cluster sizes (Figure 10):
oligomers, protein islands, nano-clusters to micro-clusters (Feher et al**, 2019). Ground-
breaking super-resolution approaches revealed to be an outstanding boost to T-cell
membrane receptors research.
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Current Opinion in Chemical Biology

Figure 10. Multi-scale organization of T-cell receptors. (a) Schema of an activated T-cell spread
onto a coverslip surface. T-cell activation induces TCR aggregation, increasing towards the center of the
cell called canonical supramolecular activation clusters (SMACs) of TCR. The SMACs include a peripherical
part (outer ring) and a central part (inner ring) separated by 1-10um. (b) This area presents different size
of TCR-clusters, ranging from micrometer-scale with TCR peripheral micro-clusters, to nanometer scale
with protein island, nano-clusters and domains. Such organization have been reported by high and super-
resolution microscopy. Each blue spot represents a single molecule localization. (Adapted from Feher et
al’®. 2019)
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1.2. CHAPTER 2: Optical Super-Resolution Microscopy
1.2.1. Fluorescence microscopy

1.2.1.1. Principle of fluorescence

For several decades, scientists have been able to observe various biological systems,
ranging from whole organisms (small animals, embryos, etc..) down to micrometer-sized sub-
cellular biological structures (cellular organelles). While advances in microscopy have allowed
to better investigate small biological structures, there are still some physical and biological
barriers preventing our understanding of the precise role of proteins in the immune system.
By binding a fluorescent probe to a protein of interest, fluorescence microscopy brings
contrast and, more importantly, specificity, enabling the discrimination between molecules,
proteins, and organelles of interest and their surroundings. Thanks to the ability to provide a
specific signature of any biological component, fluorescence microscopy has become the most
widely used technology in biology and medicine to study the complexity of the organization
of proteins in live and fixed samples.

The capacity of fluorescence microscopy to individually separate biological structures
lies in the ability to accurately and specifically tag a structure of interest with a small
fluorescent probe. Each fluorescent probe has a unique molecular energy signature. The
principle of fluorescence is based on the various electronics state of electrons of a fluorescent
probe, as illustrated in the Jablonski diagram (Figure 11.a). The excitation of a fluorescent
molecule is due to the absorption of a photon with a given energy, bringing this molecule from
a “stable” state, the fundamental electronic state Sg, to an “excited” state S; or S,. The
photon’s energy (E) is inversely proportional to the wavelength (A1) of the incident photon, and
is given by:

where v is the light’s frequency (in Hz), h is Planck’s constant (h=6.626x10-34J.s) and
c is the speed of light in vacuum. This excited state being molecularly unstable, after several
nanoseconds, the electron relaxes form this upper state to its ground state. To return to its
electronic ground state, the molecule emits photons with a lower energy than the absorbed
photons, resulting in the observation of unique fluorescence spectra that corresponds to the
vibrational and electronic energy states of the molecule. Each fluorescent molecule is
characterized by a unique absorption and emission spectrum (Figure 11.b Alexa Fluor 647’s
spectrum). The energy difference between the excited and emitted photons is called Stokes
Shift (expressed in units of wavelength). In a less common scenario, a fluorophore can also
move from a singlet excitation states S; or S, to different metastable state T, called a triplet
state. The lifetime of electrons in this state is longer than in singlet states, lasting from few
nanoseconds to several minutes. The relaxation of electrons from the triplet state T, to its
ground state Sg is the origin of the process of Phosphorescence.

It is possible to perturb this cycle of photon absorption and emission, for example via
a chemical reaction between fluorescent molecules and their environments, which is the
foundation of the dSTORM approach, a localization-based super-resolution microscopy
technique (Chapter 1.2.3.1). Every fluorescent molecule can reach a maximum number of
absorption/emission cycles before photo-bleaching. This phenomenon irreversibly disrupts
and ends the fluorescent lifecycles by preventing the absorption of new photons. It limits the
total amount of photon a fluorophore can emit, called the photon-budget. Some dyes are
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more resistant to photo-bleaching than others, making them suitable for specific fluorescent
microscopy approaches (chapter 1.2.3.2-3).
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Figure 11. The Principle of fluorescence. (a) Jablonski Diagram representing the fluorescence timeline
and the different energetic levels in which a molecule can transit through. (b) The excitation (dotted line) and
emission (solid red line) spectra of the Alexa Fluor 647 dye. The loss of energy of a fluorescent molecule due to

the vibrational relaxation and internal conversion results in a wavelength shift of the emission spectrum (the
Stokes Shift).

Many different fluorescence dyes exist, covering a wide range of the visible spectrum,
from the near-UV to the far-red (400 to 700 nm). These dyes can be easily attached to a
protein of interest (either genetically or using fluorescent antibody) on fixed or living cells,
providing structural specificity and contrast in biological samples. Lasers, light emitting diodes
(LEDs) or fluorescence lamps, are commonly used in combination with optical filters and

objective lenses to illuminate and collect the fluorescent of biological samples with high
specificity.

1.2.1.2. Resolution limit

Resolution is a common metrics to determine the capacity of microscope to resolve
sample details. In fluorescence microscopy, resolution is limited by the diffraction barrier
discovered by E. Abbe more than a century ago.
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Figure 12. Resolution in fluorescence microscopy. (a) The numerical aperture NA of an optical system
determines the ability of an optical system to collect a fraction of the emitted photons through a collection
angle a. The image of point source at the focal plane of an optical system is a 2D Airy pattern called the point
spread function (PSF). (b) The resolution of an optical system is defined by the Rayleigh criterion, the ability to
distinguish two close emitting point sources.
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The observation of a fluorescent dye through a microscope objective can be modeled
as a point source emitting light waves. The diffraction of light phenomenon, established by
Huygens and Fresnel, is the reconstruction of these waves onto the image plan through a finite
aperture. The resulting 2D image of the diffracted waves coming through the optical system
is called Airy disc (Figure 12.a). It is an interference pattern composed of one high intensity
central disc surrounded by several circles with decreasing intensities. This pattern is also called
Point Spread Function (PSF), which is the image of a point source through a given optical
system. The image of a complex object made of several point sources can be mathematically
modeled in 2 and 3 dimensions as the convolution between the object and the PSF (Figure
13).

PSF
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Figure 13. Image of a fluorescent object of interest through an optical system. The image of an object
of interest, composed of multiple fluorescent point sources, through an optical system, can be mathematically
modeled as the convolution between the object and the PSF of the optical system.

The capacity of an objective to collect efficiently a fraction of the emitted photons
depends on the objective collection angle, called the Numerical Aperture (NA) (Figure 12.a),
defined by:

NA = nsina

Where n is the refractive index and a is the half-angle of the cone of light that enters
the lens. Both the Numerical Aperture (NA) and the emission wavelength (1) determine the
spatial resolution. The lateral spatial resolution of an objective in the image plane r;,, defines
its capability to separate two point sources close to each other. It is defined by the Rayleigh
Criterion®’ (Figure 12.b) by:

A
rxy =0.61 m

Similarly, the axial resolution 7, which defines the capacity of an optical system to
separate 2 points sources in the axial direction, is defined by:

2
"~ NAZ

Ty

Optical microscopy is not isotropic, axial resolution being always worse than lateral
resolution (3-4 times for high NA objectives). As an example, the best achievable lateral
resolution for GFP molecules (A ® 510nm) with a 1.4 NA objective is 220nm, and 520nm for
the axial resolution. This limit prevents the optimal investigation of complex 3D biological
samples.

1.2.1.3. Improving axial resolution, why and how?

In cell biology, there is a whole world below 200 nm, made up of organelles,
macromolecular complexes or nano-structures, which conventional microscopy cannot
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resolve (Figure 16). Over the years, scientists have developed different approaches to
overcome this limit of resolution, more especially in the axial dimension, allowing
investigating complex biological samples in 3D.

In fluorescence microscopy, the most popular sectioning technique is the confocal
microscope. It uses a pinhole conjugated to the image plane to reject out-of-focus light,
improving by 2-fold the axial resolution (Figure 14.e). Using a point scanning excitation, it
allows deep imaging of thick samples by collecting serial optical sections. However, it requires
high intensity light leading to photo-bleaching and radiation damages. Point scanning
techniques are usually slow, a difficulty resolved by spinning-disks, which use an array of
pinholes allowing to significantly increase the imaging speed. Alternatively, multiphoton
microscopy improves the axial resolution without the need of a pinhole and provides a great
depth penetration with less photo-toxicity on live cells imaging (Denk et al*?, 1990). Thanks to
a 2 and 3-photon effect based on advanced pulsed laser excitation sources, it reduces the
effective excitation to very small focal volume (Figure 14.f). However, in addition to the slow
imaging speed of point scanning, it is complex and more expensive.

A well-known optical technology which highly improve contrast is the total internal
reflection fluorescence microscopy (TIRF) (Axelrod et al*’, 1984). By choosing the critical
angle of a collimated excitation beam where the light is totally reflected at the interface
between the coverslip and the sample (which needs to be with a refractive index lower than
the glass), an evanescent wave is created. This evanescent wave only excites the fluorophores
located at less than about one hundred nanometers above the glass coverslip, drastically
improving the contrast. The TIRF angle and related penetration distance of the evanescent
wave can be precisely controlled by positioning the beam in the back focal plane of the
objective. TIRF microscopy is widely used to observe membrane proteins of living adherent
cells. However, it does not permit the imaging of biological structures above 200 nm distance
from the coverslip (Figure 14.b).

Oblique microscopy, also called HILO for Highly Inclined Laminated Optical Sheet
(Tokunaga et al*°, 2008), uses the same principle as the TIRF microscopy. By slightly moving
the beam in the back focal plane of the objective within the widefield area, it creates an
oblique light-sheet of a few micrometers thick (depending on the angle and width of the
collimated beam), improving the contrast and reducing the out-of-focus light compared to the
wide-field illumination (Figure 14.a, c). It is well suited to monitor biological samples within
few microns’ distance from the coverslip.

Light sheet microscopy (LSM) or selective plane illumination microscopy (SPIM) is a
3D imaging technique that traditionally uses two objectives, one to create an excitation light-
sheet perpendicular to the optical axis, the other one for the detection of fluorescence (Figure
14.d). It offers good contrast and reduced photo-bleaching and photo-toxicity compared to
wide-field and confocal illuminations. It permits high-quality 3D live imaging of large samples.
SPIM is commonly achieved with two or more objectives, but recent approaches, such as
soSPIM, use only one objective (chapter 1.2.1.3).
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Figure 14. Main illuminations techniques used in fluorescence microscopy. (a) WideField
microscopy, (b) Total Internal Reflection Fluorescence (TIRF) microscopy creates an evanescence
wave and allow the excitation of dyes to a few hundreds of nanometers above the glass-coverslip
surface. (c) HiLo or Oblique illumination creates a thin and oblique light sheet that allows imaging
1-2 um above the glass-coverslip surface. (d) Light sheet, or selective plane illumination
microscopy (SPIM) separates the excitation and detection path using 2 objectives, enabling
imaging of large samples with improved sectioning. (e) Confocal microscopy is a point scanning
technique that uses of a detection pinhole, allowing only excited light from the focal plane to reach
the detector. (f) Multiphoton microscopy confines the excitation volume by using multi-photon
excitation.

1.2.1.4. soSPIM: single objective selective plane illumination
microscopy

The single objective selective plane illumination microscopy (soSPIM) (Galland et al*?,
2015) system, created in the host lab in collaboration with the MechanoBiology Institute lab
in Singapore, provides a simplified version of SPIM. It uses a single objective both for the
excitation and the detection of the fluorescence, by combining micro-wells flanked with 45°
micro-mirrors with a laser beam—steering unit. Using a single high NA objective reduces
considerably the complexity of standard light sheet microscopes (Figure 15. a). A light sheet is
created by the reflection of the excitation light onto the mirrors and propagates into the
micro-wells across the biological sample. Synchronizing the displacement of the excitation
beam and the objective, allows to perform 3D imaging of a whole sample as well as SMLM
(Figure 15.c, d). The dimensions of the micro-mirrored-well can be adjusted (from
20umx20um to millimetric size) allowing imaging samples of various sizes, such as isolated T-
cells, cell aggregates, organoids or embryos (Figure 15.b).

In the present work, we used the soSPIM technology combined with super-resolution
microscopy to gather complementary information on T-cell receptors nanoscale organization
at a single cell level that our TIRF-based HCS-SMLM cannot access.
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Figure 15. Principle of the soSPIM and its 3D imaging capabilities. (a) Schematic
representation of the soSPIM system. The excitation light source is reflected onto 45° mirror creating a
thin light sheet illuminating the sample perpendicularly to the image plane. This geometry enables 3D-
volume imaging by simply synchronizing the movements of the objective and the excitation beam. (b)
Scanning electron microscopy image of a polymeric microcavity with a 45° micro-mirror. c) 3D
multicolor acquisitions (maximum intensity projection) of a single cell expressing labled for E-cadherin—
GFP, Lamin-B1-AlexaFluor647, GM130-AlexaFluor568 within a 22x22um2 microwell and (d) an embryo
labeled for Histone-mCherry and CAP43-Venus within a few millimeters-size well (Adapted from Galland

etal”, 2015)

1.2.1.5. Beyond the diffraction limit

By far the most spectacular advance to circumvent the diffraction barrier was the
advent of super-resolution microscopy, also called nanoscopy, awarded by the Nobel prize in
chemistry in 2014 (Schermelleh et al*?, 2019). Three major families of techniques have been
developed allowing to circumvent the diffraction limit: stimulated emission depletion (STED;
Hell&Wichmann®?, 1994), structure illumination microscopy (SIM; Gustaffson**, 2000) and
single molecule localization microscopy (SMLM; Betzig et al*®, 2006; Hess et al*®, 2006; Rust
et al*’, 2006; Heilemann et al*®, 2008; Jungmann et al*®, 2014).

Conventional Microscopy

Super-resolution

EM
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Figure 16. Size scale of different biological micro-organisms and nano-structures. Representation of
biological samples imaged using conventional and standard microscopy versus super-resolution microscopy.
Super-resolution microscopy is able to image nanoscale-structures such as viruses, small molecular-complexes

or even isolated proteins by overcoming the diffraction limit.
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Super-resolution microscopy successfully overcame the diffraction limit of
conventional microscopy by an order of magnitude, bridging the gap between light-
microscopy and electron microscopy (Figure 16).

1.2.2.  Single Molecule Localization Microscopy (SMLM)

Amongst super-resolution technique, SMLM is the most resolutive. It offers the
capability to monitor the nanoscale organization and dynamics of biological structures down
to 10 nm resolution with single protein accuracy. Single molecule localization microscopy
relies on the cumulated stochastic localization of sparsely distributed isolated fluorophores,
rendered fluorescent by photo-activation, photo-switching or transient binding (Chapter
1.1.3). The position of each isolated fluorescent emitter can be computationally estimated
with a nanometric precision. By sequentially switching on (fluorescent) and off (non-
fluorescent) all the fluorophores, and cumulating their estimated position, it is possible to
reconstruct a super-resolution image. Several historical acronyms of SMLM exist in the
literature. The main ones are the PALM (photo-activated localization microscopy) (Betzig et
al®®, 2006; Hess et al*®, 2006), the (d)STORM ((direct) stochastic optical reconstruction
microscopy) (Rust et al*’, 2006, Van de Linde et al*!, 2011), and the (DNA/u)-PAINT (point
accumulation for imaging in nanoscale topography) (Jungmann et al*?, 2014, Giannone et
al”®, 2013).

1.2.2.1. Principle of SMLM and Localization mechanism

When single emitters are imaged through a microscope, appear as PSF. To determine
their positions, individual PSF are usually fitted by a bi-dimensional Gaussian function,
providing both their position and their intensity (Figure 17.B). This principle was developed
and used before the advent of super-resolution microscopy for single-particle tracking
(Sibarita®, 2014). However, while it is straightforward to precisely resolve and track few
emitters and assess their dynamics using sparse labelling, there is another challenge which is
to image small densely labelled biological structures of interest (Mockl et aI55, 2014, Figure 13,
17.A). Indeed, if all the fluorescent probes emit simultaneously, PSFs will overlap with each
other’s and won’t be able to be optically resolved, preventing reliable Gaussian fitting.

Under-labeling the biological structure of interest to reach single molecule density will
result in its incomplete reconstruction. To overcome this issue, single molecule localization-
based super-resolution microscopy, such as PALM or (d)STORM, initially employed the
properties of some fluorophores under specific conditions to rapidly photo-switch between
fluorescent and non-fluorescent states. It allows only a sparse subset of fluorescent molecules
to emit for a short duration, so that they can be digitally localized. Repeating this process a
large number of times until all the molecules have been localized, makes it possible to
reconstruct a super-resolution intensity image by “simply” pooling all the localizations. The
photo-switching kinetic, or blinking kinetic, defined by the fluorophores off-state/on-state
duration ratio impacts the quality of the final reconstruction (Sauer and al, 2013). The ideal
camera frame rate to capture enough of emitted photons per image needs to match this
blinking kinetics which depends to the SMLM approaches (Chapter 1.2.3). Single molecule
localization microscopy requires simple instrumentation setups with good sectioning and
sensitivity to detect single molecules (e.g. TIRF or HILO), as well as dedicated labeling
strategies and algorithms.

29



A @ (b) ()

_,: !\? e Dark
< .-'“"
.-L-:t"'. \:\ H ‘“\
* ceett®® g
gy r 3 ,f'f
LE
o Fluorescent
250 nm
Fluorescently Labeled Diffraction-limited (DL) Image
Super-Structure e.g. Widefield Epifluorescence

* Single Molecule (Label)
(e)

% X7

+ =
..... ¢ ;
sizé-/l,
Stochastically selected subsets of Super-Resolution (SR)
single molecules by active control Reconstruction

B

(c)

(a) b) |

Figure 17. Principle of single molecule localization microscopy. A. (a) Structure of
fluorescent probes representing La Paloma de la Paz (Picasso, 1961) and (b) its resulting
diffracted-image through a standard microscope. Optical blur prevents the shape of the Paloma
to be identified. (c) By stochastically switching the molecule between their fluorescent state (ON-
state) to their dark state (OFF-state) so that fluorescent molecule subset is sparsely distributed in
space (d), the center of each individual fluorescent molecule can be accurately localized to finally
reconstruct a super-resolution image. B. For the localization process, the PSF of each fluorescent
emitter (a) is usually fitted by a 2D Gaussian model (b) to retrieved precisely its center (c).
(Adapted from Méckl et al’>, 2014)

1.2.2.2. Resolution in SMLM

In conventional diffraction limited, the experimental resolution can be estimated by
PSF Gaussian fitting by:

Tyy = FWHM = 2V2In2s ~ 2.3s

Where s represents the standard deviation of the Gaussian. Resolution in SMLM is
directly linked to the accuracy to “localize” the center of each PSF, introducing the concept of
localization precision. It can be estimated experimentally by fitting the distribution of a large
series of localization of the same fluorescent emitter. It is however not sufficient to describe
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the quality of a super-resolution image. Deschout et al.>® (2014) introduced two
distinguishable but linked concepts: the localization precision and the localization accuracy
(Figure 18). The localization precision o can be analytically described by:

s?+ p?/12 N 8ms*b?
N p*N?

o =

Where s is the standard deviation of the PSF Gaussian fit (described above), p is the
camera pixel size, N is the number of detected photons, and b is the background photon count
per pixel (Thompson et al’’, 2002). The localization precision can be simplified by the following

estimation:

s
Oy X —

VN

It defines that for an objective with a given NA (defining s), the number of detected
photons per localization event is the main parameter affecting the localization precision: the
more photons are detected per single molecule localization event, the more precisely the
position of the single molecule is determined. This simplification ignores certain parameters
that may affected the localization precision, such as the image sampling or the fluorescent
background that can drastically degrade the reconstruction quality. Moreover, and to a lesser
extent, the different algorithms used to localize single molecules and to compute super-
resolution images can also affect the final quality of SMLM images (Mortensen et al*%, 2010,
Sage et al’®, 2019). As an example, using Alexa 647, one of the best fluorophores for dSTORM-
SMLM, it is possible to reach ~9 nm localization precision for 1,000 localized photons and
1.4NA objective, representing a resolution of ~21 nm.
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1.2.2.3. 3D SMLM

Inits initial implementation, SMLM microscopy does not discriminate the axial position
of single emitters. Several techniques have been developed to determine the axial position of
each localized single molecule. They either rely on multiplane imaging (bi-plane, Juette et al®°,
2008; Multifocus microscopy, Abrahamsson et al®!, 2013), PSF-shaping (astigmatism, Huang
et al®?, 2008; double-helix, Pavani et Piestun®, 2008; etc.) or interferometric imaging (iPALM,
Shtengel et al®, 2009; SELFI, Bon et al®>, 2018). By exploiting the evanescence light, another
advanced technique is based on the detection of the nearfield supercritical emission (SAF),
which permits the access of the absolute depth of the fluorophores relatively to the coverslip
(Bourg et al®®, 2015). The most popular and straightforward approach is based on
astigmatism. It usually uses a cylindrical lens introduced in the detection path of the
microscope to shape the PSF in a non-symmetric manner depending on its axial position. The
PSF displays a round shape when the emitter is in focus, whereas it elongates along one axis
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or its perpendicular depending if the emitter is located above or below the focal plane. It is
therefore straightforward to numerically retrieve the axial position by analyzing the astigmatic
PSF shape after calibration. Astigmatism-based 3D SMLM combined with HILO illumination
allows localizing single molecules up to 1um above the coverslip with axial precisions reaching
a few tens of nanometers.

No PSF shaping Astigmatism based PSF shaping
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Imaging
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Figure 19. Astigmatism-based 3D single molecule localization. In absence of
aberration, the PSF of a microscope is symmetric, preventing its axial localization
(left). Introducing a cylindrical lens in the detection path of the microscope allows
inducing astigmatism. The PSF is then deformed in a non-symmetric manner
depending on its axial position relative to the focal plane, allowing three-dimensional
single molecule localization (right) Adapted from Huang et al.

1.2.2.4. Labeling strategies for SMLM

Labeling strategies to target a protein of interest are crucial for high quality
quantitative SMLM images (Kaplan&Ewer567, 2015). First, in order to be faithful to the actual
structure of the object of interest, the labelling density needs to be high enough to permit
the localization of each individual protein and resolve entirely the structure of interest.
Second, the labelling size is a critical point. Indeed, the size of a standard antibody being
around 10 nm, the conjugation of a primary with a secondary antibody can reach 20 nm. This
can be bigger, or in the same range than the localization precision, leading to bias in the final
SMLM image resolution (Figure 18). To overcome this issue, there are different types and size
of antibodies and antibodies conformations suitable for different SMLM techniques, such as
Fab antibodies, fluorophore conjugated primary antibodies, nanobodies or streptavidin.

In this project, we use specific clinical human primary antibodies, preventing the use
of several combination of antibodies such as nanobodies, Fab antibodies or conjugated
primary antibodies. This is mainly due to the human species and the functionality of this
therapeutic antibodies.

1.2.2.5. Real-time localization and tracking

SMLM has reached a mature stage, becoming today a routine tool used to investigate
biological questions at the nanoscale. But it is still full of pitfalls (see: SMLM concept and
labelling strategies) and remains a computationally intensive technique. In particular,
Gaussian fitting used to precisely extract the position of the fluorophore requires intensive
processing. Indeed, a typical SMLM data reconstruction workflow can represent several tens
of thousands of images to acquire and analyze in order to extract up to a million of
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localizations. Several algorithms and open source software offer solutions to analyze SMLM
data. Two papers (Sage et al*®, 2015; Small et Stahlheber®, 2014) benchmarked a large
number of existing methods and compared them on different factors: accuracy, time
processing, noise model, fitting approach, etc. Various techniques exist such as low-pass
filtering, band-pass filtering, watershed, and wavelet transform for single molecule detection.
For the localization step, most of them use fitting the PSF with Gaussian or alternative models.
These studies showed that simple Gaussian fitting is sufficient to accurately localize low-
density single molecule dataset, contrary to high-density dataset computation which highly
depends on the model of the PSF. Most of existing techniques process SMLM data off-line,
making the overall pipeline very time consuming when aiming at analyzing a large number of
cells to assure robustness to the biological effect observed.

One alternative solution, introduced by Kechkar et al>” (2013), is based on exploiting
“a trous” wavelets described in Izeddin et al.”” in 2012 to reliably detect single molecules
events. It has the advantage to well discriminate single molecule fluorescent signal from noise
or background, to offer very good single molecule localization accuracy and to be very efficient
in term of processing time. The fine determination of each localized molecule coordinates is
performed by Gaussian fitting initialized from the coordinates determined by the wavelet
segmentation. By exploiting GPU and CPU resources as well as multithreading, the software
allows real time single molecule localization that can be performed in parallel with the
acquisition (Figure 20) at any frame rate, offering unprecedented speed compared to off line
processing solutions, without compromising the localization accuracy.
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Figure 20. Real-Time localization and analysis workflow of
WaveTracer software. The parallelization of single molecule localization of
emitter spot on GPU/CPU allows users to perform SMLM acquisition and
reconstruction in real-time. (Adapted from Kechkar et al’ 8, 2013)

WaveTracer is a user-friendly module developed as a plugin of MetaMorph acquisition
software (Figure 20). It makes it possible to compute the localization and the super-resolution
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image reconstructions online, in real-time during the acquisition streaming. WaveTracer also
offers advanced features, such as automatic drift correction from fiduciary markers,
astigmatism-based 3D localization, and single molecule tracking. These functionalities will be
extensively exploited in this project, more especially for the HCS part.

1.2.2.6. Drift correction

SMLM is extremely sensitive to the microscope environment. Indeed, the
reconstruction of a super-resolution image of a biological structure requires several tens of
thousands of images, which can represent between a few minutes to about hour of
continuous acquisition, depending on the single molecule regime. During this long acquisition
time, micrometer range mechanical drifts, mostly due to small temperature changes, corrupt
the super-resolution image (Figure 21), leading to the misinterpretation of the reconstructed
object of interest (Balinovic et al’*, 2019).

As a consequence, drift correction needs to be fully integrated to the SMLM acquisition
and reconstruction workflow. The most popular method is to use fiduciary markers absorbed
on the glass coverslip, located in the acquisition field of view. Their positions are tracked
during the SMLM acquisition, and used for drift correction. Nano-diamonds (Hsiao et al’?,
2016) and fluorescent beads are commonly used in SMLM. Tetraspeck beads are high intensity
multicolor fluorescent microspheres, easy to manipulate and widely used in the field.
However, their strong fluorescence and bleaching can be limiting factors. Nano-diamonds are
chemically robust, photo-stable and fluorescent on the whole visible spectrum. Nevertheless,
they are more complex to use since they tend to form aggregates.

Drift
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_ >

Using fiducial
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Figure 21. Fiducial-based drift correction in SMLM. Example of super-resolution reconstruction
of PD-1 membrane receptor on Jurkat cell (dASTORM, 15.000 frames, 25 um-size), before (left) and after
(right) drift correction using one fiducial markers (white square, 100nm-Tetraspeck).

Axial drifts also occur during the acquisition, shifting the focal plane and resulting in
out of focus molecules. Axial drifts cannot be corrected off-line by post-processing. Integrated
optical autofocus systems, such as the Nikon Perfect Focus System (PFS), allows stabilizing the
microscope in the axial direction with more less than 50 nm precision, allowing keeping the
single molecule signal in-focus, even in TIRF mode. In the particular case of the soSPIM
technique, when lateral and axial drifts are correlated, online 3D registration is mandatory. |
developed a solution to allow soSPIM-based 3D SMLM (Chapter 3).
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1.2.3. SMLM techniques

1.2.3.1. Direct stochastic optical reconstruction microscopy (dSTORM)

A couple of years after the first publication of PALM (Betzig et al*’, 2006) and STORM
(Rust et al*’, 2006), a simplification of the STORM imaging technique called dSTORM (for direct
STORM) was introduced by Heilemann et al*®. in 2008. While original STORM technique
requires specific dyes, dSTORM allows any Alexa dye, already broadly used in fluorescence
microscopy, to blink with a kinetic compatible with single molecule localization microscopy. It
relies on the use of dSTORM buffers combined with high intensity lasers, in order to favor
long-lived triplet states of excited fluorescent molecules (chapter 1.2.1.1). dSTORM imaging is
fast compared to other SMLM approaches, with a typical integration time between 5 to 50ms.
Some factors can influence fluorophores photo-switching kinetics, such as the intensity of the
excitation beam and the chemical properties of the imaging buffer. Unfortunately, high
intensity lasers lead to partial fluorescent molecule photo-bleaching. A recent publication
demonstrates that more gentle illumination strategies should be adopted to limit the amount
of irreversibly photo-bleached molecules in the early phases of the acquisition (Diekmann et
al”?, 2020). This issue, specific to dSTORM imaging, is fluorophore dependent, increasing the
difficulty of finding compatible dyes for multicolor dASTORM.

The imaging buffer is key for dSTORM. It is commonly composed of an oxygen
scavenger and thiol to favor the transfer and the stabilization of fluorophores to triplet states.
This enables stochastic relaxation to ground state of subset of fluorophores, permitting few
fluorophores to emit at once and thus single molecules localization. Standard buffers are
enzymatic-based, made of glucose oxidase or pyranose oxidase, catalase, glucose and MEA
(primary thiols) in PBS or Tris buffers (Dempsey et al’*, 2011; van de linde et al**, 2011; Beghin
et al”>, 2017; Olivier et al’®, 2013; Nahidiazar et al’’, 2016). Recently, Hartwich et al’® (2018)
reported a new chemical sulfite-based buffer which presents better assets than enzymatic-
based ones.

However, dSTORM imaging buffers have limitations. Firstly, its chemical composition
(Appendix) is not compatible with live imaging. Secondly, it lacks of stability over the time due
to oxygen reaction, leading to a limitation time of SMLM acquisition, a major issue for single-
molecule-based high content screening.

For the labelling, different types and size of antibodies exist (1.1.2.4), but the use of a
couple primary/secondary antibodies is the most straightforward way to target a protein of
interest. There are several commercially-available secondary antibodies coupled to
conventional dyes, covering a large wavelength spectrum. Alexa Fluor-647 is so far the best
dye to perform dSTORM. Multicolor imaging is possible, with the condition to choose different
dyes with well-separated emission spectra, as well as non-interfering antibody species.
However, only a few of them can be efficiently used simultaneously, making two-colors and
three-colors dSTORM imaging challenging. The Alexa-532/Alexa-647 couple seems to be a
good candidate in our hands (Beghin et al”*). Image acquisitions are usually done sequentially
(Bates et al’®, 2007), one color at a time, allowing the optimization of the acquisition
parameters per dye. Simultaneous acquisition, combined with spectral unmixing approaches
(Bossi et al, 2008; Baddeley et al®® 2011; Lampe et al®, 2012) or new spectral methods (Xu et
al®?, 2018) are also possible, at the expense of more sophisticated microscopy setups and
analysis software.

1.2.3.2. DNA-PAINT/UPAINT: transient labelling approaches

PAINT technique, for Point Accumulation for Imaging Nanoscale Topography, is
another family of single molecule localization microscopy based on transient binding of a
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fluorophore to a target of interest. This alternative approach allows the repeated localization
of fluorescent molecules at high photon count, without the requirements of intense lasers or
imaging buffers. DNA-PAINT aims to decouple the standard protein labelling by using primary
antibodies and a pair of complementary DNA-strand conjugated to a fluorescent dye
(Jungmann et al®?, 2014, Schnitzbauer et al®®, 2017). First, single DNA-strand antibodies
(docking strand), are used to tag the proteins of interest, then complementary DNA-strands
coupled to organic dyes (imager strands), are added into the solution for SMLM imaging. This
process enables the stochastic transient labeling of the tagged proteins, and by extend
permits the infinite localization of molecule targeting the same protein. DNA-PAINT
overcomes photo-bleaching and lack of stability issues of dASTORM. Unfortunately, it remains
a slow technique (with about 200ms exposure time per frame), an important limit for single-
molecule-based high content screening.

In contrary to DNA-PAINT, uPAINT, for universal PAINT, is based on standard primary
and secondary antibodies (Gianonne et al*’, 2012). It relies on the live recording of the
permanent binding of secondary antibodies to the extra-cellular membrane proteins in living
cells. A low concentration of antibodies is added with the cells in the solution to promote low
density labeling of membrane proteins. Combined with oblique illumination to reject out of
focus light collection from non-attached dyes, uPAINT permits single molecule localization and
tracking. Using specific dyes resistant to photo-bleaching such as ATTO, SeTau or QD dyes,
single particles tracking of fluorescent antibodies is possible over several frames, until
bleaching, accessing nanoscale molecular dynamics.

1.2.3.3. Photo-activated localization microscopy (PALM)

PALM (photo-activated localization microscopy) technique (Betzig and Hess***°, 2006)
relies on photo-activatable fluorescent proteins. These fluorescent proteins, derived from
the GFP, have the properties to reversibly (or irreversibly) change their absorption and
emission spectra upon absorption of 405 nm light. They are genetically encoded directly on
the sequence of the protein of interest. Once stochastically activated upon very low intensity
of 405 nm to be in single molecule regime, they emit for a short period until they bleach (or
revert back to their non-activated state). This process of single molecule
activation/imaging/bleaching is repeated until all the proteins are imaged to reconstruct the
super-resolution intensity image.

Compared to immuno-labelling strategies used for dSSTORM, they have a high level of
specificity and are compatible with live imaging and single protein tracking. However, the
expression of the fluorescent protein of interest requires cell transfection or electroporation,
and is usually associated to protein over-expression that may affect the biological readout.
Moreover, fluorescent proteins are usually less bright compared to organic fluorophores,
leading to a lower localization accuracy.

Several types of fluorophores can be used for PALM (Figure 22.a). The Photo-
activatable fluorescent proteins (PAFP) which switch non-reversibly from non-fluorescent
(OFF) to fluorescent (ON) states until bleaching (e.g. mCherry, PA-GFP, mKate). Photo-
convertible fluorescent proteins (PCFP) initially emit fluorescence in their basal state, and
non-reversibly photoswitch to a different color upon photo-activation. The most popular PCFP
are mEos (mEos 2, mEos 3.2, mEos 4; Zhang et al**, 2012) and Dendra2. Finally, reversely
photo-switchable fluorescent proteins (RSFP) can be reversibly switched between ON and
OFF states (e.g. Dronpa, mGeosM, etc.). The 405nm absorption commutes the dyes, while the
imaging light commutes the dye back to the non-fluorescent state.

PALM being compatible with live samples, it is possible to track individual localized
fluorescent molecule until bleaching (Figure 22.b). This technique, called sptPALM (for single
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protein tracking combined with PALM) (Manley et al®*, 2008) allows to decipher both the
nanoscale organization and dynamics of biomolecules, providing a unique quantitative insight
on the interaction with other partners. Protein dynamics are commonly investigated by
computing the diffusion coefficient from individual tracks (Rossier et al®®, 2012; Nair et al*’,
2013; Floderer et alsg, 2018; Sibarita et aI54, 2014). The diffusion coefficient D is extracted for
the mean square displacement (MDS) analysis, which quantifies the area 2 explored by a
single molecule over time t. It is calculated from linear fits of the first points values of the MSD
curves, using the following equation:

MSD(t) =<r?*>=4Dt
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Figure 22. Principle of (spt)PALM. (a) Different type of fluorophores used for (spt)PALM. Probes
are either photoconvertible, photoactivable or photoswitchable. (b) Principle of single protein tracking
PALM. Localized single molecules are connected on adjacent frames allowing reconstructing their
trajectories. (c) Example of sptPALM acquisition of photoactivable PD-1-mEos3.2 proteins. sptPALM
enables the tracking of individual PD-1 protein fused with mEos3.2 fluorescent protein in Jurkat cells.
(images 20um-size; 20ms; 4000 frames; Tracks length [10-1000]).

1.2.3.4. Why is SMLM suitable for immunotherapy applications?

SMLM techniques have been extensively used over the last decade to investigate the
nanoscale spatial organization of T-cell membrane receptors (Figure 9, chapter 1.1.5). In 2011,
Williamson et al®*® quantified the Lat receptors distribution on T-cell surface using PALM and
dSTORM imaging. T-cell receptors and the CD3 complex organization and dynamics upon T-
cell activation were investigated at the immunological synapse by few teams (Rossboth et al®%;
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Hu et al®%; Pageon et al*?, Rosenberg et al®, Ponjavic et al* using dSTORM and (spt)PALM
techniques, but also using other super-resolution microscopy techniques such as SIM and
STED. Several other T-cell receptors (e.g. CD45, CD2, etc.) have been also investigated using
SMLM imaging, but none of them belong to the list of immunotherapy potential targets. Using
dSTORM, receptor clusters size, cluster distribution and their molecular density have been
studied and compared at the membrane of resting and activated T-cells. sptPALM approaches
have been also used several times to study receptors interaction (Ponjavic et al*®, Razvag et
al*), allowing to better understand their intrinsic mechanisms and implication upon T-cell
activation. Recently, the combination of advanced lattice light-sheet microscopy with SMLM
permitted to observe membrane receptors at the whole T-cell surface, and to map the 3D
spatial organization of T-cell receptors on fixed and living cells (Waldchen et al*®, Rosenberg
etal®, Ponjavic et al®** Hu et al’h).

All SMLM techniques can be applied to study T-cell membrane receptors at the
nanoscale level. sptPALM and uPAINT are well-suited and complementary approaches for high
density single particle tracking. dASTORM and DNA-PAINT are ideal to investigate the nanoscale
spatial organization and clustering properties of fixed T-cells membrane receptors with the
best possible resolution (Rossboth et al’>). DNA-PAINT, and gPAINT (Jungmann et al’®, 2016)
in more particular, is more suited than dSTORM for advanced quantification (Simoncelli et
al’”) and is not limited in time due to the buffer. However, as mentioned before, it requires 10
times longer integration time and has not yet been used to study T-cell membrane receptors.
All these techniques are compatible with HTS/HCS, each of them having pros and cons.

1.2.4. Quantitative analysis of single molecule localization microscopy data

Localization-based super-resolution microscopy has brought a new type of data in
microscopy, called point cloud data, creating a new field of research for their analysis. Indeed,
SMLM output is a list of molecular coordinates, while other microscopy techniques provide
pixel-based images as output. While it is still possible to reconstruct pixel-based images from
the point cloud data and to use regular image analysis tools, it has been demonstrated that
the direct analysis of point cloud patterns is more precise than pixel-based images.

Protein clustering, aggregation, oligomerization, internalization, diffusion, etc. are
examples of quantitative parameters that can be computed from the molecular coordinates
and trajectories, which directly relates to underlying biological mechanisms. Numerous
analytical methods have been developed over the past years to quantify molecules
organization and dynamics. The methods | will present below are those that | used for this
thesis.

1.2.4.1. Analysis of protein dynamics using PALMTracer

PALMTracer is a module integrated as a plugin of MetaMorph software. It has been
developed in the Lab, by Jean-Baptiste Sibarita, Adel Kechkar and Corey Butler. It integrates
off-line single molecule localization (Izeddin et al’®, Kechkar et al®®) and tracking (Racine et
al’®, 2006) algorithms to process and quantify multidimensional SMLM data. This software is
a versatile tool, able to compute and export localization, tracking and diffusion data, as well
as to represent them in 2D and 3D, using color-coding depending of localization depth,
intensity, number of localizations, diffusion coefficients, etc.

Raw data stacks of single molecule sequences can be analyzed, localized, tracked,
filtered and saved as coordinates files. It supports the import of WaveTracer localizations files
and integrates a powerful user-friendly batch analysis mode. PALMTracer includes 2D and 3D
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visualization options both for localization and trajectories, including density maps, 3D
projections and Z-stacks, imaging plane, and multi-plane stacks.

1.2.4.2. Segmentation and clustering using SR-Tesseler

SR-Tesseler (Levet et al’®, 2015) is an open-source software dedicated to the

segmentation and quantification of SMLM data from point cloud data. The principle of SR-
Tesseler is to create polygons around each localization, subdividing the space into a mosaic of
regions called Voronoi diagram (Figure 23.a).

In contrary to other methods (e.g. Delaunay triangles), Voronoi tessellation is based
on individual localizations, with one polygon per single molecule, making this technique better
suited to quantify single molecule properties and neighborhoods. The area of each polygon
defines the local density of localization and their neighborhoods. Applying a color code to this
feature allows a clear visualization of local density (Figure 23.a,b). SR-Tesseler allows objects
segmentation to quantify proteins clustering based on the local density (Figure 23.c). The
segmentation thresholds can be either manually adjusted or automatically determined.
Finally, clustering features like morphological clusters descriptors (area, size, circularity, etc.),
the number of localizations per cluster, the localization density, etc. can be extracted in a .csv
file for each SMLM dataset.
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Figure 23. SR-Tesseler: principle of Voronoi diagram construction. (a) Voronoi polygons of only two
seeds are delimited by their perpendicular bisector. When a new seed is added, the previous section is cut by the
bisectors computed between the previous seeds and the new one. The Voronoi diagram is designed by repeating
this process for each new seed. Each seed can be defined and color-coded by its area representing the local
density. The 5 medium-orange and 11 light-orange polygons are defined as the first-rank and second-rank
neighboring polygons of the original and centered seed (dark-orange). (b) Three different levels of a Voronoi
diagram built from an experimental GIuA1-mEQS2 PALM data set, showing a dendrite (blue), a spine (red) and a
nanocluster (magenta). (c) SR-Tesseler automatically comptes clusters by segmentation of the Voronoi diagram
based on the first-rank density. (Adapted from Levet et 0198, 2015)

1.2.4.3. Interest of combining SMLM and High-Content Screening

Localization-based super-resolution techniques are multi-parametric. Performing
SMLM imaging requires mastering multiple parameters: labeling density, integration time,
laser intensities, SNR, imaging buffer, drift correction, SR metadata analysis, etc. These
parameters need to be adapted for each technique to ensure optimal single molecule
acquisition and localization. As an example, dSTORM and PALM are particularly sensitive to
molecules photo-bleaching, an effect controlled with the adjustment of illumination
parameters. Single particle tracking experiments, i.e. sptPALM or uPAINT, does not require all
the molecules to be localized, as long as there is an enough amount of trajectories to asses
protein dynamics with robust statistics. In the contrary, dASTORM, PALM and DNA-PAINT, are
used to analyze protein structure and spatial nano-organization, and where each detection
influences the final quantification. This means that the acquisition and analysis parameters
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must be standardized to provide robust and un-biased quantifications. Finally, SMLM is long
and usually requires lots of manual interventions, making it fastidious to investigate several
different biological conditions with enough statistics. In this context, there is a real advantage
to combine SMLM with high content screening. It allows the normalization of single molecules
acquisition quality for all the conditions enabling faithful comparison of SMLM features.
However, individual parameters adjustments are not possible at such large-scale acquisitions.
To avoid any single molecules artifacts on images, HCS-SMLM experiments must ensure a
single molecule regime compatible with all the cells and biological conditions using the same
acquisition parameters.
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1.3. CHAPTER 3: High Content Screening (HCS)

1.3.1. HCS in pharmacology: drug screening approaches for therapeutic
Abs characterization

1.3.1.1. Therapeutic Ab development: goal and strategies

In parallel to chemical molecules, Sanofi develops antibodies to specifically meet the
therapeutic needs of patients not covered by current treatment. Among diverse targets,
Sanofi focuses its activity on the antibody development against key actors of the T-cell
activation process, targeting the most promising co-stimulatory or co-inhibitory T-cell surface
receptors.

Antibodies are produced in the Biological Research department, and functionally
characterized by the Integrated Drug Discovery (IDD) department. The different research and
development phases result in the selection of antibodies having good binding and
functionality properties towards the target of interest, good behavior under different stress
conditions (high, low temperature, pH, aggregation...), before being tested on animals. The
early phases of therapeutic antibody certification take place during the phase |, Il and Il clinic
trials on humans.

Until the clinical trials, the IDD-department checks and confirms the antibody
functionalities using diverse immuno- or non-immuno-specific methods. These cellular-based
experiments, described in the next section, are employed multiple times in the different mAb
development phases.

1.3.1.2. HCS-drug screening methods: large scale characterization

In my project, the therapeutics antibodies we are interested in, block the interaction
between a pair of checkpoint inhibitors, leading to an immune response and cytotoxic T-cell
activity to kill tumors cells. In the tumor environment, the TCR expressed on T-cells recognizes
tumor-associated antigens presented by the Antigen Presenting cells (dendritic cells,
macrophages, etc.) leading to T-cell activation via the intracellular signaling cascade (1.1.1.2).
This results in a massive production of Interleukin IL-2 and Interferon gamma cytokines, which
modulate the immune response. In this context, IL-2, TNFa and IFNg cytokines influence T-cell
proliferation and promote their activation. After several days, the more the T-cells are
numerous, the more cytokines are produced, creating a cytotoxic activity against cancer cells.

Sanofi’s screening department (IDD) has adapted protocols to mimic this biological
context in order to evaluate several tens to a hundred of new therapeutics antibodies in 384
multiwell plate. For this purpose, they perform two kinds of experiments: mixed leucocyte
reaction and T-cell activation experiments, to control individually, or in combination, the
antibody functionality, efficacy and physical properties.
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Figure 24. Schema of MLR and T-cell activation drug screening experiment for mAbs characterization.
(a) Introduction of individual or combination of therapeutic mAbs to be tested on T-cells activated either by OKT3
coating or by the presence of dendritic cells (APC cells, mimicking tumor cells) which express PD-L1 to their surface
(image inspired by Roche). (b) Depending of the efficacy of mAbs tested, the checkpoint inhibitors interaction is
blocked triggering a full T-cell activation. It leads to a cytotoxic activity resulting in T-cell proliferation and massive
cytokines production. In this context, MLR or T-cell activation experiments are done to evaluate the functionality of
mAbs. (c) For both types of experiments, 4 and 6 days later, cytokines rates are determined by FRET technology
from supernatants, and the final number of T-cells are measured by ATP detection as the indicator of T-cell
proliferation.

The Mixed Leucocyte Reaction experiment, called MLR, mixes two immune cell types,
T-cells and dendritic cells (APC cells, mimicking tumor cells) to encourage a cytotoxic activity
from T-cells. Both cell types are isolated at Sanofi from the blood of two different healthy
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human donors. In this assay, antibodies will specifically bind the T-cell receptors of interest,
blocking the interaction with their ligand present on dendritic cells. After 4 days in presence
of dendritic cells, T-cells upon an activation start proliferating and producing IL-2 cytokines,
and after 6 days INFy and TNFa. The cytokines rate is measured by FRET technology
(Fluorescence Resonance Energy Transfer) from well supernatants recovered after 4 and 6
days. The proliferation is measured by ATP detection on the remaining cells in wells. Since
dendritic cells are not dividing cells, the proliferation measurement only concerns T-cells
(Figure 24).

A second type of experiment is made to evaluate the antibodies properties on
activated T-cells alone. Here, human resting T-cells are activated by functional anti-CD3
antibodies (OKT3), instead of being mixed with dendritic cells. Then, the same readouts are
applied at Day 6, as previously described (Figure 24).

For both experiments, each antibody is evaluated in triplicate on three different
human lymphocyte donors to assure the robustness of the observed effects. Typically,
between 30-70 antibodies and combinations are tested simultaneously. Each screening
campaign allows to compare antibodies with each other and with benchmark antibodies or
internal Sanofi entities. All the results provide an overview of the antibodies effect on T-cell
response (individual and against dendritic cells), determining the fate of potential candidates.

Thereby, Sanofi characterizes new antibodies at large scale level through two
biological features: The T-cell proliferation and Cytokine rate measurements. Then, mAbs
which do not correspond to the specifications are removed, whereas the potential candidates
are kept and will go into further evaluation thus continuing its journey in research and
development. The decision is not easy to take on antibodies with same potency combining
their physico-chemical properties, their functionality, immunogenicity risk, etc., meaning that
more information is needed to conclude on the real interest of some antibodies. These
current assays give global information at the cellular level; however, it lacks a fine antibody
characterization at the molecular level. A better mAbs characterization will help to
understand if and how they impact the spatial organization of T-cell receptors and secondly
of signaling proteins or how they are influenced by lymphocyte behavior. Such information
can be addressed by nanoscopy solutions compatible with HCS. Indeed, localization-based
single molecule microscopy technologies and emerging quantitative analysis solutions
reached the required maturity to be used in the pharmaceutical field, bringing unprecedented
new type and amount of quantitative information on the nanoscale molecular organization
and dynamics.

1.3.2.  HCS, HTS and microscopy

High content screening (HCS) methods have been widely applied for drug discovery
and development in biological research. High throughput screening (HTS) is closely linked to
HCS approaches. Where HTS implies the tests of thousands of compounds in parallel to sort
the best conditions and to enhance data robustness, HCS is an image-based approach which
increases the amount of quantitative data by enlarging the number of conditions to be tested.
HCS and HTS are used in routine in pharmaceutical companies for drug screening applications.

These methodologies, combined with advanced fluorescence microscopy, increase the
image acquisition rate by ten-fold, enlarging the quantity and the variety of data collected
from the measured samples. They have been extensively used for small molecule and
antibody drug discovery as well as for the cell biology understanding, cell behavior,
differentiation, dynamism, molecular function or toxicology (Bullen'®, 2008).
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To answer these biological questions, commercially available systems use conventional
optical technology, such as widefield, confocal spinning disk or phase contrast microscopy.
“All-in-one” HCS-HTS systems presented by companies provide laboratories with stable,
opaque and complete solutions for living cell assays, including cells monitoring, image
acquisition, analysis, as well as other advanced functionalities (e.g. 3D, plate holders,
incubators, or automatic liquid dispensers). However, none of these commercial solutions
integrates single molecule-based super-resolution approaches. Indeed, optical super-
resolution microscopy has not yet been applied to the drug discovery field. This is primarily
due to the complexity of the acquisition and analysis pipeline, lack of automation and
dedicated datamining software.

1.3.3. State of the art HCS-SMLM approaches

SMLM techniques, such as dSTORM, PALM and DNA-PAINT, are time-consuming and
low throughput. They usually require user expertise and extensive manual intervention for
the acquisition analysis and datamining, making them fastidious to use for the investigation
of a large number of samples under various biological conditions. For this reason, most of
biological studies using SMLM are still performed at the single cell level with a limited number
of conditions. To overcome this limit, several groups have developed custom approaches that
integrate HCS-HTS in the SMLM pipeline in order to significantly increase the acquisition and
analysis workflow.

A review by Pereira et a (2015) showed the interest of combining high content
screening with nanoscopy. They presented an “easy-to-implement” protocol to perform high-
content 3D multicolor SR imaging on a standard microscopy setup, but did not address data
storage, analysis and data visualization issues. Holden et al’® (2014) successfully
accomplished high throughput PALM imaging, allowing large-scale imaging of hundreds of
cells, but considering only one condition. HCS-SMLM correlative techniques have been also
introduced, but still with the need of user manual intervention. Cells are manually selected at
low resolution on a first microscope and the SMLM acquisitions are performed on the
identified cells using a second microscope (Gunkel et al'®, 2014; Flottman et al*®*, 2013). Yasui
et al'® (2018) recently introduced an automated single molecule dynamics screening system
integrating artificial intelligence for automated cell-searching and auto-focus stabilization.
This system, called AiSIS, allowed single particle tracking experiments of 1,600 living cells
plated on a 96-multiwell plate support in one day. More recently, Barentine et al'®® (2019)
developed a SMLM-HTS imaging platform able to perform fast high-speed 3D multicolor
SMLM imaging of more than 10,000 nuclei in one day, with a success rate of 99.8% of target
field of views (FOVs) acquired. However, despite their outstanding ability to produce huge
amount of SMLM data, their pipeline does not integrate any automated quantitative analysis
and datamining solutions. Other approaches proposed automated solutions for multicolor
guantitative super-resolution microscopy. For example, Almada et al*®’ (2019) developed the
NanoJ fluidics system to automatize a five-color experiment; Klevanski et al'® (2020)
published a new method enabling automated multiplexed super-resolution imaging using a
fully automated microscopy system including a non-invasive solution exchange. While the
automation of the staining gives a real asset in the super-resolution imaging workflow, none
of these approaches allows multiple biological conditions to be acquired and analyzed.

We can see a trend to develop automated solutions to improve super-resolution
microscopy workflow and to reduce user interaction with the sample for faster image
acquisition and less biases. However, all these methods usually focused on a specific problem
and a dedicated SMLM technique. They most of the time do not address storage, quantitative
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analysis, visualization and datamining issues, which are central to any HCS-HTS pipeline.
However, very promising results drastically address some of the intrinsic limit of SMLM as a
good step forward drug screening and molecule discovery at the single molecule level.

1.3.4.  When high content screening meets single molecule localization
microscopy

In 2017, our team published a HCS-SMLM’” imaging platform, an integrated functional
fully automatic solution for drug screening at the nanoscale. It is compatible with 96-wellplate
standards and integrates an HCS-based acquisition and analysis software. Using a mix of
commercial and freely available software, it can be installed on traditional SMLM setups as an
upgrade toward HCS-SMLM.

Our HCS-SMLM imaging platform proposes an automated workflow which streamlines
the acquisition and data analysis by generating a database “online”, during the super-
resolution acquisition. It computes automatically the molecule coordinates and trajectories of
a large number of fixed or living cells, without the need of user interaction. The platform
includes the full automation of a standard inverted motorized microscope, with all the
necessary devices to perform single molecule-based super-resolution acquisitions, as well as
online data-analysis, metadata extraction and datamining (Figure 25). Several existing or
developed on purposed software were integrated to the pipeline to permit SMLM acquisitions
and analysis to be performed in an HCS fashion. l initially joined the lab to work on this project
with the goal to develop the HCS acquisition software.

1.3.4.1. HCS-SMLM acquisition workflow

The HCS-SMLM software is the brain of the HCS-SMLM platform. It comes with a
Graphical User Interface (GUI) as a plugin of MetaMorph software, and handles all the
acquisition parameters to perform automatic super-resolution acquisition in a high content
screening fashion. It supports any multi-wellplate format or coverslip, and allows a direct
interactive visualization of the plate layout, selected wells and fields of view. It controls all the
necessary software modules, including custom ones (WaveTracer) and MetaMorph plugins
(Multidimensional Image Acquisition), as well as all the microscope devices (illumination
devices for SMLM and wide-field, filter cubes, motorized stages, etc.). The HCS-SMLM
workflow is described in Figure 25, and its specifications in Appendix.

Metadata computation and organization

Metadata are quantitative data computed during the HCS-SMLM pipeline. During each
SMLM acquisition sequence, WaveTracer plugin (1.2.2.5) computes automatically “on the fly”
the super-resolution images and localization data (Kechkar et al®®, 2013). Two types of data
are generated: i) the super-resolution images of 2D (and 3D when required) intensity and
trajectories (when required); ii) ASCII files containing the localization coordinates, trajectories,
MSD and diffusion coefficients. These data are processed in less than a minute per SMLM
stack thanks to WaveTracer’s multithreading, GPU and CPU. Overall, depending of the SMLM
techniques (dSTORM, PALM, DNA-PAINT), the acquisition and the online analysis lasts
between 4 to 20 minutes per field of view, without any manual intervention. Other
quantitative descriptors, such as clustering and dyes photo-physical properties, can be
extracted directly from the localization and tacking files. These additional metadata are
computed automatically offline by SR-Tesseler software (1.2.4.2).
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Database construction and data mining

All the images and metadata are automatically saved and organized in a well-defined
arborescence to form a database that can reach several hundreds of GB. This database is then
imported by Single Molecule Profiler (SMP), a free software developed for this project, which
organizes all the SMLM metadata in a functional SQL database compatible with CellProfiler
Analyst (CPA, Jones et al'®, 2008; Dao et al''®, 2016). Metadata are organized along the
multiwell plate layout and linked with a unique ID.

Devoted to datamining HCS data, CPA is a freely available software with a simple
interface enabling the visualization of single-molecule quantitative data in an intelligible
manner using histogram, scatterplot or heatmap representations.
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Figure 25. Complete HCS-SMLM pipeline. (a) SMLM data are acquired on a conventional inverted
microscope, equipped with an autofocus device and a fully motorized stage (X, Y, Z) under TIRF illumination
for optimal single-molecule imaging. Several acquisition strategies can be chosen, with or without pre-
screening mode, which use a low magnification objective. (b) Metadata used for the datamining process
are computed on-line during the acquisition (red) and off-line after the acquisition (dark blue). Off-line
metadata are computed directly from the on-line metadata, so that there is no need to reload the raw
images. (c) HCS-SMLM metadata are automatically exported from the hierarchy tree of files in an ASCII
database format composed of one table, called image table, which contains the image data information,
and a few tables containing the SMLM metadata. Image and metadata tables are linked through a unique
ID. (d) Benchmarking between HCS-SMLM and traditional SMLM procedure: A huge amount of time is saved
compare to manual acquisition by parallelizing the SR acquisition and post-processing SR computations,
and using SMP module and appropriate SQL-based data mining. (adapted from Beghin and al).

1.3.4.2. Examples of HCS-SMLM applications

3D super-resolution dSTORM imaging of a complete 96-wellplate

As proof of concept, in 2017, we automatically acquired 3D dSTORM images of fixed
cells on a complete 96-wellplate. Hundreds of images of microtubules labeled with Alexa-647
were imaged sequentially in an HCS fashion, without any user intervention except for the cell
selection before launching the screen. The entire screen was achieved in 8 hours, including
image reconstructions and online metadata extraction. The database contained 500 GB of raw
images, 200 million single-molecule localizations, and 70 GB of metadata files (Figure 25).

As explain in 1.2.3.1, dSTORM buffers have a limited lifetime, rendering fluorophores
blinking less efficient with time for SMLM. The photo-physical properties metadata analysis
indicated a decrease of single molecule blinking quality after 10 hours of acquisition, imposing
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a limit of a dSTORM screening acquisition duration under these conditions. Off course, the 96-
wellplate must be perfectly sealed to avoid contact between oxygen and dSTORM buffer,
which would reduce its efficacy and decrease that limit.
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Figure 26. 3D dSTORM SMLM on 96-multiwell plate using HCS-SMLM. (a) 96 astigmatism-based 3D dSTORM
images (20.5x20.5 um FOV, 40 nm/px) of Cos-7 cells’” microtubules, automatically acquired without human
manual intervention by HCS-SMLM. The total acquisition has been held within 8h, including the localization and
the reconstruction. The color coding indicates the Z-position. Scale bar, 5 um. (b) Gallery of 3D dSTORM images
with a regular time interval of 1 h between each image. Scale bar, 8 um. Z-scale applies to (a) and (b). (adapted
from Beghin and al).

We performed similar HCS-SMLM experiments using DNA-PAINT. While DNA-PAINT
was not impacted by the buffer time limitation, it required much longer exposure time (200
ms VS 10 ms for DNA-PAINT and dSTORM respectively). Consequently, for the same HCS-
SMLM acquisition duration, only sixteen 3D-DNA-PAINT images were acquired compared to
hundreds of images for a dSTORM experiment. Recently Jungmann’s lab introduced new
optimized-fast DNA-PAINT approaches which exchange 10 to 100-fold faster than classical
DNA-PAINT using periodic DNA sequences or FRET-based imager. These new approaches
would facilitate automated super-resolution microscopy opening interesting HCS-SMLM
perspectives (Strauss et al''?, 2020; Schueder et al**2, 2019).

Quantification of membrane-receptor dynamics

We validated the capacity of our HCS-SMLM platform to quantify receptor dynamics
in an HCS context thanks to its capability to collect automatically single protein tracking data.
To achieve this goal, we successfully performed a dose-response sptPALM experiment of
cross-linkers antibodies on membrane receptors’ mobility: a gradient of polyclonal anti-SEP
Ab was mixed on living transfected Hela cells expressing SEP::GluAl::mEos2 (Figure 27). We
used diffusion coefficient and clustering metadata to quantify the impact of cross-linker Ab
concentration on SEP receptor nanoscale organization and dynamics. Quality control read-out
was performed using the homogeneity of single molecules signal and dynamics, and the cell
viability. This study validated our HCS-SMLM platform to be a powerful tool for nanoscale
investigation of protein organization and dynamics, paving the way for new drug discovery
assays at the single molecule level.
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Figure 27. Quantification of dose response effect of Ab cross linker on single proteins mobility. (a)
Induced clustering of membrane receptors was obtained using crosslinker polyclonal anti SEP antibody. 3
concentrations of Ab were tested (1/100, 1/300, 1/1000) and 3 types of acquisition sequence were processed (I.
Sequential acquisition; Il. Serial acquisition; Ill. Random acquisition). (b) Graphics representing diffusion and
structural parameters of resulting metadata. Heat maps showed perfect correlation between Ab concentration
and medians of D coefficient (um®/s) as well as means of cluster size (nm°). (Adapted from Beghin and al).
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The HCS-SMLM imaging platform is a versatile and evolutionary tool for drug screening
applications which can be applied to various biological applications. Previous work described
in the last chapter confirmed its ability to provide qualitative and quantitative information on
protein spatial organization and trafficking at the nanoscale level.

Currently, in Sanofi there is a need to align capacities which lead to the selection and
nomination of the best candidate to development in a research project. Indeed, screening
campaigns for antibodies can generate a large amount of actives. How these compounds
interact with their target in living cells is often not yet well characterized. For example, the
mechanisms regulating the blockade of T-cell responses by the co-signaling receptors need to
be better understood, especially when these receptors are undetectable on naive or resting
human T-cells and induced by T-cell engagement in an immune response. Understanding how
the spatial organization of receptors and signaling proteins is regulated and how it determines
lymphocyte activation and cell fate decisions has become a ‘holy grail’ for cellular
immunology.

In this context, the main goal of my thesis project was to realize the proof of concept
that single molecule localization microscopy combined with high content screening approach
would improve the comprehension of the mode of action of therapeutic antibodies and their
role in immune T-cell activation. The HCS-SMLM would permit to access finer and more
precise readouts at the single molecule level, such as proteins spatial nano-organization or
trafficking; events undetectable by commercially available HCS-HTS systems which only
furnish global readouts. Such information was requested to better understand the differential
efficacies of therapeutic candidates targeting PD-1 receptors expressed on T-cells.

The nano-spatio-temporal organization of checkpoint inhibitors after mAbs ligation
will help in understanding how it triggers complete lymphocyte activation and how home-
made antibodies are acting compared to the benchmark antibodies used today in the clinic or
in in vivo studies. Here, the use of quantitative super-resolution microscopy will help in the
precise delineation of their immunological functions, paving the road for antibody
optimization as well as maximizing their functional efficacy. These studies would provide new
insights for home-made mAbs characterization for drug commercialization purpose.

This work was a collaborative project between Sanofi’s Integrated Drug Discovery
department (IDD) and the Quantitative imaging of the cell team of IINS. It aimed at combining
both expertise in immune drug screening approaches in immuno-oncology field with
qguantitative super-resolution microscopy in order to characterize therapeutic
mAbs/receptor pairs nanoscale organization and trafficking at the T-cell surface using HCS-
SMLM.

To answer the thesis problematic, two main Super-resolution-based imaging methods
developed in Jean-Baptiste Sibarita’s team have been used: 1) The HCS-SMLM imaging
platform and 2) 3D-SMLM-soSPIM technique.

First, the HCS-SMLM method was used for the standardized and quantitative
evaluation of multiple therapeutic antibodies targeting PD-1 T-cell membrane receptors. Its
ability to extract and compare efficiency clustering and dynamics features on several
compounds has already been proved. However, the current workflow required several
improvements and optimization to access the biological questions such as the automation of
the clustering analysis.
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Second, where the HCS-SMLM methods brings single-molecule microscopy to a higher
quantitative and temporal dimension, the soSPIM technology (described in 1.2.1.4) highly
increases the imaging depth capacity. Indeed, 3D astigmatism-based TIRF microscopy applied
by our HCS-SMLM approach is restricted to hundreds of um above the glass-bottom accessing
only partially T-cell membrane receptors organization. Thus, soSPIM allowed 3D membrane
receptors imaging of an entire T-cell under SMLM conditions. It permitted to image T-cells
receptors in more physiological manner without bias of any kind of support or coating. Thus,
it provided additional and complementary information to 2D/3D HCS-SMLM experiments. In
this context, the 3D-sub-diffracted mapping of receptors of interest required imaging and
dedicated software developments.

Both methods exist and have been published (Beghin et al’®, Galland et al*}). In this
context, to assess therapeutic antibodies targeting PD-1 receptors, the HCS-SMLM and soSPIM
workflow required further developments regarding T-cells culture, activation and imaging
protocols, as well as software developments and pipelines optimization. Technological and
biological developments | addressed along my PhD thesis are described in this script.
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|
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2. PROTOCOLS AND MODEL DEVELOPMENT
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The elaboration of new protocols for immuno-staining and imaging requires the
comparison of several biological conditions to be tested in duplicate or triplicate. Multi-well
plates (96, 384 or 1,536) are standard supports used in pharmacology which allow significant
time saving compared to single condition coverslips. They permit to screen multiple conditions
in a single acquisition workflow, and drastically reduce the volumes of reagents necessary for
imaging, enabling to save precious and expensive antibodies and imaging buffers.

The main goal of my thesis project is to implement a functional HCS-SMLM platform to
test multiple conditions. 96-well plates are the smallest format used in big pharma for drug
screening applications. | developed most of the protocols on these 96-well plates. These
protocols can be directly adapted to coverslips or larger multi-well plates (Appendix).

2.1. Protocols and model development

2.1.1.  Jurkat cells, a human T-lymphocyte cell line

Human primary T-cells are precious and expensive cells extracted from the blood of
human donors, and isolated and frozen in vials for use. Various studies done on human healthy
donors have shown inter-donor T-cell variations in their capacity to trigger immune responses
following activation (Longo et al'®, 2012; Dempsey et al''*, 2014). However, these cells do
not proliferate and cannot be “cultivated”. We therefore used a Jurkat cell line as T-cell model,
which is an immortalized line of human T-lymphocyte cells.

This Jurkat cell line is able to proliferate and to be cultivated over weeks, making them a
good simple model for this thesis project. | learned how to manipulate cells in suspension as |
am the only one using such cells in the Institute. | adapted the culture protocols to my
environment and developed the activation protocols necessary for my experiments. These
protocols needed to be robust and reproducible for high content screening experiments.

T-cells are non-adherent cells, contrary of all standard cells used in the labs. They have a
round shape and a variable size depending of the cell line. The diameter of Jurkat cells varies
between 10 to 20 um, whereas human primary T-cells are twice smaller, ranging between 7
to 9 um. Jurkat cells grow in suspension and form clusters of floating cells in the growing
culture medium. Healthy growing Jurkat cells are perfectly round and create cells bunches.
When isolated or organized in small clusters in the medium, they have some difficulties to
grow properly. They are really sensitive to the cell confluence (not lower than 0.2x10° cells/mL
and not higher than 3x10°cells/mL) and need to be carefully manipulated in order to avoid
involuntary activation.

2.1.2.  Jurkat cell adhesion

Non-adherent T-cells are commonly fixed on the glass-coverslip via protein coating to be
imaged by SMLM using TIRF or HILO illumination. Different kinds of coating exist, some allow
T-cell imaging in their resting states (PLL, Fibronectin, etc.), whereas other types of coating
have functional properties reproducing immune system interactions (Abs coating).

During the first months of my thesis, | investigated the best way to fix and immobilize
Jurkat cells on the glass-bottom of 96-well plates. SMLM imaging requires high-quality
0.17mm thick glass-bottom to be compatible with high numerical aperture objectives. | used
a 1.5H coverslip coated and uncoated 96-well plates from Matek Industry (P96G-1.5-5-F).

| first tried to trap them in a “sandwich PAD” of Poly-L-Lysine (PLL) or Agarose (2% and
4%) without success, since this process either killed the cells or did not fix them properly.
Then, | tried different well-known coating methods such as a monolayer of Matrigel,
Fibronectin and PLL. If Matrigel was really difficult to manipulate in comparison with
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fibronectin and PLL, only PLL efficiently allowed to attach the cells to the glass-bottom of the
wells. Using transmission light time-lapse imaging, | monitored during several hours the cells
behavior on these three types of coatings with a negative control (non-treated glass-bottom).
While cells remained alive in all conditions, most of them could not resist to aspiration steps
required for the fixation protocols. | observed that only around 1/3 of the cells remained fixed
on Matrigel and Fibronectin conditions, in comparison with PLL condition which kept a large
number of cells per camera field of view (FOV) attached. Finally, no cells remained on the
plastic control condition.

| also compared industrial Poly-D-Lysine (PDL) pre-coated 96-well plates to manual PLL
coating on uncoated 96-well plates (Ref. Sigma PLL P2636- mol wt 30,000-70,000).
Surprisingly, the industrial PDL coating did not allow to maintain cells on the surface after the
fixation and washing steps, and a stable cell seeding could only be obtained after several hours
of contact in comparison to about few minutes for manual PLL coating. Unfortunately, the
best protocol consisting in manual PLL coating, was not reproducible, whereas immune-
staining protocols required more than ten washing steps. This made it necessary to find a
more robust protocol to adhere cells onto the coverslip. As a consequence, | decided to
evaluate higher molecular weight of PLL (Ref. Sigma PLL P4707 - mol wt 70,000-150,000) to
increase the cell interaction. This high molecular weight PLL coating allowed to immobilize
Jurkat cells over several washing steps and in a reproducible manner.

Using this final seeding and coating approaches, | managed to seed correctly the cells on
the glass coverslip during several tens of minutes, including several steps of washing. | used
this protocol to analyze the PD-1 spatial nano-organization by super-resolution imaging and
in HCS-like experiment (Appendix).

2.1.3.  Jurkat cell activation protocol

We used Jurkat cells as T-cell model to investigate the mechanism of action of PD-
1/therapeutic antibodies interaction. It has been reported that Jurkat cells do not, or barely
express PD-1 receptors at their membrane surface unless they are activated (Petrovas et al'*®
2009, Yang et al'*®, 2008). Contrary of primary T-cells, it seems that Jurkat cells are less
responsive to co-stimulatory signal generated by CD28 receptor ligation. It has been
questioned if these cells are suitable for the studies of co-stimulatory and co-inhibitory signals
due to their infinite cell-cycle (Riley et al*?, 2009). Other studies revealed that the ligation of
PD-1 on Jurkat cells, activated by anti-CD3, leads to an inhibition of IL-2 secretion in opposition
to controls (Latchman et al''’, 2001), meaning that these cells respond to checkpoint
inhibitors, and are therefore suitable for the studies undertaken in this project.

In order to go further with the investigation of PD-1/therapeutic antibodies interactions,
I needed to better understand T-cell activation pathways, how they can be properly activated
and how the PD-1 receptor expression is modulated. To achieve this goal, | conducted several
experiments in order to establish simple, robust and reproducible T-cell activation protocols
applicable to Jurkat cells compatible with the single molecule localization microscopy
experiments.

Checkpoint inhibitor receptors are induced following in vitro T-cell receptors
engagement. As described in the introduction, functional anti-CD3 and anti-CD28 antibodies
are classically used to activate human primary T-cells. | first performed some preliminary
experiments to confirm the efficacy of both antibodies on Jurkat cells activation.
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2.1.3.1. Activation of Jurkat cells by CD3 coating

| performed a first assay to validate the Jurkat cells culture protocol using the Vi-CellXR
system (Beckman Coulter) which automatically counts and provides viability features
information. Jurkat cells’ viability, mortality rate and proliferation rate were monitored at
each passage during 2 weeks of culture. For 4 passages, | obtained an average of 97.37% of
cells viability, a doubling time of 20.7 hours (corresponding to the value found in Cellausorus
database), and a diameter of 12.76 um. These values confirmed that cells were in good
condition, validating my culture protocol.

| also evaluated standard T-cell activation protocols on Jurkat cells with the anti-CD3 +/-
anti-CD28 coating. Functional antibodies anti-CD3 (clone OKT3) +/- anti-CD28 (clone CD28.2)
both at 5 ug/mL have been coated in a 12-well plate with plastic culture treated as negative
control. Both antibody clones have been characterized in Sanofi’s lab and their activating
properties have been confirmed on human primary T-cells. The Jurkat cell cultured on either
culture-treated plastic (resting state) or on the two types of activation coatings were followed
up for 8 days in culture (Figure 28).
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Figure 28. 8-days evaluation on Jurkats’s behavior under activation protocols. Activation of Jurkats
T-cells during 8 days using an activating coating consisting of anti-CD3 (5ug/mL) +/- anti-CD28 (5ug/mL).
Jurkat cells were observed on plastic culture treated wells as control. (a) Characterization of cells proliferation.
(b) Cytokine (TNFa, IFNg) secretion rate measured from supernatants of each condition recovered each culture
day. (c) Examples of brightfield image for each condition, white arrow presenting activated Jurkat cells
spreading onto the bottom of the plate.

As observed on an 8-days follow-up, the number of Jurkat cells increased over all
conditions (Figure 28.a). However, the lowest cell proliferation rate obtained with antibodies
coating conditions were unexpected. We indeed expected a positive difference of
proliferation between activated Jurkat cell on anti-CD3 +/- anti-CD28 coatings and resting cells
growing on plastic. An increase of these values was also expected on the double activating
anti-CD3 + anti-CD28 condition compared to the single anti-CD3 activation, since the double
anti-CD3 + anti-CD28 activation is supposed to strongly increase T-cell activation (Figure 28.a).
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We hypothesized that since the Jurkat cells are immortalized T lymphocyte cell lines that
naturally proliferate in contrast to primary T-cells, their activation may not impact their
proliferation (Riley et al*’, 2009). In contrast, the cell morphology clearly changed after
activation by anti-CD3 coatings. White arrows on Figure 28.c shows examples of strongly
activated cells presenting morphological changes with a complete spreading on the coating.
On the contrary, resting cells remained round, in suspension and clustered as expected.

What about the secretion of cytokines which is also expected following T-cell activation?
The results indicated that no induction of TNFa or IFNg cytokine secretion was obtained on
this experiment compared to the media alone (Figure 28.b). This suggests that the number of
cells per well was not sufficient to express enough cytokine to be detectable by the HTRF assay
kit. To verify this conclusion, | held a second experiment on a 96-well plate where | measured
the cytokine rate of different Jurkat cell densities and under different activation protocols. |
seeded Jurkat cells through a gradient of different densities (12,5kC/25kC/50kC/100kC in
200uL) per well, either on poly-L-lysine coated, anti-CD3 coated (5 or 10 ug/ml) or non-coated
wells (Figure 29.a). In parallel, | compared two activation protocols: the first one using the
already evaluated anti-CD3 coating, and the second one with direct addition of anti-CD3 in the
culture media with suspended cells. After four days of incubation, the cytokine rate has been
measured from 100uL of supernatants. The results revealed that IL-2 cytokines were only
detected on anti-CD3 coated activation conditions (Figure 29.b). Moreover, by comparing the
anti-CD3 concentrations as well as the tested cell densities, | concluded that coating by only
5ug/mL of anti-CD3 is sufficient to activate Jurkat cells, and that a minimum density of 50k
cells per well is required to detect a proper cytokine rate.
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Figure 29. Measurement of IL2 secretion from a 96-well plate experiment. Study of the best cell densities
and activating protocols to promote sufficient Cytokine secretion detectable by the Pherastar reader (BMG), a
system used in Sanofi to characterize mAbs functionality. (a) Plate map testing gradient of cells density per well,
[12.5/25/50/100] thousands of cells per well, over 4 activating conditions, and without activating reagents as
control. The activating antibody used was anti-CD3 (OKT3 clone) antibody evaluated at two different
concentrations 5ug/mL or 10ug/mL either in solution or coated on plastic wells. (b) After 4 days, 100uL of
supernatant was taken from each well and the IL2 cytokine rate was measured for each condition.

Other parameters can be measured to provide more quantitative information on T-cell
activation. Calcium release is one of them. Upon T-cell activation, the engagement of the TCR
with a tumor-associated antigen of an antigen-presenting cell leads to an immune system
activation and induces an intracellular signaling cascade (see Introduction). It results in a
cytoskeleton reorganization and a huge increase of intracellular calcium (Ca2+) level
(Ostergaard et al**?, 1987; Valitutti et al**?, 1995), which can be used to measure the level of
T-cell activation. Several techniques exist to perform such measurement. | used both HCS-
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FLIPR calcium assay and ratiometric calcium imaging experiments. They both detect in real
time the calcium release by measuring the specific fluorescent intensity shown by the binding
of probes to any intracellular calcium molecule present in the cellular cytoplasm. The more
the cells are activated, the more the intracellular calcium concentration increases, and the
higher is the fluorescent signal.

2.1.3.2. Calcium 5+ assay via FLIPR HTS

| used the high-throughput Cellular Screening-FLIPR platform to quantify the activation of
Jurkat cells by addition of anti-CD3 +/- anti-CD28 antibodies in comparison to well-known
cellular positive and negative controls. The FLIPR system measures the intracellular calcium
release by cells in real time and simultaneously over 384-well plates. It allows the analysis of
the compound efficacy in kinetic mode by reagents injections (=events) at precise doses and
given times during the live acquisition. Defined reagents were distributed by an automatic
pipetting arm system. This automatic workflow permitted the simultaneous comparison of
tens of different conditions. Two controls are classically used: i) the lonomycin is an effective
calcium ionophore which triggers a transmembrane calcium influx leading to a strong increase
of the intracellular calcium concentration; ii) the Ethylene Glycol Tetraacetic Acid (EGTA) is a
chelator molecule trapping divalent cations with a selectively for Ca+ions. lonomycin is a non-
physiological positive control which can induce a full saturation of the calcium probe,
corresponding to 100% “T-cell activation state”, whereas EGTA is a non-physiological negative
control blocking all Ca2+ ions present in the solution, corresponding to a 0% T-cell activation
state. Phytohemagglutinin (PHA- lymphocyte cell cycle stimulator), Thapsigargin (blocking the
ability of the cell to pump calcium into the sarcoplasmic and endoplasmic reticula) and anti-
CD3 +/- anti-CD28 (physiological T-cell activators) are effective ways to induce lymphocyte
activation leading to a calcium release.

Reagents tested (triplicate): cf

lonomycin 10uM

EGTA 2mM
PHA 100pg/mL

Thapsigargin 1uMm

Anti-CD3 +/- anti-CD28 10/5/2,5/1,25/0,612 ug/mL +/- aCD28 10ug/mL

Anti-PD-1 (Nivolumab) 10ug/mL
Anti-TNP (Nivolumab isotype control) 10ug/mL
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Figure 30. Jurkat cell activation study using Ca5+ on HTS-FLIPR platform. Jurkat cells, labelled with a
calcium probe (Ca5+), are activated using different positive/negative controls which modulate the calcium flux
released overtime. (a) Ca5+ intensity signal measured overtime (in seconds). Different reagents have been
injected automatically on top of cells 4 seconds after the experience started (red line). Each curve corresponds
to the Ca5+ fluorescence intensity of one well (i.e. conditions in triplicate). Immediate positive responses from
Jurkat cells to lonomycin, Thapsigargin and PHA are obtained with clearly different modes of action shown by
the curve shape. (b) Average of the area under curve (AUC) for each condition.

In a preliminary experiment, the capacity of Jurkat cells to respond to the control
molecules was checked. After labelling with a calcium probe, the application of negative and
positive controls on top of Jurkat cells, seeded in a PLL-coated 384-well plate, gave the
expected results on calcium signal intensity (Figure 30).

In a second phase, a range of anti-CD3 concentrations was injected, and a dose-response
experiment was achieved showing a rapid signal increase followed by a slight decrease, as
expected (Figure 31). The more the anti-CD3 concentration increases, the more the
fluorescent signal rapidly occurs (delay shortened), and higher is the peak response, until a
top reached at 5-10 ug/mL. These differences were less visible using the area under the curve
calculated on the 0-1200 second period. The time point to obtain the maximal fluorescent
signal is reached at 4 min after the injection of anti-CD3 antibody to the cell suspension,
meaning Jurkat cells present activation signs rapidly, only a few minutes after CD3 ligation.
When a second injection of anti-CD3 at the highest concentration of 10 pug/mL was performed,
the intracellular calcium signal did not increase significantly, and no second abrupt increase
was obtained except for the curve started at 0.6 pug/ml anti-CD3. These results showed that
5ug/mL of anti-CD3 should be sufficient to fully activate Jurkat cells. Interestingly, the addition
of 10 pug/ml of anti-CD28 to the different concentrations of anti-CD3 gave almost the same
intensity responses (Figure 31.c), meaning that anti-CD28 does not result in intracellular
calcium changes in Jurkat cells. It seems that the anti-CD28 does not affect Jurkat cell
activation, confirming our previous data demonstrated in culture experiments.

Finally, we tested the impact of Nivolumab, the antibody blocking the checkpoint inhibitor
PD-1 on calcium signaling. As expected, like its isotype control, Nivolumab does not activate
alone Jurkat cells, neither modifies the anti-CD3 response, secondarily injected (Figure 31.b).

In conclusion, these results confirmed that Jurkat cells could be systematically activated
by a functional anti-CD3 antibody. The final concentration of S5ug/mL was sufficient to reach a
strong intracellular calcium flux, and there is no need for additional co-stimulatory signal from
anti-CD28.
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Figure 31. Jurkat cells activation by anti-CD3 mAbs using Ca5+ on HTS-FLIPR system. (a) A gradient of
concentration of anti-CD3 [0.6, 1.2, 2.5, 5, 10]ug /mL +/- 10ug/mL of aCD28 Abs was tested. (b) The therapeutic
anti-PD1 mAb Nivolumab and its isotype control were also tested to control their effect on Jurkat cell state.
Reagents were injected automatically on top of cells 4 seconds after the experience started (red line), and a
second injection of anti-CD3 at 10 g /ml was applied after 10 minutes to directly compare the activating capacity
of each reagent to the most common activating protocols (second red line). (c) Graphs representing the average
area under curve for each condition.

2.1.3.3. Calcium imaging using Fura2 via video-imaging

After the investigations done on Jurkat cells at a large-scale level using the HTS-FLIPR
system, further experiments were conducted using a video-imaging system which provides
single cell information of the calcium concentration on individual cells (Partiseti et al'?®, 1994).
The video-imaging system is composed on a standard inverted microscope which integrates
an x100 objective and sCMOS camera controlled by MetaFluor software. During the
experiment, reagents were distributed using a 1mL-pipet on top of PLL-immobilized Jurkat
cells labelled with Fura2 calcium probe. The same reagents used for FLIPR experiments were
tested (Figure 29). As previously obtained from FLIPR experiments, individual cell activation
by positive and negative controls were conformed to the expectations (Figure 32). The analysis
of the Jurkat cell behavior under anti-CD3 antibodies stimulation showed a slight but
significant increase in individual calcium signal, which was not modified by addition of anti-
CD28 antibody (Figure 32.b, c). The analysis taking into account all the evaluated cells
confirmed the good consistence of the results between the HTS-FLIPR platform and the video-
imaging system (Figures 31.c and 32.c).
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To conclude, Jurkat cell line is a good model as the cells were able to reproduce the
activation characteristic known for primary T-cells. We used it for the PD-1 characterization
by SMLM.
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Figure 32. Calcium imaging of individual Jurkat cells using Fura2. (a) Jurkat cells are first labeled
with Fura2 probe, then seeded onto PLL-coated coverslips and imaged via a video-microscope following
reagent addition. (b) Online analysis and calcium flux release was measured during live acquisition using
MetaFluor software. Each curve represents one cell of the field of view. (c) Graph shows the average
Fura2 ratio obtained from resting Jurkat cells in buffer (basal state, n=138, for 6min), after activation by
10ug/mL anti-CD3 (n=123, for 6min) and then 10ug/mL anti-CD3 + 10ug/mL anti-CD28 (n=123, for 5min),
in comparison to Fura2 ratio provided by Jurkat cells stimulated by 10uM lonomycin (n=138, for 8min).
Image: 0.2fps. P values were calculated using non-parametric Kruskal-Wallis tests.

2.1.4. Investigation of the PLL Effect on Jurkat cells

Two recent papers published in 2018, investigated the effect of Poly-L-Lysine coating on
T-cell activation. They showed that PLL coating could induce primary T-cell activation and
membrane receptors immobilization (Ponjavic et al**, 2018, Santos et al*?!, 2018). This last
point highlighted that PLL coating, by preventing receptors to freely diffuse at the surface of
T-cell membrane, could induce some bias in the quantification of the PD-1 dynamics by TIRF
microscopy (Chapter 3). Since all my further staining and imaging protocols required the
seeding of Jurkat cells on PLL surface, | investigated the impact of the PLL on the Jurkat cell
activation state. | repeated the FLIPR calcium assay, described previously, on 4 different types
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of PLL/PDL (industrially and manually coated at various concentrations). | performed a second
experiment, where Jurkat were dropped on different types of PLL/PDL to monitor its effect on
cell calcium signal intensity in real time.

The comparison of all the “medium” (buffer) conditions between manually PLL coated
384-well plates and the 384-well plate without coating (culture-treated plastic), showed no
apparent cell activation. In contrary, the industrial PDL-coated-384-well Greiner plate induced
only a slight cell activation (Figure 33). However, as Jurkat cells were seeded several minutes
before imaging, we might have missed any activation effect. So, a second experiment was
carried-out, where cells were dropped onto the 4 same 384-well plates in well-containing
either ringer buffer, lonomycin or EGTA for the positive and negative controls (Figure 34). The
response to lonomycin resulted in strong intracellular Ca2+ flow in all the plates as expected,
even if we observe larger cell response dispersion for the 384-well plate without coating. In
the presence of ringer buffer, the 384-well plate with 5ug/ml PLL and the 384-well plate
without coating condition presented a very low Ca2+ level, similar to EGTA treated condition
(Figure 33). These signals were slightly higher under 100ug/ml PLL and Greiner PDL-Coated
plates, but not significant in comparison to the signals given by the lonomycin condition. All
taken together, these results indicated no activation signals observed from Jurkat cells in
contact with different types of PLL coatings.
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Figure 33. Effect of Poly-L-lysine-coating on Jurkat cells activation measured by HTS-
FLIPR Ca5+ assay. 4 types of 384-well plates were used, either industrially PLL-coated (Greiner),
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Figure 34. Cell dropping and calcium imaging using Ca5+ on HTS-FLIPR system. Jurkat cells were
dropped into wells from 4 types of 384-well plate (industrial PLL pre-coated, manual PLL coated at 5ug/mL or
100ug /mL or not coated). (a) Each well contained either medium or lonomycin. Each curve represents the Ca5+
fluorescence intensity of one of the 384 wells (i.e. conditions in triplicate). Immediate positive responses from
Jurkat cell to lonomycin can be observed, whereas cells dropped into the medium did not release calcium. (b) To
quantify those results, we measured the average of the area under curve (AUC) for each condition.

To conclude this part, | characterized the Jurkat T-cell activation on anti-CD3 coating and
evaluated the effect of poly-L-lysine to anticipate the requirement of the imaging protocols. |
validated the Jurkat cell culture, seeding and activation protocols on 96-well plates. | defined
two types of coating protocols: 1) an anti-CD3-based activator coating for Jurkat cells
activation, which induced intracellular calcium release and IL2 secretion, and should induce
the apparition of PD-1 receptors at the cell surface as shown for human primary T cells; 2) a
manually PLL coating for the immobilization of Jurkat cells at a resting state at the bottom of
the wells for imaging purpose.

2.2. Protocols for SMLM of PD-1 receptors on Jurkat cells

2.2.1. PD-1receptor labeling strategies

Antibodies, either primary or secondary, are characterized by their type, specificity and
affinity to the target of interest. The specificity is the accuracy of detection of a target,
protein/antigen, avoiding the detection of non-specific proteins. The affinity is the binding
strength of an antibody to its protein antigen. These properties are essential in imaging
because they allow the precise visualization of a protein of interest, while limiting the non-
specific labeling leading to background and possible bias in the quantification. This can be a
major issue when the density of protein of interest is low, which is the case of T-cell receptors.

2.2.1.1. Therapeutic vs standard primary mAbs

We choose to investigate the PD-1 receptor as a first target. We selected two mAbs anti-
PD-1, the Nivolumab and the Pembrolizumab, to study mAbs/receptor behaviors at the
nanoscale. Both of them are well-known and well-described in the literature, especially in
medicine and clinical assays. Petros Fessas et al*??(2017) compared the molecular, preclinical,
and early clinical studies of both antibodies. Both mAbs target epitopes of PD-1 with high
affinity and high specificity. They are both from the same igG4 subclass and are quasi-identical
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apart from their variable region. They both showed T-cell activation results and similar early
clinical pharmacokinetics data. All these studies allowed us to compare our results with other
indirect biological experiments, as well as Sanofi drug screening experiments (Introduction).
Several studies performed on PD-1 and associated therapeutic mAb used fluorescence
microscopy (1.1.5), but to our knowledge, none have been achieved with super-resolution
microscopy.

| first privileged the use of Nivolumab to develop the imaging protocols for SMLM. Indeed,
over and above its functionalizing effect on T-cell receptors, this mAb will be used both for its
functional properties to address the biological question, or only for its binding function to
perform classical fluorescence microscopy via primary-secondary antibodies. In a second time,
for the HCS experiments (Chapter 4), | evaluated the Pembrolizumab and compared it with
the Nivolumab to quantify any potential effects of therapeutic antibodies on the nanoscale
spatial organization and dynamics of PD-1 receptors. In parallel, | used two commercial Abs
described for immune-staining applications with non-apparent functional effect as controls
(mouse anti-human PD-1, rabbit anti-human PD-1).

2.2.1.2. Labelling strategy for SMLM

In order to monitor the effect of therapeutic antibodies on the nanoscale organization of
T-cell membrane receptors, we investigated different labeling strategies adapted to SMLM.

For dSTORM imaging, | initially considered small dyes such as Fab antibodies (50kDa),
rather than secondary antibodies (150kDa) coupled with Alexa dyes to improve the resolution
of the super-resolution images. However, preliminary studies showed that Fab antibodies lead
to some unspecific signal when used at the same concentration than AlexaFluor647 (A647).
Conditions using non-therapeutic primary indirectly bound by a standard secondary Abs
labelled with A647 have therefore been preferred rather than directly conjugated Abs.
Considering that fewer dyes are attached to a single primary Ab conjugated than a single
primary Ab attached with several fluorescent secondary Abs, conjugated Abs could provide
less localizations per protein, decreasing the dSTORM imaging quality. Nanobodies (15kDa),
which could be another labelling possibility, were not considered because such Abs targeting
human species are rare or non-existing.

For DNA-PAINT imaging, the use of therapeutic antibodies as primary antibodies couldn’t
be considered because DNA-PAINT dyes matching with human species are not commercially
available. Therefore, we used standard anti-PD-1 Abs from mouse.

For uPAINT imaging, the Nivolumab batch used has been conjugated in the lab with

Atto647. We choose the Atto647 dye since it is more photo-stable compared to A647, making
it more appropriate for such single molecule tracking experiments. The functionality of this
new Ab Nivolumab-Atto647 has been controlled through imaging experiment (labeling
efficiency) as well as on its biological property in MLR experiments in Sanofi’s lab
(Introduction).
Finally, for sptPALM experiments, we used two plasmids coding for human PD-1 and mEos3.2:
the mEos probe being linked to PD-1 either at the Nt (mEos-Nt-PD1) or Ct (mEos-Ct-PD1) part
of PD-1. Both plasmids were internal to Sanofi (specifically developed for the project) and
were not commercially referenced. As preliminary transfection experiments demonstrated a
lower rate of cell transfection with mEos-Nt-PD1, | used essentially the human PD-1-Ct-
mEos3.2 construct.

2.2.1.3. Optimization of the immuno-staining protocols

Non-specificity of biological event is mostly caused by antibodies binding to the wrong
target. Hundreds of immuno-staining protocols exist, each of them being suitable for a specific
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biological application, a specific target of interest and a specific fluorescent microscopy
technique. A given protocol can lead to poor results and unspecific signals when applied in a
different biological context or different microscopy approach. The main parameters which
vary from one protocol to another are: i) the incubation time of antibodies, ii) the incubation
temperature, and iii) the Abs concentration. To optimize staining protocols and avoid non-
specificity, the main recommendations are:
- The use monoclonal Abs as much as possible.
- The blockade of non-specific sites using bovine serum albumin (BSA) with or without
biotin or another blockade solution.
- The use of detergent (e.g. TWEEN20, Triton, etc.) can be employed to remove extra
antibodies attached to the coating or the glass-bottom of the imaging support.
- Avoiding cross-reactivity from different antibody species, especially in the case of
multicolor imaging implying multiple labeling.
- The removal of secondary antibody aggregates before their application on cells (strong
centrifugation).
- Reducing the auto-fluorescence coming from the medium or the cells by using adapted
imaging buffer, cell membrane clarification protocols, or photo-bleaching.
- Increase the number of washing steps as much as possible to avoid non-specific
fluorescence.
- The choice of adapted secondary antibodies fluorophores to prevent the overlapping
between excitation and emission spectra.
- Avoiding the incubation of antibodies on cells under extreme conditions of duration,
temperature and concentration.

| struggled a lot with non-specific signals coming both from therapeutic antibodies and
immuno-staining protocols. Indeed, | used to incubate a too high concentration of primary
antibodies over a too long incubation time on my cells at 37°C. The combination of those
extreme conditions ended to string non-specific signals on the Jurkat cells, corrupting the
single-molecule analysis.

In addition, months after validating the staining protocols, it turned out that the OKT3
antibodies used as a coating for Jurkat cells activation degraded within few months. This
unusual degradation generated a strong unspecific background coming from its affinity with
anti-Human A647 Abs (Figure 36). | tried several solutions to prevent A647 to non-specifically
bind to the coating or to remove them after the staining. | first tried different concentrations
and incubation times of several blockade solutions such as BSA, milk, western blot buffer.
Second, | tested the combination of BSA +/- 5% of Goat serum, which is the same species as
the anti-Human A647 Abs. Finally, | tested different reagents to remove extra Alexa disposed
onto the coating such as Triton +/- 0.01% of SDS. None of these conditions succeeded in
reducing efficiently the background signal compared to the negative control without A647
incubation (Figure 35). The best option | found was to use a new OKT3 vial for each
experiment. The remaining non-specific signal may lead to some issue in the quantitative
analysis of SMLM data.
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Figure 35. Development of new blockade protocols. To overcome background issues due to A647 affinity
with anti-CD3 Abs coating, different blockade solutions were tested: PBS-BSA +/- of goat serum (SG), Western
Blot blockade buffer (WB buffer) or Milk at various incubation times on wells containing Jurkat cells activated by
adhesion for 24h onto CD3 coating on a 96-well plate. (a) After blocking steps, wells were incubated with 1/10000
of A647 for 1h at RT and then wells were rinsed 3 times with PBS or TWEEN-20 +/- SDS at various concentrations.
(b) Representative images of each condition defined in (a) with negative control on the left column and positive
control at the bottom row (TIRF images, 635 laser, 256*256pxl).
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Figure 36. Background investigation. Wells were coated with anti-CD3 Abs from new non-opened samples
and a 2 months old sample. After a blocking step using PBS-BSA 5% for one hour, A647 anti-Human were
incubated for one hour at RT. (a) Average intensities measured from images in (b). TIRF images using 635 laser,
(256*256pxl). The average intensity of the background signal from a coating made with a fresh and new anti-
CD3 sample is almost 2-fold lower than the old one. The high background signal may be linked to the degradation
of the anti-CD3 Abs occurring over time.
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In addition to optimizing the labelling protocol, it is crucial, for each experiment, to
validate the fluorescence signals obtained from the structure of interest with several negative
and positive controls. Different preliminary control experiments were required for my study,
i.e. specificity, imaging and T-cell activation protocols. Isotype controls were exploited as
negative controls of the specificity of primary Ab (Figure 37). An isotype control is a primary
Ab that lack specificity to the target but matches the host species, the class and subclass
(isotype) of the tested primary Ab, and which is used at the same working concentration as
the primary antibody. Its use allows to brings to light the fluorescence resulting from non-
specific Fc receptors binding and other non-specific cellular proteins. To control the specificity
of secondary antibodies, cells are stained using only the secondary Abs without any primary
Abs (Appendix).

b

Isotype control w/oprimary Abs

imary Abs

|
\

BF

ey
BF-J-iso3-IF 1 BF-J-ssPrimaire BF-JPD1-is03-IF1 BF-JPD1-ssPrimaire-IF1

HILO
section

HRhilo-J-is03-IF 1-sect HRhilo-J-ssPrimaire HRhilo-JPD1-is03-IF 1-sect HRhilo-JPD1-ssPrimaire-IF 1

TIRF

HRtirf-J-iso3-IF 1 HRYirf-J-ssPrimaire HRtirf-JPD1-is03-1F 1 HRirf-JPD1-ssPrimaire-IF 1

Figure 37. Control of immunostaining protocols. The immunostaining protocol was applied to native Jurkat
cells (a) and to a Jurkat cell line expressing human recombinant PD-1 at their surface (JPD1) (b). Cells were stained
following the protocols described in Appendix. To control the specificity of primary antibodies, isotype control was
used instead of primary antibodies (left panel). To control the specificity of secondary antibodies, cells were
stained without primary antibodies (right panel). Bright-Field images (top), high resolution images (635 laser,
512*512pxl) (middle), and high-resolution images of cells at the glass-coverslip interface (bottom) were acquired
respectively in Bright-Field, HILO and TIRF illumination (635 laser, 512*512pxl).

2.2.2. Protocols for PD-1 and CD3 receptors fluorescence imaging

As a model and control, | used the well-known and widely described CD3 T-cell membrane
receptor. The cluster of differentiation CD3 is a member of the complex TCR-CD3, which plays
a key role in T-cell activation by generating downstream intracellular signaling events. Its
nanoscale organization has been reported in the literature using several microscopy
techniques, ranging from classical fluorescence microscopy to SMLM (Introduction, Figure 9).

67



Publications reported that CD3 is randomly and homogeneously distributed on the
membrane at the resting state of T-cells (Rossboth et al®>, 2018). It aggregates at the
immunological synapse, forming clusters upon T-cell activation. Such protein aggregation
process appears between 10 min to 8 hours after T-cell activation through TCR/CD3 activation
using functional Ab coating or functionalized SLB (20 min — Rossboth et al®>, 10 min — Pageon
et al”’, 8h — Zhong et al*®). All these studies were performed using high resolution TIRF
microscopy, and dSTORM and PALM single molecule-based super-resolution microscopy
(Figure 9).

| used this well-studied model as a control to validate my culture and staining protocols
for SMLM microscopy on T-cell membrane receptors. The fluorescence signal obtained on the
CD3 receptors on resting Jurkat cells was then compared to the signal obtained for PD-1
receptor (Figure 38, 39). Similarly, CD3 clustering during the early step of Jurkat cell activation
was used as positive control of T-cell membrane receptor clustering, and compared with PD-
1 cluster analysis (Chapter 4).

The PD-1 model development has been initially tested on a commercial PD-1
recombinant Jurkat cell line (JPD1), which constitutively overexpresses PD-1 at the
membrane before being tested on activated Jurkat Jurkat cells for which the PD-1 expression
is induced by cell activation. Indeed, JPD1 cell line express natively PD-1 in the resting state,
making these cells easier to use in routine for the development of the quantitative super-
resolution imaging pipeline.

In order to validate the first step of culture and staining protocols, | compared the
fluorescent signal obtained for the staining of CD3 on resting Jurkat cells, with PD-1 receptor
on resting JPD1 cells and after 4 days of Jurkat cell activation (Figure 38, 39). The protocols
described in the Appendix included all the details on the different coatings, cell viability and
seeding, immune-fixation and immune-staining (Appendix). Once the best conditions
determined, super-resolution microscopy and quantitative analysis of the nanoscale
organization were performed on CD3 and PD-1 receptors.
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Figure 38. Visualization of PD-1 and CD3 receptors at the Jurkat cell surface. Native Jurkat
cells and PD-1 recombinant Jurkat cells (JPD1) were seeded on PLL and stained by anti-CD3-OKT3 and
anti-PD-1 clone MIH4. (a) CD3 receptor distribution at the membrane surface was similar for both cell
types. (b) Resting Jurkat cells did not express PD-1 in contrary to JPD1 cell line. Bright-Field images
(left), high resolution images (635 laser, 512*512pxl) (middle), and high resolution images at the
glass-coverslip interface (right) were acquired respectively using Bright-Field, HILO and TIRF
illumination (635 laser, 512*512pxl).
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Figure 39. Detection of PD-1 receptors on JPD1 using standard vs therapeutic anti-PD-1 Abs. PD-1
receptors on the PD-1 recombinant cell line (JPD1) were stained by Nivolumab, a functional antibody, or by anti-
PD-1 MIH4 Abs. PD-1 receptors distributions are similar using both type of Abs and present homogeneous and
random distributions of receptors at the JPD1 membrane (right panel). Bright-Field images (left), high resolution
images (635 laser, 512*512pxl) (middle), and high-resolution images at the glass-coverslip interface (right) were
acquired respectively using Bright-Field, HILO and TIRF illumination (635 laser, 512*512pxl).
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3. 2D & 3D Jurkat PD-1 receptor organization
and dynamics at the single cell level
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Checkpoint inhibitors of the immune response, PD-1 receptor, plays key roles in immune
tolerance, auto-immune diseases as well as tumor progression. A better understanding of its
mechanism of action would lead to new pharmacological approaches and more efficient
treatments. The literature is rich on this topic, but only a few studies have been done so far
on the function of PD-1 receptor at the membrane level. In my project, prior doing HCS-SMLM,
| investigated the spatial nanoscale organization and dynamics of PD-1 receptor, at the single
cell level using several SMLM approaches. PD-1 organization at the membrane of Jurkat cells
was first investigated on fixed cells, in 2D and 3D by dSTORM and DNA-PAINT super-resolution
microscopy techniques. Then, | explored sptPALM and uPAINT single particle tracking
methods to quantify the PD-1 dynamics on living Jurkat cells. After PD-1 nanoscale
organization and dynamics characterization, | investigated the impact of the therapeutic mAb
Nivolumab on fixed and living Jurkat cells. We used these results to calibrate potential
readouts for the high content screening experiments of anti-PD-1 therapeutic mAbs.

This chapter describes the single cell quantitative analysis of PD-1 nanoscale organization
and dynamics by SMLM, at the basal cell surface by TIRF illumination, and at the whole cell
level using light-sheet illumination.

3.1. Study of PD-1 receptors spatial organization using SMLM

3.1.1. Characterization of PD-1 expression at the membrane surface of
Jurkat cells

As explained in the Introduction and Chapter 2, PD-1 receptors are expressed on the
surface of activated T-cells. The kinetics of PD-1 expression on Jurkat cells is not plainly
described in the literature. Some publications described a PD-1 expression observed on
primary T-cells after a few hours to a few days of activation (Francisco et al*, 2011; Iwai et
al’** 2017). On the other side, Yang et al*'® (2008) reported that 70% of the Jurkat cells
express PD-1 receptors after 48 hours of activation. Investigating PD-1 expression kinetics on
our cellular model was primordial prior SMLM quantitative analysis. This study was conducted
in 96-well plate, in which Jurkat cells were activated between 30 minutes to 96 hours (4 days)
via anti-CD3 coating. Cells were then fixed and PD-1 receptors labeled using Nivolumab as
primary anti-PD1 mAb combined with A647 as secondary fluorescent mAb (Appendix). Here,
Nivolumab was used only as a detecting Ab. The same staining procedure applied to Jurkat
cells seeded for 96 hours on a non-activating coating (PLL coating), resulted in the absence of
PD-1 expression at the membrane surface (data not shown), confirming the signal specificity.
High-resolution TIRF (HR-TIRF) image analysis revealed different levels of receptor expression
(Figure 40.a). To compare the level of expression between the different incubation times, |
measured the average fluorescent intensity for each cell detected from brightfield images
(circles in Figure 40.a). For this analysis, at least 14 cells were evaluated by time point.
Interestingly, PD-1 receptors were detectable on Jurkat cell surface 4 to 8 hours after
activation by the anti-CD3 coating. Then, a slight decrease in PD-1 expression could be
observed between 12 to 24 hours, followed by a plateau until 96 hours. This kinetic of PD-1
expression at the Jurkat cell surface was non-linear, certainly due to the heterogeneous
expression observed at each time point (Figure 40.b), as illustrated on HR-TIRF images (Figure
40.c).

| then investigated several activated cells from the same experiment by 2D dSTORM,
and analyzed them to identify the clusters and extract the number of localizations per cluster,
clusters area (nm?) and the cluster density (cluster/umz) per cell. The statistical analysis of
these parameters demonstrated no significant difference between all the time points (1-4
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days of activation) on the number of localization and cluster area. However, a strong variability
was observed on the cluster density parameter (Figure 41). These results indicated that the
Jurkat cells were able to respond to the anti-CD3 coating by increasing PD-1 expression at their
surface. Surprisingly, PD-1 expression was highly heterogeneous between Jurkat cells. In
particular, a proportion of Jurkat cells did not express PD-1 receptors at their membrane or
did not responded to the anti-CD3 coating. One potential explanation is that, as an
immortalized cell line, this Jurkat cell line proliferates constitutively which could impact its
ability to express PD-1. These observations strongly suggested the need to work later with
primary T-cell for validation.

In summary, these first experiments indicated that activated Jurkat cells could be
imaged from 8 hours to 4 days after activation, and that there was a global heterogeneity of
PD-1 expression on activated cells. From these results, further experiments were conducted
on 24 hours and 4 days activated Jurkat cells to determine the PD-1 nanoscale receptor
organization, and measure the therapeutic mAbs effects on cells, considering these two-time
points as an early and late activation phase, respectively.
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Figure 40. PD-1 expression time-scale on activated Jurkat cells. Jurkat cells were seeded on an anti-CD3
coating in a 96-well plate between 30 min to 4 days before fixation. (a) Example of resulting bright field (BF) and
high-resolution TIRF (HR-TIRF) images of the same FOV (80umx80um, Nivolumab-A647). Cells were manually
segmented from the BF images. Then, ROl were duplicated on the HR-TIRF images and the average intensity of
each cell analyzed (b). (c) Time evolution image gallery of PD-1 expression from 30 min to 4 days. The first line
represents the HR-Hilo images of the middle of the cell. The second line represents HR-TIRF images of Jurkats
membranes (Nivolumab-A647).
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Figure 41. Quantitative analysis of PD-1 clusters on 2D dSTORM images of Jurkat cells at various
activated states. Jurkat cells were seeded on an anti-CD3 coating in a 96-well plate from 16h to 4 days before
fixation. dSTORM imaging was performed for each activation time, followed by single molecule localization and
cluster analysis. (a-c) Three clustering features were investigated: the number of clusters per um? (left), the cluster
area in nm’ (middle) and the number of localizations per cluster (right). Each point represents the median of one
cell cluster distribution. Dark lines represent medians obtained from all cells for each condition. (n=6, 4 days; n=7,
3 days; n=5, 2 days; n=7, 24h; n=3, 16h). (dASTORM: 635 Laser, 15,000fr, 50fps).

3.1.2. 2D&3D quantification of PD-1 spatial organization by dSTORM

On these experiments, PD-1 receptors were first imaged using 2D dSTORM to
characterize their spatial nano-organization at the membrane of activated Jurkat cells,
hundreds of nanometers above the coverslip using TIRF microscopy. Following 2D dSTORM
acquisition, single molecules were localized using PALMTracer software, and the resulting
localization coordinates were analyzed by SR-Tesseler software for cluster quantification
(Introduction). Practically, PD-1 clusters were segmented using a threshold based on the local
localization density, and clustering features were extracted for each cell (Figure 42.d,e). There
is two ways to measure the size of clusters of localization in SR-Tesseler software. It can be
measured either using the principal component analysis (PCA) based on the localization
distribution, or directly from the segmented polygons area (Figure 42.e). To standardize the
quantification, we focus our clustering analysis using the second option. 2D dSTORM images
revealed isolated and randomly distributed PD-1 clusters of homogeneous size (Figure 42).
We measured clusters with a median value of 10-15 localizations per cluster, and a diameter
of 35-60 nm per cluster, proving more structural information of PD-1 receptors organization
than classic fluorescent microscopy (Figure 42.c, d, zoom).

To deeper characterize PD-1 organization, | performed astigmatism-based 3D
dSTORM, providing access to PD-1 membrane receptors at up to 1um above the coverslip.
The resulting images globally revealed a similar organization pattern of PD-1 compared to 2D
dSTORM data. We could however notice some cavities (white arrows, Figure 43) inside the
Jurkat cells, which were probably due to membrane ruffling onto the activator coating
(Ponjavic et al**, 2018). These observations were made on native Jurkat cells (Figure 43-right)
and on the Jurkat cell line constitutively expressing human PD-1 (JPD1) (Figure 43-left).

In order to better understand PD-1 organization upon cell activation, | conducted
experiments aiming to observe the impact of anti-CD3 activation on the spatial re-
organization of PD-1 receptor. We expected PD-1 receptors to present specific patterns of
organization upon cell activation, such as receptors aggregation surrounding CD3 clusters
upon cell activation. To this end, multicolor imaging experiments were carried out to image
both CD3 and PD-1 receptors on this recombinant cell line. To induce JPD1 activation, CD3
receptors were recruited by antibody cross-linking via primary and secondary antibodies
complexes for 30 minutes on the living cells. Different ratio of secondary antibodies A532 over
unconjugated anti-CD3 mAb (2 or 4 times) were used for JPD1 cells activation (data not
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shown). dSTORM super-resolution imaging was performed on PD-1 receptors and overlayed
with high-resolution TIRF images of CD3 (Figure 44). Unfortunately, dSTORM reconstruction
of CD3-A532 acquired for this experiment did not reach the required quality to be analyzed.
However, HR-TIRF images were sufficient to conclude on the spatial organization of PD-1
according to CD3 clusters, showing no apparent co-localization, clusters formation or PD-1 re-
organization upon Jurkat cells activation. Images revealed no particular receptors aggregation
or clustering around CD3 clusters induced by crosslinking. PD-1 cluster density seemed lower
in CD3 clustering area which could also explain the presence of cavities observed in 3D
dSTORM images. All these observations were supported by the qualitative analysis of 8 cells.

To confirm such observations, | conducted SMLM experiments on living cells to access
finer kinetics and possibly observe any changes on PD-1 receptor nanoscale organization upon
T-cells activation. | used single particle tracking technique, such as sptPALM, to capture PD-1
receptors dynamic behavior upon cell activation in real time (data not shown).

Altogether, these results validated the immunostaining and acquisition protocols for
2D and 3D dSTORM imaging of PD-1. Both 2D and 3D dSTORM reconstructions of JPD1 cells
on an activating coating showed similar well-distributed homogeneous single-molecule
clusters. The labeling density looked appropriate to detect PD-1 clusters, despite a weak
number of localizations per cluster. We validated these imaging protocols for further HCS-
dSTORM experiments.

Features Extracted
Area(nm?) = 5166 (2=81,1nm)
Size (hm) =61.8
#loc =39

Perimeter:129.51
Intensity 10 : 6.59.10°

Figure 42. SR-Tesseler quantification of PD-1 nano-clusters. Examples of PD-1 nano-clusters analysis
using SR-Tesseler software based on Voronoi-Tesselation. (a) Zoom of a single cluster acquired by 2D-dSTORM.
The cluster area is computed from the Voronoi polygons segmented using a density factor threshold of 2.
Diameter = 81 nm; #loc = 39; Intensity (sum of integrated intensities of localization contain in one cluster) Iy =
6.59x10°. (b) Bright-field image (40umx40um). (c) HR-TIRF corresponding image (Nivolumab-A647). (d) 2D-
dSTORM super-resolution reconstruction (15umx15um). (e) Localization density map computed from the Voronoi
analysis. The zoom in the green ROI represents the same area for each image. (dSTORM: 635 Laser, 15,000fr,

50fps).
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Figure 43. 3D dSTOR reconstruction of PD-1 at the membrane surface of Jurkat and JPD1 cells.
Example of astigmatism-based 3D dSTORM reconstruction of PD-1 on a JPD1 cell seeded on PLL (left) and
activated Jurkat cell after 24h (right). Images are Z-color-coded. (Scale bar: 2um; 3D dSTORM: 635 Laser, 15000fr,

50fps).

Figure 44. HR and dSTORM imaging of PD-1 and CD3 receptors on JPD1 cell membrane. Example of 2D
dSTORM imaging of PD-1 on JPD1 cell. PD-1 was labeled using Nivolumab-A647 and CD3 labeled trough a cross-
linking approach with complex of antibodies (2ug/mL of anti-CD3, 4ug/mL unconjugated secondary Abs and
4ug/mL of A532 Abs). Cross-linking was used to induced CD3 clustering and T-cell activation. HR-TIRF of CD3
image (left), dASTORM image (middle) and merged (right). (Scale bar: 2um; dSTORM: 635 Laser, 15,000fr, 50fps).

3.1.3. Quantitative analysis of the impact of Nivolumab on the PD-1 spatial
re-organization on living Jurkat cells

| here investigated the impact of therapeutic mAbs directed against PD-1 on PD-1
receptors nanoscale organization, with the goal to extract some key quantitative parameters
as a potential readout for the screening of new mAbs. Living activated Jurkat cells were
incubated during different times with therapeutics mAbs. Experiments were performed on
96-well plates to investigate several conditions in parallel, in a single HCS-like workflow. The
anti-PD1 Nivolumab mAb was used at 5ug/mL concentration and incubated between 3 min to
2 hours with living Jurkat cells previously activated for 24h on an anti-CD3 coating. After cell
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fixation, 2D dSTORM super-resolution microscopy was performed. As a reference of PD-1
organization, 24h-CD3 activated Jurkat cells were fixed before incubation with Nivolumab,
representing the basal state of PD-1 receptors (post fixation conditions). Following the
previously described workflow, PD-1 receptor single molecules were localized and analyzed
for clustering for each cell using PALMTracer and SR-Tesseler software, respectively (Figure
45).
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Figure 45. Quantitative analysis of the effect of Nivolumab on PD-1 clustering by 2D dSTORM on
activated Jurkat cells. Clustering features extracted from PD-1 clusters: a) cluster density (#clusters/umz), b)
number of localizations per cluster (#locs/cluster) and c) cluster area (nmz). Each point represents the median of
one cell’s cluster distribution for each condition. A Welch t-test (parametric test) was used to measure the
significance between the reference (Postfix) and the conditions (Prefix, Nivolumab effect). Upper panels:
clustering features comparison of the negative control and different Nivolumab (5ug/mL) incubation time
conditions (n=9, ctrl; n=17, [3-7] minutes; n=16, [14-30] minutes; n=26, [45-120] minutes). Lower panels: all
conditions of living activated-Jurkat cells with Nivolumab have been taken together and compared with the
Postfix control. Data obtained from 3 experiments. (dASTORM: 635 Laser, 15,000fr, 50fps).

The effect of Nivolumab on 24h CD3-activated Jurkat cells was studied for three time
points: early (3-7min), medium (14-30min) and late (45-120min). Surprisingly, only the
number of localizations per cluster was impacted by the Nivolumab treatment, with a
significant decrease for the three time points in comparison with the postfix Nivolumab
incubation. In contrast, there was no significant difference, neither on the cluster density nor
on the cluster area (Figure 45, upper panels). However, at the whole population level, i.e.
pulling all the Nivolumab conditions together, therapeutic mAbs treatment on activated
Jurkat cells seemed to induce an increase of clusters density, and a decrease of the number of
localizations per cluster compared to PD-1 distribution found in the absence of Nivolumab
(Postfix condition, PD-1 basal state) (Figure 45, lower panels). In summary, while no or small
significant differences were found on the cluster density and cluster area, suggesting no or
low clustering effect of Nivolumab binding to the PD-1 receptor, a clearer diminution of the
number of localizations per cluster was observed, suggesting potential PD-1 receptor
internalization.

77



3.1.4. Conclusions

To conclude, our preliminary quantitative analyses used to investigate the effect of
Nivolumab on PD-1 nanoscale organization at the surface of activated Jurkat cells, revealed
very weak effect of Nivolumab. Nevertheless, since clear observations are essential in the
context of HCS, the evaluation of a higher number of conditions is necessary hopping it might
highlight relevant features. To this end, several activated cell states, anti-PD-1 antibodies and
longer incubation times has been tested in further HCS-like experiments.

3.2. Single particle tracking of therapeutic antibodies/receptors pairs
by SMLM on living Jurkat cells

dSTORM super-resolution is limited to fixed cells, which precludes dynamics analysis. As
previously mentioned, single particle tracking techniques permit live-cell imaging, providing
access to receptors’ dynamics at the cell surface. They allow the real-time monitoring of the
effect of Nivolumab/PD-1 binding on PD-1 diffusion, enabling possible therapeutic mAb
signature. To tests this hypothesis, we conducted proof of concept experiments of sptPALM
and uPAINT. | developed and validated all the labeling and imaging protocols to perform both
single particle tracking experiments on living Jurkat cells.

During my PHD thesis, | developed several electroporation protocols for Jurkat cells
transfection. These cells are known to be difficult to transfect, so | had to adapt existing
electroporation protocols for my conditions. Preliminary electroporation experiments using
plasmids encoding for PD-1-GFP or GFP-PD-1 fusion proteins, leaded to high cell mortality
rates and a low percentage of transfected cells (Lonza System-Appendix), confirming that
Jurkat cells are very sensitive. Neon system from Invitrogen, on the contrary, provided a higher
ratio of fluorescent cells, a much better cell viability, and was easier to use (Appendix). We
used this system to produce Jurkat cells expressing PD-1-mEos3.2 (C-terminal) fusion protein
and perform sptPALM experiments.

In order to measure PD-1 mobility, PD-1-mEos3.2 Jurkat cells were adhered in a resting
state to PLL-coated coverslip. A first round of sptPALM acquisitions was carried out on several
cells, from which PD-1 receptors diffusion coefficients was extracted (Figure 46.a). Then,
Nivolumab or its Isotype control were added (at 5 pg/mL and 2.5 pg/mL concentrations,
respectively) for different time points, and serial acquisitions were performed on cells during
30 minutes (e.g. cell01-t0, cell02-t0, cell03-t0, cell01-t1, cell02-t1, cell03-t1, etc.), giving a total
of 5 time points with approximately 5 min of intervals between each acquisition (Figure 46.a).
These time-lapse experiments permitted to investigate a broad range of incubation times,
allowing gathering quantitative statistics on PD-1 diffusion as a function of Nivolumab
incubation time.

Sequential acquisitions were handled automatically via the HCS-SMLM software |
developed, which supports any types of plates, avoiding variability between cells and time
points.
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Figure 46. Effect of Nivolumab on PD-1-mEQOS3.2 receptor membrane dynamics by sptPALM on Jurkat
cells. (a) sptPALM time-lapse sequence performed on manually-selected cells after addition of 5ug/mL of Abs in
the media. 5 sptPALM acquisitions were performed every 5 minutes on each selected cell, to measure the kinetics
of PD-1-mEos3.2. (b) Quantitative analysis of PD-1 diffusion coefficients (Log10 of D(umz/s)) on 3 conditions: i-
addition of 5ug/mL Nivolumab (n=6), ii- addition of 2.5ug/mL IgG4 isotype control Ab (n=3), and iii- no Ab addition
as negative control (n=6). (c) Effect of Nivolumab on PD-1 diffusion coefficient on data normalized by the sum of
the diffusion coefficient distribution of the negative control. Kruskal-Wallis tests (non-parametric). (sptPALM:
TIRF, 405-561 laser, 4000fr, 50fps)

Graphs of Figure 46 display the median of PD-1 receptors diffusion coefficients
D(umz/s) on resting PD-1-mEos3.2 Jurkat cells incubated with Nivolumab IgG4 mAb, the
negative 1gG4 isotype control or media. Overall, these results indicated that Nivolumab mAb
seems to significantly impact PD-1 receptors mobility. Indeed, a significant decrease of PD-1
mobility was observed between the resting state t0, and t15 until its immobilization, i.e. 15
minutes after Nivolumab incubation. According to the brightfield images (data not shown),
the Jurkat cells looked still healthy and living after 30 minutes’ acquisition. However, we could
observe slight morphological changes or coating detachment, probably due to the 405 laser,
known for its photo-toxicity.

These results demonstrated that sptPALM can provide relevant quantitative insight of
the nanoscale receptor reorganization upon activation, which could be of great interest for
this study. However, many questions arose, and it will be interesting to investigate in the
future PD-1 behaviors upon Jurkat activation, as well as the effect of Nivolumab/PD-1 binding
prior Jurkat activation. Moreover, experiments should be reproduced with Pembrolizumab to
qualitatively compare both mAbs effects. In conclusion, receptors diffusion analysis obtained
by sptPALM microscopy could bring an efficient read-out to compare mAbs and/or completing
the information provided by dSTORM imaging.

Complementary to sptPALM, which is used to monitor receptors dynamics, we also
considered uPAINT, an alternative single-particle tracking approach, to follow the functional
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mAbs rather than their targets in non-transfected cells. To achieve this goal, we collaborated
with Eric Hosy and Matthieu Sainlos from IINS, to conjugate Nivolumab mAb with Atto647, an
organic fluorophore known for its high photo-stability and well-adapted for single particle
tracking experiments. This project is still in progress, but the first results were very
encouraging and provided similar kinetics than PD-1 via sptPALM experiments (data not
shown).

3.3. 3D PD-1 receptor nanoscale spatial organization on a whole T-
cell by DNA-PAINT imaging combined with light-sheet microscopy

All the results shown previously on PD-1 receptor nanoscale organization were performed
by TIRF microscopy. TIRF microscopy provides access to T-cell membrane receptors at only a
few hundreds of nanometers above the interface between the cell and the coverslip, requiring
cells adhered onto the coverslip. In order to have a more complete vision of PD-1 receptor
nanoscale organization, | started investigating the 3D nanoscale organization of PD-1
receptors at the entire non-adherent T-cell surface, in collaboration with Hisham Forriere in
the team. This is a non-trivial methodological development, for which no commercial solution
exists. To achieve this goal, we improved the soSPIM technology developed in the lab (Galland
et al**. 2015) to be able to perform automatic 3D super-resolution acquisitions. Light-sheet
microscopy allows imaging cells in suspension, in a coating-free environment more
physiological for non-adherent cells.

3.3.1. Upgrading the soSPIM technique for in-depth 3D-SMLM

Micro-mirror chips are essential for the soSPIM technique. These chips are molded by
imprinting a master mold in a UV-curable polymer (NOA 73 and MYpoly134). Nano-diamonds
(i.e fluorescent beads) mixed in the polymer in appropriate concentration (=1-10 nano-
diamonds per FOV) were used as fiducial markers for image registration. For our application,
we used the soSPIM chips containing thousands of 22x22x40 pm? or 40x40x40 pm® well-
arrayed micro-wells flanked with 45° micro-mirrors, in which Jurkat cells are allowed to grow
(Figure 48.A). We developed and adapted the immune-staining protocols to perform single
molecule-based super-resolution imaging on PD-1 and CD3 receptors on fixed Jurkat cells in
the soSPIM chips (Appendix). By adding depth information to the soSPIM system, we were
able to perform astigmatism-based 3D-SMLM and to localize molecules across 1 um around
each focal plane. Therefore, the acquisition of an entire 10-15um thick Jurkat cell with 300 nm
Z-intervals, required several tens of optical sections.

SMLM acquisitions can require several minutes of acquisition for a single plane
depending of the single molecule technique. Typically for a total of 5,000 frames, 1-2 minutes
are necessary in dSTORM, while more than 15 minutes are required in DNA-PAINT. This can
represent more than 12h of continuous acquisition to carry out DNA-PAINT imaging on 50
planes under these conditions, making it a real challenge for the soSPIM technique. |
addressed some of the technical challenges during my PhD thesis, notably on the nanometric
stabilization protocol and automatic acquisition pipeline.

First, inherent spatial drifts occurring over time have a significant impact on soSPIM-
SMLM acquisitions (Figure 47). Indeed, in the soSPIM architecture, the excitation beam is
reflected on a 45° micro-mirror to create the light-sheet perpendicular to the optical axis. This
specific geometry results that axial and lateral drift from the sample induces in a shift of similar
amplitude between the light-sheet and the focal plane of the objective. Consequently, a post-
processing axial and lateral drift correction, as for conventional SMLM, doesn’t work. Real-
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time nanoscale drift correction is mandatory to be able to perform long term SMLM
acquisition on soSPIM, as required for this project.

Second, the multiplane acquisition workflow needs to be fully automatized to perform
optimal whole-cell 3D-SMLM. To achieve these goals, | developed an automatic real-time 3D
registration and acquisition software integrated in the existing acquisition workflow.

dﬁft

drift

Figure 47. Impact of the spatial drift on the light-sheet position for the soSPIM.
Due to the specific geometry of the soSPIM, lateral and axial drifts of the sample induce
shifting the light-sheet outside of the focal plane of the objective.

This software, called ZTrack, is a VB.NET and C# program that comes with a user-
friendly graphical user interface, and operates as a plug-in of MetaMorph acquisition
software. It handles light-sheet and sectioning parameters (calibrations, Z steps, registration,
etc.), by controlling a nanometric XYZ piezo-stage (Mad City Labs Inc.) and the streaming
acquisition (Appendix).

Figure 48 describes the ZTrack software automatic drift correction workflow
performed online for each plane. The real-time drift correction is performed using
astigmatism-based 3D localization of fiducial markers embedded in the polymer surrounding
the micro-wells, in which the cells of interest are immobilized. The drift is estimated for each
frame during the streaming acquisition process, and the stage displaced upon conditions to
compensate for the drifts (see detailed workflow below, Figure 48.B and Figure 49). To avoid
unnecessary communication with the stage, parameters can be set to define the conditions
to perform feedback correction. After each plane acquisition sequence, the image stack is
saved into a database and the stage plus the light-sheet are displaced to the next plane, until
the whole cell has been acquired in 3D.
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Figure 48. ZTrack automatic pipeline for 3D T-cell soSPIM-SMLM acquisition. ZTrack software handles
the automatic 3D acquisition workflow by controlling: the X,Y,Z stage position and the acquisition. (A) The drift
correction is assessed online during the acquisition, by localizing fiducial markers embedded into the polymer
surrounding the micro-wells. B.1) Before the acquisition, a reference bead among tens is selected from a Low-
Resolution (LR) images of the plane and its centroid is extracted. B.2) During the SMLM streaming acquisition,
the current drift is estimated from the reference and current bead coordinates, and is compensated to keep the
light-sheet at the focal plane. B.3) After each SMLM plane acquisition, the stack is automatically saved into a
database before moving to the next plane.
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3.3.2. ZTrack automatic acquisition workflow
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Figure 49. ZTrack algorithm flowchart. Flowchart of ZTrack algorithm performed online during the

Light sheet displacement

acquisition, for each frame and each plane of the 3D SMLM acquisition.

The following text describes in details the ZTrack algorithm, for each plane and each

frame (Figure 49):
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Once the acquisition and drift correction parameters defined (Appendix) the light-
sheet and the focus are positioned. The following process is repeated until the end of the
whole cell acquisition, for each plane_z (P):

a. Alow-resolution image is acquired (Figure 48).

b. All fluorescent bead present in the image are automatically localized using a
combination of a trous” wavelets segmentation (threshold ) and 2D Gaussian
fitting (1.2.2.5). Then, the localized beads are filtered using three key
parameters based on the Gaussian fitting features: the standard deviation
(0x,0y) and the mean square error (MSE). The resulting beads are then
individually evaluated and classified using a score based on their Gaussian
fitting features: MSE, circularity (ratio 0, /0,) and integrated intensity. Finally,
the best scored bead is used as a reference for the acquisition.

c. If a bead has been selected as reference, then the streaming acquisition is
launched. Else the current plane is not acquired and the next plane is
processed.

d. The “initial” coordinates of the reference bead (x;, y;, z;) are calculated by
averaging its coordinates from the first n frames. Then, a “reference” ROl of 15
pixels-size is created around the (x;, y;, ;) coordinates.

e. For each image frame (I;,) of the stream acquisition:

- The centroid of the reference bead (xy, yy, zx) is extracted.

- If no bead is detected, the next steps are skipped.

- Else: The distance (i.e. drift: Ax;, Ay;, Az;) between the current position
of the reference bead (x,, yy, z,) and its “initial” coordinates (x;, y;, z;) is
calculated.

- Correction option 1: If the drift (Ax,, Ay, Az;) exceeds the defined limits
(Xmaxs Ymaxr Zmax) IN NAanometers, Then the stage is displaced of (—Ax;,
—Ay;, —Az;) to compensate the current drift.

- Correction option 2: Every X frames, the stage is displaced of (-ax;,
—Ay;, —Az;) to compensate for the current drift. The current drift (ax;, Ay,
Azy) can be averaged over multiple frames.

f. Atthe end of acquisition, the raw single molecule image stack and a log-file are
automatically saved in the head directory to complete the database.

g. The stage is displaced automatically to the next plane_z.

At the end of the multiplane acquisition, the database automatically created online,
contains for each acquired plane: the reference ROI (.rgn) containing the reference bead, the
diffraction-limited image acquired before the single molecule acquisition, the raw single
molecule images stacks and a log file. This log file includes, for each frame, several
information: the coordinates of the reference bead, its localization features (o,, 0y, MSE,
etc.), the current position of the stage and the current drift (Ax, Ayy, Azf).

The final 3D-SMLM image reconstruction of the entire cell is computed using
PALMTracer and Thunderstorm software, for single molecules localization and 3D-SMLM
reconstruction respectively. It is important to notice that ZTrack software is used essentially
to keep the light sheet and the focal plane aligned all along the acquisition. For optimal
reconstruction, it remains necessary to correct for residual drift occurring within each SMLM
plane acquisition, which is easily done using the resulting log files, as well as to re-align planes
between each other’s.
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3.3.3.  Benchmarking of ZTrack

ZTrack benchmarking, conducted by Hisham Forriere, was performed to evaluate ZTrack
efficiency in correcting axial and lateral drifts with a sufficient precision to avoid light-sheet
illumination derives. We first compared ZTrack with the integrated Nikon Perfect Focus
System (PFS), a laser-based system designed to correct axial drifts in real time with about
50nm precision (factory specifications). It isimportant to keep in mind that there is no existing
solution to correct for lateral drifts, which is mandatory for long term soSPIM-SMLM
acquisitions. We acquired nano-diamonds embedded into the polymer for 2H under standard
SMLM acquisition conditions. Drifts were compensated either using ZTrack or the PFS, and
compared without any corrections. Figure 50 shows that without registration, the system
could drift more than 750 nm after only 6,000 frames (10 min), illustrating that real-time drift
correction is necessary in our microscope to perform 3D-SMLM. After real-time correction,
we could observe that both axial and lateral drifts were properly corrected using ZTrack. As
expected, if the PFS was able to compensate axial drifts, it did not permit lateral drift
corrections. We then evaluated and compared the precision of the drift correction of the PFS
and ZTrack. ZTrack correction was slightly better compared to the PFS, with 29.6nm accuracy
against 38.1nm respectively. ZTrack lateral drift correction accuracy was 14.6nm. These
results confirmed the efficiency of ZTrack in the soSPIM-SMLM acquisition workflow.
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Figure 50. ZTrack benchmarking. Examples of axial (a) and lateral (b) drifts recorded over 2h of
acquisition (at 10 fps). Drifts were either compensated in real time using ZTrack (yellow) or the Nikon PFS (pink),
or not compensated (blue). (c) Drift correction precision (nm) of ZTrack and Nikon PFS.

3.3.4. 3D nanoscale PD-1 imaging of an entire Jurkat cell

We successfully managed to acquire and reconstruct the 3D nanoscale organization of PD-
1 on the recombinant cell-line JPD1 using DNA-PAINT combined with soSPIM (Figure 51). It
displays a homogeneous distribution of PD-1 nano-clusters over the whole cell membrane.
This experiment required more than 13h of continuous acquisition, performed automatically
without any human intervention. 21 optical sections, with a plane-to-plane distance of 500
nm, were used to acquire the 10 um-thick suspended Jurkat cell. For each optical plane,
22,500 frames of single molecule events were acquired at 10 fps (100 ms exposure time),
representing a total of 664GB for the whole acquisition, from which more than 330,000 single
molecules were localized in 3D.
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| presented here, the capabilities and requirements for soSPIM to probe the 3D nanoscale
organization of proteins in depth at the single-molecule level. It involved an aberration-free
astigmatism-based 3D localization combined with a computerized method for real-time
mechanical drift correction and automated acquisition. This project is ongoing and further
images acquisition and analysis will be carried-out. The 3D clustering analysis of PD-1
receptors structures over the cell membrane, and the spatial distribution of the clusters will
be realized using a 3D version of SR-Tesseler. These results will be quantitatively compared
with 2D-SMLM data acquired by TIRF. soSPIM-based SMLM will complete or confirm the
information obtained by HCS-SMLM about PD-1 clustering.

4500

XY and ZY projections of PD-1 nano-clusters of JPD1 cells (recombinant Jurkat cell line). (b) 50nm thick optical
sections (a) at 1um intervals. The color codes for the depth, from O to 10um. The PD-1 nano-clusters
reconstruction was obtained from 21 optical planes separated by 500nm steps. 22,5000 frames were acquired at
10ps for each plane, representing a total of 13h25 of continuous acquisition performed automatically using
S0SPIM system and ZTrack. (Scale bar:2pm)

3.4. Conclusion

To conclude this chapter, | performed single molecule localization microscopy on fixed
and living JPD1 Jurkat cell lines using the protocols developed in Chapter 2. | characterized the
PD-1 spatial organization on fixed CD3-activated Jurkat cells, in 2D and 3D, by dSTORM-TIRF,
at the interface between the glass coverslip and the cell. PD-1 membrane receptor

86



quantifications revealed a pattern of sparse and isolated nano-clusters of homogenous area
(35-60nm diameter) and localization density (10-15 localization per cluster). These results also
revealed a cell-to-cell heterogeneous cluster density distribution, confirming previous
experiments reporting a variability of PD-1 expression at the membrane of Jurkat cells
depending on the cell and its activation state.

| then studied the effect of Nivolumab, a therapeutic mAb targeting PD1 receptor used
in clinic for cancer therapy, first on PD-1 nanoscale organization at the cell membrane surface,
second on PD-1 receptor dynamics. PD-1 nanoscale organization was investigated on fixed
cells by mixing the therapeutic mAbs with Jurkat cells for different incubation time. PD-1
dynamics on living transfected Jurkat cells were measured using sptPALM and uPAINT single
particles tracking techniques. All together, these first promising results showed that i) we
could confirm some differences between Jurkat cells incubated with and without Nivolumab
on 24h activated cells, and ii) Nivolumab at 5pg/mL seems to immobilize PD-1 receptors after
15min incubation.

However, it clearly appears that new biological conditions are required to find an
efficient readout in order to clearly be able to quantify more precisely mAbs efficacies in a
high content screening approach. We used our HCS-SMLM quantitative platform to study PD-
1 receptors nanoscale organization by 2D dSTORM, under several activation conditions and in
a single and fully-automatic workflow. These results and all the experimental details are
described in the next chapter.

Finally, we successfully performed the proof-of-concept experiment that it is possible
to investigate the nanoscale topography of PD-1 receptor at the entire suspended T-cell level.
Even if this work is still ongoing and exploratory in the framework of this study, the new
developed instrument should bring interesting insight to the nanoscale organization of
therapeutic receptors under more physiological conditions.
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4. HCS-SMLM: a single molecule-based high
content screening platform for therapeutic
Abs
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Figure 52. Schema of the cellular and molecular structures and parameters used for T-cell membrane
receptors quantification. Super-resolution image reconstructions display clusters of localization distributed all
over the images. These clusters can be background (small pink clusters), isolated receptors (small purple circles)
or clusters of receptors (large purple clusters). All these clusters can be statistically distinguished by their size and
their number of localizations per clusters.

In this chapter, | characterized different structures at the cellular and molecular levels,
which I quantified using several quantitative parameters, or features, using single molecule
localization microscopy data. Images are composed of multiple Jurkats cells acquired under
different conditions, PD-1 or CD3-tagged. Each cell expresses various number of receptors at
its surface, revealed using single molecule localization microscopy under TIRF illumination.
These receptors appear as clusters of single molecule detections. These clusters have different
sizes (Area in nm?) and are composed of single molecule detections (#localizations/cluster).
They are distributed at the cell surface with a certain density (cluster density in
#clusters/umz). Each localized molecule has specific characteristics extracted from the
Gaussian fitting localization process (coordinates, integrated intensity, o,,), which can be
used to evaluated the quality of SMLM acquisitions. In this work, we use the term of “cluster
of localizations” to define a group of localizations. A cluster of localizations can represent a
single receptor as well as an aggregate of receptors, or “cluster of receptors”. Clusters of
receptors will usually statistically differ from single receptors by their higher number of
localizations per cluster and their bigger size. Background signal (pink circles in Figure 52), also
characterized by small clusters of localizations homogeneously distributed in the image, can
be characterized and used as reference to discriminate single isolated receptors.

4.1. Optimization of the HCS-SMLM software and acquisition

4.1.1.
navigation

HCS-SMLM software platform for clustering analysis and data

| adapted the existing analysis pipeline developed in Beghin et al”> to improve data

navigation through the PD-1 clustering features, and statistical analysis. The existing pipeline
permitted reformatting metadata files of any type into a MySQL database readable for Cell
Profiler Analyst (CPA) software. Nevertheless, this process was too slow to navigate into huge
volumes of data. To overcome this limit, | developed several new tools, which | integrated into

89



the HCS-SMLM pipeline to improve the clustering analysis and facilitate data navigation. The
HCS-SMLM software includes now several new post processing functionalities such as:
database cleaning, filtering, background filtering and global statistics (Figure 53). These steps
are described below:

Original
Database
1
Database cleaning
2
Localization File filtering
{Intensity, SigmaXY, Chi2}
Database_Loc Filtered
3 . .
Manual Roi selection
Automatic File transformation
4 .
Cluster descriptors
extraction- SR-Tesseler
Localization cleaning
Database_cluster
5
Clusters Filtering
6
Background Filtering
[Area,loc/cluster,cluster/um?]
Database_cluster Filtered
A
7

Global statistics

Database architecture for data analysis :
Per_Cluster — Per_Cell — Per_well

Figure 53. The clustering analysis pipeline
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1-Database cleaning: The database can contain non-registered images due to the
absence of fluorescent beads in the field of view. Since they are not usable for further
guantification, they are automatically deleted from the arborescence files.

2-Localization file filtering: | integrated several filtering steps into the pipeline,
allowing filtering of individual localizations using Gaussian fitting parameters, i.e. the standard
deviations (oy, 0,), the mean square error (MSE) and the integrated intensity (lo). This step
allows to concentrate the analysis on the best localizations by filtering artifacts such as
aggregates of fluorophores, fluorescent beads, auto-fluorescent background, biological
wastes, etc.

3-Manual ROI selection and automatic file transformation: To take into account the
heterogeneous expression of PD-1 at the cell membrane and the strong background, |
integrated i) a cell segmentation step, allowing individual cell analysis, and ii) a background
filtering step (Figure 54). For these steps, ROIs on cells and background need to be manually
defined from each Bright-Field and HR-TIRF images using Imagel)’s ROI-tool-manager. Cells
ROIs are tagged either PD-1 positive or PD-1 negative (PD-1+ or PD-1-), depending on the
fluorescence intensity (Figure 62.a). All the ROls information are automatically converted and
saved into individual ROI-files in a SR-Tesseler format for further cluster segmentation.

4-Cluster descriptor extraction via SR-Tesseler: From the cleaned and localization-
filtered database, cluster segmentation is automatically processed using SR-Tesseler software
macro routine overall the arborescence file. Clusters are segmented for each cell and their
clustering features (localization density, cluster size, cluster area, #localization/clusters,
cluster intensity, etc.) were automatically extracted and saved for each image into .csv files.

5-Cluster Filtering: It is possible to select a sub-population of clusters of interest by
filtering the 3 clustering features: cluster area, #localization/cluster and cluster density
(#cluster/um?) per cell ROL.

6-Bakcground Filtering: As illustrated in Figure 54.a, the more the Jurkat cells express
PD-1 at their surface, the less the background signal impacts the PD-1 clustering
quantification. But for cells expressing low level of PD-1, the background can bias the
clustering analysis. Figure 54.b confirms this by showing significant differences of cluster
density values between PD-1+ cells and the background, in contrary to PD-1- cells which shows
similar cluster densities than the background. To account for the background localizations, a
normalization step is required. Unfortunately, un-mixing background signals from isolated PD-
1 receptors signal was not impossible. We therefore simply corrected the cluster density and
the average intensity of each cell by subtracting the average cluster density and intensity of
the background of the same well.

7-Global Statistics: The final step consists in computing and exporting the global
statistics of clustering and image metadata, into two text files in the main directory, providing
three levels of analysis: per_condition, per_image or per_object. The first file contains the
mean, the standard deviation and the median values for each cell. The second file contains
the average values per well, i.e. statistics per condition. In order to easily navigate into the
database, | developed a graphical interface allowing to visualize all the SMLM features. For
each condition, the histogram of every clustering or localization descriptors can be plotted by
cells or by clusters for each well.
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Figure 54. Impact of the background on the quantification of PD-1 expression. (a) Super-resolution
reconstructions (SR), bright-field (BF) and high-resolution TIRF (HR) images of activated Jurkat cells with three
different levels of PD-1 expression (from left to right, high, low and no PD-1 expression, 41um-size). (b) Ratio of
PD-1 to background cluster density, calculated from ROl in (a). White numbers represent the cluster density values
obtain from cells (green) and the background area (grey).

4.2. Proof of concept: clinical therapeutic mAbs anti-PD-1
characterization by HCS-SMLM

As explain in Chapter 2, CD3 receptor is an ideal positive control of clustering. Its ability
to cluster upon T-cell activation has been described in the literature using standard
fluorescence microscopy and single molecule-based super-resolution microscopy.

4.2.1. CD3receptor as a reference for PD1 characterization

CD3 receptors are highly expressed on resting Jurkat cells, and homogeneously
distributed at the cell membrane when cells are seeded onto a PLL coating (Figure 55.a). The
level of CD3 expression is stable among the cell population (data not shown). HR images
acquired using TIRF illumination indicated no particular aggregation or clustering of the
receptors, which was coherent with the literature. To induce a physiological CD3 clustering, |
stimulated cells by seeding them on a functional anti-CD3 coating for 15 min, as described
previously. This ensures the TCR-CD3 complex recruitment at the cell membrane (Appendix).
Following cell fixation, we observed the formation of CD3 receptor clusters, mostly in the
center of the cell (Figure 55.b). Finally, | introduced a third level of “artificial” CD3 clustering
by antibody cross-linking. The principle of antibody cross-linking is to bridge several anti-CD3
antibodies all together via an anti-Fc antibody, in order to create complex of anti-CD3. These
anti-CD3 complexes, when in solution, will promote the recruitment of CD3 receptors on the
cell surface, creating CD3-clusters. Figure 55.c illustrates a high level of clustering induces by
crosslinking, showing big protein islands at the Jurkat cell surface. The image segmentation
performed using SR-Tesseler shows a clear reorganization of the number and sizes of clusters
compared to the other conditions (Figure 55, bottom panels).
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Figure 55. Three levels of CD3 receptor clustering. (a-c) Top: Representative super-resolution images of
(a) CD3 on resting Jurkat cells, (b) CD3 clustering induced by OKT3 coating, and (c) CD3 clustering induced by
antibody cross-linking. (Top) dSTORM images of CD3. (Bottom) Clusters are segmented and color coded for the

size using Voronoi-tessellation diagram (SR-Tesseler).

To characterize these different CD3 receptor clustering patterns, | used the 3
quantitative parameters introduced earlier: the number of clusters per um? (cluster density),
the number of localizations per cluster (#locs/cluster), and the area of each cluster (area)
(Figure 56). Interestingly, spatial organizations of CD3 on resting and PD-1 on activated cells
were similar for the 3 parameters: cluster density (1.17+/-0.79 and 0.75+/-0.32 cluster/um?),
number of localization per cluster (10.6+/-1.65 and 9.5+/-1.18 locs/cluster) and cluster area
(1322+/-194.12 and 1116+/-614.09 nm?), for each cell. All the parameters slightly increased
for CD3 when cells were functionally activated by OKT3 coating (2.05+/-0.43 cluster/um?,
15.8+/-2.46 locs/cluster and 2690+/-747.75 nm®). Finally, all parameters strongly increased in
the case of anti-CD3 cross-linking condition (3.79+/-0.70 cluster/um?, 50.4+/-12.10
locs/cluster and 8417+/-1903.64 nmz). These results revealed CD3 clusters sizes, clusters
densities and amount of localization 1.5-fold and 3-fold higher upon activation via coating or
cross-linking (respectively) than for the resting conditions.
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Figure 56. Comparison between CD3 and PD-1 clusters. (a-c) Quantitative comparison of three
clustering parameters (number of clusters per cell, number of localizations per cluster, cluster area (nm?) between
CD3 receptors on resting Jurkat cells (n=10), CD3 receptors on Jurkat cells activated by OKT3 coating for 15min
(functional, n=8), CD3 receptors on Jurkat cells activated by antibody cross-linking for 30min (n=3), and PD-1
receptors on activated Jurkat cells by OKT3 coating for 24h (n=5).

T-cell activation induced a clear CD3 spatial reorganization. Depending on the mode of
activation, the triggered CD3-dependent signaling pathways lead to different patterns of CD3
receptor nanoscale organization at the membrane surface. Whereas, the increase of clusters
area and number of localizations per cluster is the signature of receptors clustering, the
increase of cluster density upon T-cell activation suggests a receptor recruitment at the Jurkat
cell surface. For the functional condition performed using an anti-CD3 coating, the number of
clusters slightly increased by about two-fold compared to the resting condition (2.05+/-0.43
VS 1.17+/-0.69). This suggests that some intracellular pools of CD3 could have been recruited
at “the contact zone”, mimicking an immunological synapse. In contrast, the significant
increase of cluster size, number of clusters and number of localizations for the anti-CD3 cross-
linking condition, could indicate that the receptors were recruited from all over the cell to the
contact zone, increasing massively the total number of receptors/clusters at the imaged
membrane. It would be interesting to verify if it happens only at the contact zone or all over
the cells surface by 3D-SMLM (chapter 3.3).

However, we need to be cautious with the biological interpretation, since bias can be
induced by the imaging protocols. Indeed, the primary and secondary antibodies, as well as
the immunostaining protocols differ for the different conditions. Moreover, the
permeabilization process used for the functional condition (Appendix) was performed before
staining, which could allow the staining of intracellular CD3 proteins. However, whereas the
fixation was done after anti-CD3 labelling, the “protein island” induced by the cross-linking
condition could be the result of fluorophore aggregates coming from antibodies specifically
added in this protocol. It is therefore difficult to confirm such hypotheses since TIRF method
does not permit to image the whole T-cell surface. Still, the surprising result of this analysis is
the small difference observed between the resting and the functional activation states (Figure
55 & 56). Additional quantifications need to be performed to better characterize T-cell
receptor clustering.
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Figure 57. Analysis of the percentage of localization contained in clusters of receptors. (a) Normalized
distributions (Log transform) of the cluster area for CD3 and PD-1 conditions: CD3 on resting Jurkat cells (n=10),
CD3 on Jurkat cells activated via OKT3 coating (n=8), CD3 on Jurkat cells activated via antibody cross-linking (n=3),
and PD-1 on activated Jurkat cells (n=5). “Large” localization clusters, representing potential clusters of receptors,
were classified using a threshold measured form the CD3 resting condition cluster area distribution (red line). (b)
The number of localizations in each class of clusters allows estimating the percentage of molecules contained in
clusters of receptors. Distributions were normalized with CD3-resting condition, P-values were calculated using
Kruskal-Wallis test.

Instead of taking into account all the localization clusters, | focused the analysis on the
“large” clusters, which are clusters statistically larger than the ones in the resting state. We
can estimate this sub-group of clusters to be clusters of receptors, since | already proved that
there was no cluster formation at Jurkat resting state. To do this, the distribution of all the
localization clusters area was computed for the three CD3 conditions, and a threshold based
on the resting condition was defined to separate clusters of CD3 receptors from isolated CD3
receptors. The threshold, calculated for each experiment, was defined to 95% of the
cumulative frequency distribution (Figure 57.a), to 11,231 nm? for this experiment. Then, for
each cell, the total number of localizations contained in this sub-population of clusters was
calculated, and divided by the total number of localizations in all the clusters. Using this
parameter, we could estimate that 23% of the localizations were clustered for the cells
functionally activated by an anti-CD3 coating, compared to 80% for the cells activated by
cross-linking, and only 3% for the resting cells (Figure 57.b). It is important to note that these
values are not physiological, they just provide quantitative insight on the level of receptor
clustering.

As expected, the number of localizations contained in large clusters of receptors
increased with the level of activation, in agreement with the Voronoi images (Figure 55). Per
cell, the average number of large clusters only represent a small portion of the total number
of clusters for each condition (1 cluster, resting; 18.38 clusters, functional; 42 clusters, cross-
linking condition), which entirely justifies the need of advanced statistical analysis of the
SMLM quantitative features. In comparison with the initial analysis of cluster size, number of
clusters and number of localizations, this new parameter is more representative of the
receptor clustering. Even if not biologically relevant, it provides a finer readout to discriminate
clustering conditions via SMLM, that can be used in the framework of HCS-SMLM.

This pilot analysis of clustering patterns demonstrated that HCS-SMLM can decipher
CD3 spatial organization with respect to the cell activation. However, no similar organization
could yet be demonstrated for PD-1.
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4.2.2. Experimental condition setting for HCS-SMLM experiment

Until now, | demonstrated that the expression of PD-1 was induced at the cell surface
following activation, without any obvious specific pattern reorganization. In order to
differentiate therapeutics mAbs action on PD-1 receptor, | searched for an efficient read-out
able to discriminate for any change that could occur in the PD-1 nanoscale organization. To
achieve this goal, | screened several conditions covering two activation time points (24 hours
and 4 days, Chapter 3) and a kinetic of anti-PD1 contact with Jurkat cells (from 15 minutes to
24 hours) with two well-known therapeutic mAbs, the Nivolumab and Pembrolizumab
(Chapter 2), at two mAbs concentrations (0.5 and 5 pg/mL) (Figure 58.a).

The first idea was to compare the effect of both clinical and functional anti-PD1 mAbs
with a standard anti-PD-1 antibody used for PD-1 detection in immuno-fluorescence
applications. Unfortunately, all the PD-1 immuno-staining assays performed on 96-well plates
were not convincing due to the weak PD-1 signal obtained at the membrane of activated
Jurkat cells compared to Nivolumab labelling (data not shown). More experiments would have
been required to find the good anti-PD1 mAb, or the right immune-staining protocols allowing
faithful imaging of PD-1 receptor at the cell surface.

Finally, | compared all these conditions with the native PD-1 receptor distribution
induced at the cell surface, i.e. PD-1 distribution obtained on CD3-activated fixed Jurkat cells,
and then revealed by anti-PD1 mAb. All the protocols employed for imaging, specificity and
clustering controls are described in the appendix.

Each condition was done at least in duplicate, leading to a total of 30 conditions
including controls (CD3 conditions have been screened separately (Chapter 4.2.3)). To
increase our capacity of SMLM acquisition, we integrated an innovative beam shaper
(Asphericon ©) in the optical path of the setup, providing a homogeneous illumination on the
entire FOV (Stehr et al'®®, 2019). It allowed to increase by two-fold the number of cells per
FOV, improving the total HCS-SMLM acquisition time in the time limit of dSSTORM (Appendix).
The number and the choice of conditions have been carefully studied to respect the buffer
dSTORM lifetime of 10h (Beghin et al’®). To respect this time limitation, the plate was divided
into two subparts which have been screened sequentially.
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Figure 58. 96-well plate experimental layout for the characterization of therapeutic mAbs effect on
PD-1 spatial nanoscale organization. (a) Plate layout with multiple conditions: incubation of Nivolumab
[0.5ug/mL-5ug/ml], Pembrolizumab [0.5ug/mL-5ug/mL] on 4 days activated Jurkat cells for [15 min, 2H, 24H]
before fixation. Incubation of Nivolumab [5ug/mL], Pembrolizumab [5ug/mL] on 24h activated Jurkat cells for [15
min, 2H] before the fixation. Three CD3 conditions were used as reference to control the clustering effect of T-cell
receptors. (b) Graphical user interface of the HCS-SMLM software which allows handling the automatic HCS-
SMLM acquisition of each selected position (each blue square represents one position). The blue line shows the
path followed for the acquisitions. The localization files and reconstructed SR images were automatically
computed using WaveTracer and saved into a database during the 96-well plate acquisition.
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4.2.3. Automatic acquisition and analysis pipeline

Once all the parameters (Appendix) defined on the HCS-SMLM interface, the whole
acquisition was launched (Figure 58). Before each acquisition, the dSTORM buffer was
carefully prepared and disposed into the wells. The wells were filled to the top, and a large
rectangular coverslip was used to hermetically seal the wells to avoid air bubbles. The
software automatically handled the single molecule acquisition sequences, fields of view after
fields of view, with up to five fields of view per selected well. For each FOV, two HR-TIRF
images at two different wavelengths (WGA-488 and PD-1-A647 or CD3-A647), as well as a
bright-field image were taken before the single molecule acquisition sequence. Before
launching the SMLM acquisition in TIRF mode, a “pumping phase” of few seconds in widefield
mode was achieved to synchronize the fluorophores into their triplet state (10,000 frames, 42
fps, 64 x 64 pmz FOV). This experiment has been conducted in a "snake mode" and "series-
plate mode". The “snake mode” ensures a minimum stage displacement between the wells.
The “series-plate mode” consists in acquiring only one FOV position per each well, then
looping to the next FOV position of each well by following the invert path, until the end of all
the positions (e.g. A1-P01; A2-P01; A3-P01; ... AnPO1; AnP02; ... A3-P02; A2-P02; A1-P02; Al-
P03; ...). It was particularly important in the case of dSTORM to avoid bias due to the imaging
buffer degradation over time, and its potential impact on the quantifications. The total
screening time of the whole plate for the two subparts acquired separately was 15h30. After
the suppression of unusable data, manually (out of focus) or automatically (non-registered,
less than 7%), the whole database size including raw image stacks was 513GB, representing
165 FOV, and 949 analyzed cells. The database contained:

- 1raw single molecule image stack (64 um*64 um size, 10k frames, 42 fps)
- 1 bright field image

- 1 HR-TIRF image of PD-1 or CD3 receptors

- 1 HR-TIRF image of WGA-cell membrane

- 1registered SR image

- 1registered localization file

Following the guidelines of the clustering analysis workflow described earlier, the
database was automatically transformed for metadata extraction and quantification (Figure
53). Localization files were filtered using Chi? [0.7;1] and Oxy [0.6;2] to remove aggregates,
background and auto-fluorescence. Clustering data were extracted automatically from all the
segmented cells via SR-Tesseler software. Finally, the clusters containing less than 5
localizations were filtered-out, and the global statistics were computed automatically and
saved into two separated .txt files. At the end, this HCS-dSTORM experiment resulted in a
complete database of localization and clustering metadata (including more than 15 different
features). This experiment successfully validated the overall HCS-SMLM acquisition and
analysis workflow.

4.2.1. HCS-SMLM experiment specificity and quality control

| controlled the quality, specificity and background of the single molecule signals of PD-
1 and CD3 experiments acquired by HCS-dSTORM.

First, no fluorescence intensity signals from HR-TIRF images of isotype controls
conditions were observed in comparison to Nivolumab, Pembrolizumab and OKT3 reference
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conditions. These controls confirmed the specificity of PD-1 and CD3 signals and validated the
experiment (Figure 59).

aETE
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Figure 59. Specificity of CD3 and PD-1 signals. (a) TIRF images of 4 days-activated Jurkat cells using the
anti-PD1 Nivolumab 1gG4 mAb (5 ug/mL), the anti-PD1 Pembrolizumab I1gG4 mAb (5 ug/mL), and their IgG4
isotype controls (5 ug/mL). (b) TIRF images of the three CD3 conditions (cross-link, functional and resting) with
the anti-CD3 mAb OKT3, the IgG2a isotype mAb, and without any primary Ab. All the TIRF images (64x64m) are
displayed using the same intensity-scaling for comparison.

In order to validate both screening acquisitions, | controlled the overall quality of the
single molecule signals in the wells C5-F4 (Figure 60). These two wells are two PD-1 activated
reference conditions (F4:24h activated; C5: 4 days activated), and have been acquired in the
two separated screening acquisitions. For each well, three images were analyzed after
sequential acquisition from +1h to +6h after the dSTORM buffer sealing (C5_1, T+1h; C5_2,
T+3h; C5_3, T+6h; F4_1, T+1lh; F4_2, T+2h30; F4_3, T+4h30). The analysis compared
background signal and cell signal.

These results indicated homogeneous single molecule integrated intensity (3820+/-
2318.83) and size (0y,, 0.96+/-0.1) across the images. In addition, cells clustering analysis
revealed similar values of number of localization per cluster (22.67+/-30,14) and cluster area
(880+/-1065.83 nm?). The homogeneity of 0xy Values is also explained by the filtering step
(Figure 60.b). As an example, 69% of the localizations of C5_2 remained after filtering. Here,
the single molecule signal and clustering parameters extracted from the cells presented
homogeneous values, validating the reproducibility of the HCS-SMLM acquisitions all along
the screening process, and the limited impact of the dSTORM buffer degradation overtime.

The same analysis was performed on the background regions (Figure 60). It resulted in
very similar results for ay,, (0.96+/-0.1 vs 0.94+/- 0.08), integrated intensities (3820+/-2318.83
vs 4217.3+/-2498.17), number of localization per cluster (22.67+/-30,14 vs 19.35+/-29.72),
further validating the robustness of the HCS-SMLM acquisition workflow. Surprisingly, the
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cluster area in cells were bigger than background’s clusters (880+/-1065.83 vs 396+/-682.83

nm?).
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Figure 60. Quality control of the single-molecule signal. (a-e) Comparison of single molecule signals and
clustering features computed for each image from the background (pink) and the cells (purple). (a-d) Dyes photo-
physic and clustering features average values obtained from 6 PD-1 reference images (C5: 4 days activated/F4:

24h activated): (a) Integrated intensity and (b) Oyr (c) number of localizations per cluster and (d) cluster area.
(C5_1, n=6; C5_2, n=8; C5_3 n=8; F4_1, n=6; F4_2, n=6; F4_3 n=4).
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Figure 61. HCS-SMLM experiment of CD3 receptor clustering. (a-c) Three representative illustrations of
CD3 nanoscale spatial organization: (a) resting Jurkat cells, (b) activated Jurkat cells induced by OKT3 coating,
and (c) activated Jurkat cells induced by antibody cross-linking. Nano-clusters were segmented and analyzed
using Voronoi-tessellation (SR-Tesseler, Level et al. 2015). Bottom images are 500 nm wide zooms of the Voronoi
images showing the cluster segmentation. (d) Percentage of localizations contained in large clusters of each cell.
Distribution were normalized with the control; P-values were calculated using Kruskal-Wallis test.

Finally, | controlled CD3 receptors clustering used as positive controls of membrane
receptors clustering. “Large” CD3 clusters of receptors were identified using a threshold
(11773 nm?) based on the CD3 resting condition. Similarly, PD-1 clusters of receptors were
identified based on PD-1 reference condition (6396 nm?). Unfortunately, CD3 functional
conditions did not revealed any significant difference as previous experiments (Figure 57).
Indeed, the percentage of localizations contained in large clusters was higher, but not
significant compared to the resting condition (Figure 61.b). This may be explained either by
the variability of Jurkat cell behaviors, or by a problem of activation time. As shown in Figure
61, clusters seem to be more concentrated toward the center of the cells, and a longer
activation onto the coating would perhaps have been necessary to induce larger cluster
formation. In any case, cross-linking condition positive controls were validated, enabling PD-
1 spatial nanoscale organization quantifications.

As a final control, we compared PD-1 clustering features obtained from HCS-dSTORM
with single cell experiments. The clustering features extracted from cells under the same
condition (PD-1 reference on 24h activated Jurkat) differed for the cluster density (0.75
cIusters/um2 vs 1.08 cIusters/umz), cluster area (733.67 nm” vs 1039.9 nm?), and number of
localizations per cluster (7 vs 21.3). Several reasons could explain such differences making
difficult to compare the experiments. First, the acquisition and analysis workflow was not
identical (humber of frames per acquisition, filtering step, background normalization). Second,
the clustering analysis is sensitive to the heterogeneity of T-cell activation and PD-1 expression
level at the membrane. Indeed, in a single cell experiment, the analysis is only focused on the
manually chosen cell of interest, whereas in the HCS approach, the amount of data allows
taking into account this variability.

To summarize, quality control of HCS-SMLM experiments is important to guaranty the
quality of the data all along the acquisition process. It allows the standardization of the
experiments and precludes for potential bias in the analysis.
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4.2.2. Quantitative results of the HCS-dSTORM experiment

Jurkat cells were manually classified into PD-1+ and PD-1- cells according to their PD-1
expression level. The integrated intensity values were calculated for each ROl and the
background subtracted. For all PD-1 conditions, the average integrated intensities of PD-1+
cells of activated cells was 5-fold higher than PD-1-cells, and 39-fold higher than resting cells
seeded on PLL (Figure 62.d). The huge standard deviation confirmed once again the important
variability of PD-1 expression level on activated Jurkat cell population. Figure 62.c indicates
the proportion of PD-1+ and PD-1- cells per well on 4 days and 24 hours activated cells. This
percentage was homogeneous among the wells, and quite similar between Jurkat cells
activated for 24 hours and 4 days, confirming our previous results on the PD-1 expression
kinetic (Figure 41-Chapter 3). This manual analysis revealed that an average of 62% of cells
expressing PD-1 (PD-1+ cells) after 4 days or 24 hours activation (Figure 62.d). It is a small
proportion, but we have to keep in mind that these cells are immortalized human T-
lymphocytes that continue to divide. Using the background integrated intensity as a reference,
| was able to classify the cells automatically. In contrast with the manual classification, an
average of only 49% of cells per well were defined PD-1+ for a similar number of PD-1- cells
(41 versus 38%) with 10% of false positive (Figure 62.d). For further experiments, | would
recommend the use of the automated PD-1 process because it provided an objective and
accurate segmentation, and improves the cluster analysis automation.

Since the goal of this work is to determine if the therapeutic anti-PD-1 mAbs,
Nivolumab and Pembrolizumab, impact PD-1 receptor nanoscale spatial organization, |
focused the analysis on PD-1+ cells. Each condition exhibited a minimum of 9 PD-1+ cells,
which was a sufficient to provide a robust quantitative analysis.

In this context, the data extracted from the HR-TIRF images provided valuable
information used for cells classification, but did not provided access to the same level of
information offered by super-resolution microscopy. Interestingly, the average intensity of HR
images for each cell barely correlated with the cluster density obtained by SMLM cluster
analysis (Pearson Coefficient = 0.6). Super-resolution provided more quantitative insight on
PD-1 spatial organization at the T-cell membranes than classic fluorescent microscopy.
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Figure 62. Analysis of PD-1 expression in Jurkat cells. (a) Bright-field (left) and HR-TIRF images (right)
of 4 days-activated Jurkat cells. Cells were manually segmented using circular ROls on the bright-field images and
tagged individually as PD-1+ in presence of fluorescent signal (green), or PD-1- in absence of fluorescence signal
(red). The selected ROI were copied on the HR images to extract quantitative image features for each ROI (i.e.
cells). (b) Average integrated intensity of PD-1+, PD-1- cells, and non-activated (resting) cells. (c) Each column
represents the proportion of PD-1+ versus PD-1- cells per well for 24 hour and 4 days activation conditions. (d)
Average proportions of PD-1+, PD-1- and false PD-1+ cells for all the conditions, depending on whether the cells
have been segmented manually or automatically.

The Figure 63 summarizes the quantitative analysis of PD-1 nanoscale organization by
HCS-dSTORM. Heat-maps correspond to several clustering features extracted for each
condition, with each value representing the average of medians calculated for PD-1+ cells.

The PD-1 expression and nanoscale organization induced by the incubation with PD-1
therapeutic mAbs were compared with the native spatial distribution in the absence of
therapeutic mAbs. All the quantitative parameters showed that the native nanoscale
organization of PD-1 receptor remained unchanged between 24 hours and 4 days activation
time, excepted for the % of localizations contains in large clusters of receptors, which can be
explained by the heterogeneity of activation of early activated Jurkat. The similarities with PD-
1 native condition suggest that once expressed at the cell surface, its spatial organization do
not change until PD-1 receptor is engaged into an interaction with its ligands or with a mAbs.

After incubation with therapeutic mAbs, both the cluster density and cluster area
increased for the 4 days of activation condition compared to the 24h condition, for all the
tested anti-PD-1 mAbs. The clustering parameters for the 24h activation conditions strongly
fluctuated, suggesting that PD-1 receptors linked to Nivolumab or Pembrolizumab did not
reach an organizational equilibrium, representative of an activation heterogeneity.
Surprisingly, cells incubated 2h with anti-PD-1 therapeutic mAbs exhibited an overall decrease
compared to others incubation times. Stronger differences were observed for cells activated
24h compared to cells activated 4 days. This suggests that more time points could be
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interesting to investigate in a future experiment, in order to better understand what
specifically happens around the 2h incubation time.

A deeper analysis revealed a significant difference in the cluster density between
Nivolumab and the native PD-1 control conditions (Figure 64.a). The cluster density increased
when cells activated 4 days were incubated with Nivolumab, for all concentrations and all
incubation times (Figure 64.c). As expected with cluster density values, the less cells were
activated, the less they expressed clusters at their surface. However, even if a similar effect
could be observed between the control and the early activated cells, it was not significant
(Figure 64.d). In parallel, Jurkat cells incubated with Pembrolizumab did not revealed any
significant differences in the cluster densities compared to their negative controls at 4 days
activation time (Figure 64.b, e). These results suggest that Pembrolizumab does not impact
PD-1 cluster density. However, we could observe a clear increase trend for the 24h activation
time condition, indicating a different mechanism between Pembrolizumab and Nivolumab.

Altogether, these results suggest that the cluster density parameter can be used a as
read-out in Abs functions to discriminate between both therapeutics mAbs and control
conditions. This raises the hypothesis that therapeutic anti-PD-1 Abs could prevent PD-1
receptors internalization compared to the native condition. Another possible explanation for
the cluster density increase, could be that anti-PD-1 mAbs lead to recruitment of PD-1 at the
cell surface, which could come from sub-membrane vesicular pools (Williamson et al®®, 2011).

Another interesting parameter to consider is the percentage of localizations contained
in larger clusters of receptors (4.2.1), which pointed out clear differences for the different
incubation and activation times (Figure 65). The results indicated a 2 to 4-folds higher
concentration of localizations in large receptor clusters when Nivolumab and Pembrolizumab
were incubated with living cells, compared to the PD-1 native control. However, such increase
was only observed following 4 days activation (Figure 65.b, d). In contrast, we could observe
a clear, but non-significant, decrease of this fraction of localizations on early activated cells
after anti-PD-1 incubation with both mAbs, suggesting that antibodies/receptors ligation
impacts PD-1 clustering.

Several other parameters displayed interesting differences between Nivolumab and
Pembrolizumab. Indeed, whereas Nivolumab had a significant impact on the percentage of
localizations contained in large clusters, the cluster density and the cluster area when cells
were activated for 4 days, the effects of Pembrolizumab were more pronounced for the 24h
activation time, confirming the potential different mechanism between Pembrolizumab and
Nivolumab.

Finally, when compared with the CD3-induced clustering positive control condition
(Figure 63, ctrl+), a moderate functional condition, and cross-linking condition, it seems that
PD-1 receptor organization induced by therapeutic mAbs was closer to the CD3 resting and
functional conditions for all the quantitative parameters. As anti-PD-1 therapeutic mAbs are
described to prevent the inhibition of the T-cell immune response, a formation of PD-1
clusters, signature of activation, might be expected. However, our results suggest that their
mode of action are different.

To summarize, tested anti-PD-1 mAbs, Nivolumab and Pembrolizumab, induced a
nanoscale spatial reorganization of PD-1 receptors, leading to their clustering. Nivolumab
induced a clearer PD-1 receptor clustering compared to Pembrolizumab for the same 4 days
activation condition. Both mAbs didn’t significantly changed PD-1 receptors nanoscale
organization after 24h activation, compared to 4 days activation. Finally, the cluster density
and percentage of localizations contained in cluster parameters, seem to be potential
activation signatures for both anti-PD-1 mAbs.
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4.2.3. Conclusions

Even if this first HCS-SMLM experiment of receptor clustering helped to decipher the
clustering ability of receptors when bound by mAbs, a major question remains: can clustering
analysis provide efficient read-outs to evaluate and characterize anti-PD-1 mAbs? This proof-
of-concept HCS-SMLM experiment conducted on Nivolumab and Pembrolizumab
demonstrated that nanoscale clustering analysis can efficiently highlight differences in PD-1
nanoscale spatial organization. Despite these promising results, no clear conclusions can be
drawn. This experiment being conducted only once, it has to be repeated a few times,
including a detailed kinetic, to support the first conclusions, and before testing potential anti-
PD-1 candidates developed by Sanofi R&D’s department. This first analysis will allow future
investigations to be performed discarding some of the conditions, such as anti-PD-1
concentration of 0.5 upg/mL, which indicated no particular changes on PD-1 spatial
organization. Beyond these conclusions, this first proof of concept validates all the protocols
developed during my PhD as well as the HCS-SMLM automatic workflow, from cell culture to
data quantification.
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Figure 63. Heat-map of SMLM quantitative results of PD-1 clustering features. Heat-map representing
6 clustering features for each condition: % of localization contained in large clusters, cluster density, cluster area,
number of localizations per cluster, localization density, and cluster intensity. Each value represents the average
of medians calculated from PD-1+ cell’s cluster distribution. Values were color-coded between the minimum and
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to the bottom: resting, functional, cross-linking.
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Figure 64. Cluster density (#cluster/um?) of PD-1 after Nivolumab and Pembrolizumab treatment. (a-
b) Comparison of PD-1 cluster density of 4 days activated Jurkat cells between CD3 cross-linking, native PD-1
negative control, and all the PD-1 conditions for Nivolumab (a) and Pembrolizumab (b) treatments. (c-e)
Comparison of PD-1 cluster density of 4 days activated Jurkat cells between 5ug/mL and 0.5ug/mL of Nivolumab
(c) and Pembrolizumab (e) treatment. (d-f) Comparison of PD-1 cluster density of 4 days and 24h activated Jurkat
cells between 5ug/mL (d) Nivolumab and (f) Pembrolizumab conditions. Each distribution was normalized with
the PD-1 reference control (ctrl, red values); P-values were calculated using Kruskal-Wallis test.
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P-values were calculated using Kruskal-Wallis test.
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5. DISCUSSION
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My PhD thesis work follows the Beghin et al’”® 2017 initial publication. It aims at providing

the proof of concept that HCS-SMLM can be used for drug-screening applications, by using the
nanoscale spatial organization of key receptors as a quantitative read-out.

5.1. HCS-SMLM: optimization and perspectives

Prior studies have noted the importance of introducing super-resolution microscopy
to HCS/HTS approaches (Barantine et al'®, 2019). Indeed, single molecule-based super-
resolution microscopy already proved its ability to revolutionize biology by allowing the
characterization of the nanoscale organization and dynamics of proteins. However, this
process remains slow, complex, and usually requires lots of manual manipulations. It is a
multi-step and multi-parametric operation which is limited to tens of cells per day and often
undergoes acquisition-to-acquisition variability. This variability of SMLM experiments
acquired over weeks or months, in addition to the high-level expertise required to perform
such imaging and subsequent analysis, may impact the final quantification. On the contrary,
combining HCS/HTS methods with SMLM ensures the same SMLM quality over all the
conditions, by acquiring and analyzing images in a single workflow using identical settings. It
is one of the major advantages of the HCS-SMLM method described here.

SMLM imaging is especially sensitive to inappropriate acquisition settings that could
lead to artifacts, impacting images quality and analysis. In the context of HCS-SMLM, the side
effect is that for all conditions, targeted proteins and antibodies must match and provide
equivalent labeling density and blinking properties under the same conditions (i.e. dASTORM
buffer, laser intensities, number of frames, camera frame rate, etc.). The HCS-dSTORM
experiment described in this thesis as a proof of concept, notably presented a large portion
of single molecules with short lifetime. These results are likely to be related to too high laser
intensities. As suggested recently by Diekmann et al”® (2020), one approach to reduce the
amount of photo-bleached A647 over the acquisition would be to decrease laser intensities
during the “pumping” phase. Optimizing imaging speed and excitation intensity might
improve SMLM experiment quality included in an HCS pipeline.

For now, the HCS-SMLM workflow does not allow adjustment of acquisition
parameters for individual or multiple conditions. We are considering integrating such
functionalities to be able to either adjust SMLM settings specifically, or to use the settings
themselves as read-outs to investigate SMLM properties (De Zitter et al'*®, 2019). For
example, integrating several read-outs into online SMLM parameter adjustment could be used
to study the blinking properties of different fluorophores or different dASTORM buffers under
several SMLM settings by varying laser intensities, camera frame rate, illumination type or
combinations during the acquisition.

Continued efforts are needed to make HCS-SMLM more accessible. However, dASTORM
turns out to be one of the most complex SMLM techniques in terms of stability over the time
required for HCS-SMLM acquisitions. As explained in the introduction, DNA-PAINT revealed
many advantages as it does not suffer from photo-bleaching, does not have imaging buffer
life-time limit, can be quantitative, and has been recently shown to be able to reach
acquisition speeds equivalent to dSTORM (Strauss et Jungmannm, 2020; Schueder et alm,
2019). Thus, it facilitates multiplexing as well as SMLM automatization, offering a good
alternative to HCS-dSTORM. However, in the context of this thesis project, one main limitation
is the use of human therapeutic antibodies, which prevented us the use of standard DNA-
PAINT probes anti-mouse or anti-rabbit. To this end, we started a collaboration with
Jungmann’s Lab in order to generate anti-human probes suitable for DNA-PAINT imaging.

(spt)PALM approach demonstrated in this thesis its high capabilities to provide
interesting quantitative insight of the nanoscale receptor organization and dynamics. For now,
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such approach is principally used for single cells imaging mainly due to the transfection
protocols which provides a limited quantity of viable and transfected cells. But we can imagine
the use of a stable Jurkat cell line expressing PD-1-mEos3.2, which would render this
technique one of the most suitable method to perform quantitative and automated SMLM
microscopy in a HCS fashion.

Another alternative could be to employ different fluorescent probes such as the photo-
activable Janelia probes which don’t require specific imaging buffer to perform single
molecule imaging, and are also compatible with living cells imaging and single particle
tracking.

In spite of the many advances in the field, there remains abundant room for further
progress in improving HCS-SMLM acquisition pipeline.

Generally, | did not observe strong variability from well to well between the same
condition in terms of cells density and fluorescence intensity. However, | could identify
inhomogeneous background signal probably due to washing variability. If Abs are not well
rinsed, it leads to an increase of the final background signals. Several solutions could be
applied to solve inter-well variability and background issues. We recently demonstrated in our
lab that salmon sperm combines with Dextran sulfate used as a blockade solution could
resolve strong Abs non-specificity (Appendix). Other options could be to avoid anti-CD3
coatings responsible for the background issues by changing the way Jurkat cells are activated:
either in suspension through anti-CD3 and anti-CD28 antibodies (alone or attached to
micrometer-sized beads) or using supported lipid bilayers (SLB). SLB is a technique widely used
in the field of T-cell imaging. It is cell membrane mimic interface which would provide a large
range of possibilities in terms of T-cell functionalizing. It would allow, for example, to
modulate its composition by increasing the density of anti-CD3 or adding T-cell membrane
receptors ligands such as PD-L1. It would represent a valuable asset for our HCS-SMLM
pipeline as it accesses to actual needs of potential users.

Another improvement would be the integration of a pipetting robot that would
improve the pipeline by guaranteeing standardized immune-staining protocols. Beyond to be
time savings, it would permit finer and more precise and reproducible incubation times of Abs,
and a better control of the washing steps, a critical issue with non-adherent cells. Such a
system would ease the reproducibility of HCS-SMLM experiments and render it more
accessible. An ideal setup would integrate a pipetting machine directly on top of the
microscope enabling many options (Klevanski et al'® 2020): dSTORM imaging using fresh
buffers, real-time DNA-PAINT probes washing and incubation (Exchange PAINT), live Abs
incubation for living cell imaging, etc.

In our current HCS-SMLM pipeline, an automatic cell pre-selection before the
acquisition and/or automatic post-processing cell segmentation would complete the
automation of the whole workflow. For now, positions are manually selected before the HCS-
SMLM acquisition, and after the acquisition, cells are manually segmented from the
transmitted-light images before clustering feature extraction and statistical analysis. Both
manual steps are time consuming and are based on users’ subjective choices that may induce
bias in the final quantification.

Selecting the positions manually is time consuming and must be taken into account in
HCS-dSTORM experiments to respect the imaging buffer lifetime. As an example, it took me
from 1h to 2h, so 1/10e of total buffer lifetime, to manually select more than 200 different
positions for this proof of concept. A first option could be to pre-select the cells manually,
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using a lower magnification objective via the pre-screening mode already implemented in the
software | developed (Beghin et al”>, 2017). A second option would be to pre-select positions
on the microscope before sealing the plate with the dSTORM buffer. Using appropriate
calibrations, the pre-selected positions can be saved and retrieved after the 96-well plate
removals from the microscope. These two options are already available in the HCS-SMLM, and
will be considered for future HCS-SMLM experiments. Unfortunately, | did not have yet the
opportunity to try these functionalities, because the HCS experiment described in this thesis
has been run the days before the first France's lockdown due to covid-19.

Another limit of our current approach concerns the selection of the individual
quantitative parameters to use for classification. It often relies on manual gating from
reference positive and negative controls, similar to how we proceed in research labs with
single-cell analysis. Our approach would definitively benefit from bioinformatics automatic
supervised and unsupervised clustering that would allow the automatic comparison and
classification of the various conditions based from the tremendous amount of data that we
collect automatically (Rosenberg et al’?, 2020). These new methods could reveal unexpected
new clusters of information based on non-physiological or cross-combination features, and
would certainly help to decipher new finer and more robust read-outs.

More generally, it would be interesting to integrate machine and deep learning
approaches in the HCS-SMLM workflow. Training deep learning networks with specific images,
and patterns would for example enable the automatic cell segmentation and classification of
bright-field and fluorescent images to improve the clustering analysis pipeline.

Finally, one last major limitation of single molecule-based super-resolution microscopy
is the drift occurring during the acquisition. Here, | obtained 93% of successful registration for
the HCS-dSTORM experiment, where images containing beads were selected manually before
acquisition. In a fully automatic mode, getting rid of the assumption of fluorescent beads
presence in the FOV would be a plus. To this end, it would be interesting to implement a
fiducial-free registration algorithm in the HCS-SMLM pipeline, based directly on the
localization coordinates and cross-correlation-based algorithm. This type of approach is
widely used in this field by existing software or company (Ovesny’ et al**’, 2014; Wang et al*?%,
2014; ©Abbelight). This ongoing project already shown encouraging results and will be
implemented in the future HCS-SMLM software. However, for this method to work efficiently,
and avoid potential artefacts, one must require a very dense labelling with well identified
structures, which was not the case of our biological models under our experimental
acquisition conditions.

Beside the HCS approach, we demonstrated the 3D nanoscale imaging of whole T-cells
to be a fruitful area for further investigations. Our soSPIM-based approach and the evolution
| brought with the development of ZTrack, represents a very promising investigation tool,
offering biologists a wide range of possibilities. It allows for example to perform co-culture
experiments and to image the immunological synapse between different types of cells, such
as dendritic cells/T-cells, or B-cell/T-cell conjugates with nanoscale single molecule precision.
It is compatible with most SMLM techniques, such as DNA-PAINT and (spt)PALM on fixed and
living cells, giving complementary functional information to the HCS-SMLM method. While my
work was focused on the optimization of the system to perform 3D automatic acquisitions, it
remains possible to integrate HTS acquisition automation in the soSPIM acquisition, since the
microchip offers intrinsic screening capabilities. Combining soSPIM with HCS would make it
possible to investigate new biological processes, not possible in TIRF illumination. Combining
together the HCS-SMLM and SMLM-soSPIM methods, would bring new insight to the
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comprehension of T-cell membrane nanoscale receptor organization. Unfortunately, it will be
at the expense of time consuming and a more complex experimental acquisition and analysis
workflow.

5.2. HCS-SMLM, an imaging platform for immunotherapy
applications

Why HCS-SMLM instead of HCS-HR? Does super-resolution bring new insights in the
characterization of T-cell membrane receptors? Is single molecule-based super-resolution
microscopy important to understand complex underlying mechanisms of immune cells
receptors?

Commercially available HCS-HTS systems furnish global and general readouts, such as
fluorescence intensity, morphological features, etc. In addition, “obscure” features obtained
using filters and convolutions (e.g. texture features) are created to extract further
information, which, like deep learning approaches, provide non-contextual and non-
physiological readouts. However, in contrary to SMLM, they are not explicitly usable to explain
behaviors or phenomena observed. Throughout my research project, | have been able to
demonstrate that SMLM gives out more quantitative information of immune cell-membrane
receptors than classic fluorescent microscopy. Moreover, it provides a very fine read-out
compared to bulk microscopy, and the access to a large number of quantitative parameters,
from which we only used a small fraction during this pilot experiment.

The advanced quantitative microscopy techniques | used during my PhD helped to
improve our comprehension of the modes of action of therapeutic antibodies on targeted PD-
1 receptors. They permit the observation of their subcellular trafficking and nanoscale spatial
organization, enabling the understanding of the induced signaling pathways at the single
molecule level. | succeed to demonstrate the functional proof of concept that the HCS-SMLM
approach, we developed in the Quantitative Imaging of the Cell team, could provide essential
information requested to differentiate efficacy of therapeutic candidates. To achieve this
proof of concept, | used and improved the HCS-SMLM platform on a model based on two
therapeutic mAbs used in the clinic for cancer immunotherapy: Nivolumab and
Pembrolizumab. One of the main questions raised by the checkpoint inhibitor model was: is
mAbs function reduced by blocking the PD-1/PD-L1 ligation, or does it induce deep changes
on T-cells such as receptor reorganizations and intracellular signaling, maintaining cellular
activation? To answer such question, despite no preconceived answers could be found in the
literature on the subject, we investigated differences between both the mAb’s effect on PD-1
organization and dynamics at the membrane of Jurkat cells. This study undertaken using the
HCS-SMLM imaging platform was acknowledged by first promising results. Despite its
exploratory nature, this proof of concept revealed significant differences between Nivolumab
and Pembrolizumab, in the cluster density and the number of receptors present in large
clusters. We did not necessarily expect any differences between both mAbs, since both
antibodies are competitors of PD-1 receptor binding to PD-1 ligand: PD-L1. However, the fact
that they do not recognize the same domain on PD-1 receptors can generate functional
differences. Nivolumab binds partially to the PD-L1 binding site on the PD1 receptor, whereas
Pembrolizumab covers it entirely. In addition, Pembrolizumab remains functional in Fab
format, as opposed to Nivolumab which only displays functional effects in IgG format, and
therefore could potentially bind to two PD-1 receptors. This leads to the hypothesis that
Nivolumab is able to recruit and/or immobilize more receptors at the membrane, whereas
Pembrolizumab could be internalized more rapidly.
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This research has brought up many questions that further need to be investigated.
Indeed, these first hypotheses could be drawn from the present HCS-dSTORM experiment,
which needs to be reproduced several times before final conclusions. Further improvements
of the analysis pipeline are recommended to provide robust control of SMLM quality over an
entire 96-well plate. We can also expect from the cluster analysis to explore finer readouts for
mAbs nanoscale characterization. In addition, motivated by our preliminary promising study
of PD1 dynamics, further experimental investigations on PD-1/mAbs dynamics will be carried
out by sptPALM or uPAINT combined with HCS. Receptor diffusion analysis already provided
clear read-outs in comparison to the controls, and single protein tracking techniques present
high potentials, and might be the best approach for mAbs characterization.

5.3. Perspectives & Technology Transfer

Once the proof of concept was validated on Pembrozilumab and Nivolumab, the initial
project aimed to use the HCS-SMLM as a screening platform to compare the modes of action
of potential mAbs candidates targeting PD-1 created by Sanofi. However, for the sake of time,
we could not go further than the proof of concept. Once the previous results will be
reproduced, protocols and methods developed during this PhD will serve to screen up to tens
of conditions in a 96-well plate format. The nanoscale spatio-temporal organization of
checkpoint inhibitors after mAbs ligation will help in understanding how it triggers complete
lymphocyte activation and how our antibodies are acting compared to the benchmark
antibodies used today in the clinic or in in vivo studies. We can expect these studies to provide
new insights for homemade mAbs characterization for drug commercialization purpose.

The present study lays the groundwork for promising future research for cancer
immuno-therapies by investigating either co-stimulatory or co-inhibitory targets. The
determined clustering patterns provided by HCS-SMLM are expected to be different between
agonist (co-stimulatory) and antagonist (co-inhibitory) receptors. Indeed, agonist receptors
are more likely leading to receptors clustering upon T-cell activation (e.g. CD28, OX40, etc.).
Thus, their study by HCS-SMLM could enable a drastically clearer read-out in therapeutic mAbs
effect in terms of clustering and dynamics. Further model development work will have to be
conducted in order to determine the clustering and dynamic patterns of such receptors.

Finally, we began with a Jurkat cell line as a simplified biological model. However, for
further experiments, donor samples will be employed in order to decipher more realistic
cellular mechanisms of action and resistance phenomena. Reproducing HCS-SMLM
experiments on primary T-cells would confirm the first results achieved on the Jurkat model
and conclude on the therapeutic mAbs mode of action in vivo in humans. Ultimately, we aim
to integrate the results obtain from technical immune approaches in Sanofi into the HCS-
SMLM analysis (MLR and T-cell activation experiments). The SMLM quantitative analysis will
be correlated to the T-cell behavior by measuring their proliferation and cytokine secretions
as the signature of T-cell activation.

In conclusion, despite its exploratory phase, the success of this proof of concept
project may lead to a potential technology transfer between the research institute and Sanofi.
Our HCS-SMLM platform will help exploring and improving the comprehension of the mode
of action of new therapeutic antibodies and their role in immune T-cell activation. The
generated SMLM metadata will provide an essential database for the internal development
of Immuno-Oncology therapeutic antibodies. Finally, we could imagine the HCS-SMLM
platform to be used as a new prognostic tests dedicated to the immune-oncology field.
Besides, the HCS-SMLM platform is a versatile tool which can be applied to various biological
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applications. To this end, the technology will be also transferred in the Bordeaux Imaging
Center of the Bordeaux University Campus, for making it available to the research community.
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APPENDIX: Protocols

116



Jurkat cell culture protocol: Jurkat cells vial (ATCC, Clone E6-1, TIB-152) is thawed in a
37°C-water bath then the cellular suspension is removed and placed in a tube containing 15mL
complete medium. Following gentle homogenization using a pipet, the cells are centrifuged
at 800 rpm for 10min, the resulting supernatant is aspirated and the cells pellet is re-
suspended with 10ml of warm complete RPMI (at least 30min at 37°C). After cell counting, 1.5
million of cells are mixed in a final volume of 12mL of warm complete RPMI and deposited in
T75 flasks. Finally, flasks are settled lie down at 37°C with 5% of CO, in the incubator and cells
are allowed to grow for 3 or 4 days. The same procedure is applied for the culture of JPD1
Jurkat cell line.

Culture medium for native Jurkat cells: The culture medium used to cultivate the
Jurkat cell line is based on RPMI 1640-1X supplemented with Phenol Red, GlutaMAX™ and
HEPES (Thermofisher, 72400047). 1% of Penicillin-Streptomycin and 10% of inactivated foetal
bovine serum (FBS) are added to fully complete the RPMI medium (complete RPMI). Before
mixing, FBS is warm up on water bath for 45 minutes at 56°C in order to inactivate the
complement which could perturb or activate T-Cells.

Culture medium for human PD-1 recombinant Jurkat cell line (JPD1): The same
complete RPMI medium is used and mixed with complementary selective reagents: RPMI-1X
(Thermofisher, 72400047) supplemented with 1% of Penicillin-Streptomycin, 10% of
inactivated FBS, 200ug/mL of Hygromycin B (Thermofisher, 10687010), 500ug/ml of Geneticin
(Gibco, 15140-122), 1mM Sodium pyruvate and 0,1mM MEM NEAA (Gibco, 11140-050).

Thawing primary cells protocol: 45mL of X-vivol5 medium (Lonza, BEBP02-061Q) is
warmed up in water bath during 30min. The human isolated CD3 primary T-Cell vial is quickly
thawed in the water bath and cells are diluted in the 45mL of X-vivol5 medium. T-Cells are
gently homogenized using a pipet and then centrifuged at 1500rpm for 10min. The
supernatant is removed and the cells are re-suspended in warm X-vivo medium. The final
volume of medium is calculated to obtain the wanted final concentration of cells.

General uses applied for immune-staining protocols: The osmolarity of Phosphate
Buffered Saline (PBS) solution in contact with living cells is adjusted to 300-330mOsm. After
addition of any reagents (PBS included) or Abs to the seeded cells in multi-well plate, each
well is gently mixed with pipet. In case of soSPIM experiments, for a better homogenization
of reagents or antibodies into the micro-wells, gentle mix steps are performed with 1ml-pipet
several times. Each liquid injection is carefully proceeded to avoid cells detachment into wells.
Finally, each well never stay completely dry.

Activating coating protocol: an anti-human CD3 coating for T-Cell activation is
performed on the top of imaging glass-bottom support using the functional mouse
monoclonal antibody OKT3 (clone OKT3 - eBioscienceTM - #16-0037-81). 100uL/well of
5ug/mL OKT3 diluted in PBS is deposited in a glass-bottom 96w plate (Matek- ref P96G-1.5-5-
F) and incubated either at 37° for 3 hours or overnight at 4°C. Afterwards, coated wells are
washed 3 times with warm or ambient PBS. Then the wells are filled with 300uL/well of PBS
and kept at 37° until cells seeding (the plate can be left at 4°C up to 24h before seeding).

PLL coating protocol: To induce non-adherent cells adhesion we used a Poly-L-lysine
coating (Sigma PLL P4707 - mol wt 70,000-150,000) on top of our imaging glass bottom
support. 100ul/well of 5ug/mL PLL is deposited in a glass-bottom 96w plate. Then, the plate
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is incubated at 37° for 45 min. Afterwards, coated wells are washed 3 times with warm or
ambient PBS. Similarly, the wells filled with 300uL/well of PBS can be kept at 37° until cells
seeding or at 4°C up to 24h before seeding.

Cells seeding protocol: After PBS removal from the coated wells of the glass-bottom
96w plate, 60-70k of Jurkat cells are seeded in 200uL/well of complete RPMI. The cells are
allowed to settle at 37° from 30 minutes to 1h before receptor clustering, fixation orimmune-
staining steps. The incubation time varies depending on the experiment protocol. In case of
incubations lasting several days at 37°C, wells surrounding the wells of interest must be filled
with water to prevent liquid evaporation.

Supernatants recovery protocol: 100uL of the supernatant is gently taken from each
well of interest of the 96w plate — only liquid at the upper state of the wells is removed to
avoid taking any cells. Each supernatant sample is deposited into a well of a non-protein-
binding 384w plate (Greiner, 781900). Then the 384w plate containing the supernatants is
carefully closed with a plastic film, and frozen at -20° until its sending to Sanofi’s lab for
cytokine measurement.

Prefix immunostaining: In case of Prefix experiment, cells are incubated with a
blocking solution composed of warm complete RPMI+3%BSA w/o Biotin (Roth, ref 0163.4-
200g) for 30min at 37°C+5%C02 in incubator. Then the medium is removed and primary Abs
diluted in complete RPMI medium are deposited in wells and let at 37°C+5%C02 for various
incubation time, before the fixation. Afterwards, wells are washed 3 times, once with warm
RPMI and two times with warm PBS. The cells are now ready for further staining steps except
that the primary Abs staining step is avoided.

Fixation: The supernatant is taken from each well to let only 50ulL of media remaining.
100puL of warm PFA4%+sucrose diluted in PBS (300-330mOsm to match with T-Cell osmolarity)
is added on each well and gently mixed with 1ml-pipet. Then, the 96w plate is set for 10min
at 37°C in an adapted incubator/hoven. Afterwards, wells are washed 2 times with PBS and
quenched by 100uL/well of 150mM of Glycine (Euromedex, ref 26-128-6405-C) for 5min at RT
before washing 3 times in PBS. In the case of an intracellular labelling, a permeabilization step
is further required: after PBS removal, 0.3% of Triton-X100 (Sigma, ref T9284) is added and
gently mixed for 20min at RT. Finally, fixed samples are washed 3 times with PBS.

Standard immunostaining protocol: Once cells seeded on the appropriate coating are
fixed (cf previous steps), cells are incubated in blocking solution with 150uL/well of PBS-
BSA5% (Sigma, ref A9647) for 1H at RT. 120uL/well of primary antibodies mixed with PBS-
BSA2% is added on the wells for 1H at RT in the dark, followed by 3 washing steps with PBS-
BSA2%, with 5min intervals of resting time between each washing step. Then, 120uL/well of
secondary Abs diluted in PBS-BSA2% is deposited on cells for 1H at RT in the dark and then
washed 3 times with PBS.

Post-fixation: After staining steps, a post-fixation step is carried out by adding
100uL/well of 4%PFA+sucrose for 5min at 37°C. Wells are then washed 2 times with PBS and
100uL/well of 150mM of Glycine is added for 5min at RT. After washing 3 times in PBS, the
sample is wrapped in an aluminum foil and store at 4°C before imaging. The post fixation
protocol is performed for both long term storage and to prevent the imaging of unbound
fluorophores diffusing within the media during the SR acquisition.

118



Drift correction: For post-acquisition drift correction and membrane detection,
100uL/well of 1:1000 of Tetraspeck beads is deposited per well for 10min incubation at RT
(Tetraspeck T7279, LifeTechnologies). Additionally, 1:1000 of Alxea-488 labelled WGA in PBS
can be added with fluorescent beads.

dSTORM Pyranose switching buffer: The 3 separated solutions (Base (B) + MEA (M) +
Pyranose (P)-Table below) that made up the Pyranose buffer were prepared in advance and
aliquoted for -20°C storage. The pH of MEA and Base solutions was verified and adjusted to
be 7.5pH using a pH-meter. Before dSTORM imaging, aliquots were allowed to thaw and the
final imaging buffer was mixed as followed: 1mL B + 120uL P + 120uL M for a single mounted
coverslip or 330uL B + 40uL M + 40uL P for one well of a 96w plate.

1/ BASE=B 2/ MEA (2M) =M 3/ PYRANOSE = P
45 m| TRIS 1X pH 8 (Euromedex EU0111) 1.136 g MEA (Sigma 200 pul TCEP 1M (Sigma C4706)
M6500)
5 ml Glycerol (Sigma G5516) 5 ml dH,0 100 ul Catalase (Sigma C3515)
5 g glucose (Sigma G8270) 50 mg Pyranose oxidase (Sigma
P4234)
22,5 ml dH,0

1,25 ml KCI 1M (Sigma P9333)

1 ml TRIS 1X pH 7.5 (Euromedex
EU0111)
25 ml Glycerol (Sigma G5516)

CD3 cross-linking protocol: Once cells are seeded (after 30/60min) on PLL-coated
multiwell plate (cf previous steps), cells are incubated with a blocking solution composed of
warm RPMI+3%BSA w/o Biotin for 30min at 37°C+5%C02 in incubator. The blocking solution
is removed and a mix of primary and secondary Abs diluted in warm RPMI is deposited on top
of Jurkat cells for 30min in the incubator. The mix is composed of 2ug/mL of anti-human CD3
mouse antibody (OKT3, BioscienceTM - #16-0037-81), 4ug/mL of Alexa647-labelled goat anti-
mouse antibody (Invitrogen, A-21235) and 4ug/mL of unconjugated goat anti-mouse antibody
(Jackson ImmunoResearch, 115-005-071). Before fixation step, the medium is removed and
the wells are washed carefully 3 times, a first time with RPMI, the two-last time with PBS. Cells
are fixed and prepared for SMLM imaging.

CD3 functional clustering: 50-70k Jurkat cells are dropped in complete RPMI medium
on each well of a OKT3-coated 96-well plate (cf previous steps), and let to seed in the
incubator for exactly 15min to allow receptors to aggregate into clusters. After 15min, cells
are fixed and permeabilized with 0,3% of Triton-X100 for 20min at RT. Following my standard
immune-staining protocol, cells are stained using 2ug/ml of primary rabbit anti-human CD3
antibody (Abcam, ab135372) and 2ug/ml of A647-labelled goat anti-rabbit antibody
(Invitrogen, A-21244) as secondary antibody. Then, cells are postfixed and prepared for SMLM
imaging.

soSPIM protocol: Chips are washed firstly with ethanol and secondly 3 times with PBS.
Micro-wells are covered with 1mL of 5ug/mL of Poly-L-Lysine (Sigma PLL P4707) for 45min at
37°C, then washed 3 times with PBS. Between 200-400uL of 500K/mL of Jurkat cells in
complete RPMI are deposited in the center of each well, like one drop of liquid above the
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micro-wells. Cells are allowed to seed for 15min in incubator. After 15min, the liquid excess is
aspirated and another subset of 500K/mL Jurkat cells is deposited on top of wells. This step is
repeated until the density of cells per well is sufficient (2/3 cells per 24*24um microwells, 5/6
for 40*40pum microwells). Cells are allowed to seed during at least 2 hours for a complete
adhesion. Before fixation, cells not contained in micro-wells are removed and washed with
complete RPMI by aspiration/injection with a pipet. For the fixation, the excess of RPMI is
aspirated and 1mL of 2%PFA+sucrose in PBS (300-330 mOsm) is deposited for 10min at RT.
Wells are washed 3 times with PBS and quenched by 1mL of Glycine (150mM) for 10min at
RT. After 3 washing steps with PBS, the petri-dish is incubated with 1mL of PBS-BSA 3% + 0.1
mg/mL Sheared Salmon Sperm DNA (Thermofisher AM9680) + 0.1% (wt/vol) Dextran sulfate
(Sigma D4911) as blocking solution for 1H30 at RT. Then, a drop of 200-300uL/w of primary
antibodies [1:300 of anti-PD-1 (14-99969-80, Invitrogen)] diluted in PBS-BSA2% + 0.1 mg/mL
Sheared Salmon Sperm DNA is added on top of microwells overnight at 4°; followed by 3
washing steps with PBS-BSA-2% + 0.1 mg/mL Sheared Salmon Sperm DNA with 5min intervals
of resting time between each washing step. Then a drop of 200-300uL of secondary Abs
[1:1000 of DNA-PAINT probes anti-mouse (D1), massive photonics] diluted in PBS-BSA2%+ 0.1
mg/mL Sheared Salmon Sperm DNA are deposited on cells for 3H at RT in the dark and washed
3 times with PBS. Lastly, a second fixation step is done, as previously described but with only
5min of PFA incubation, after the immunostaining step. The petri-dished is wrapped in
aluminum foil and store at 4°C before imaging.

PD-1 transfection of Jurkat cells by electroporation: The plasmides came from Sanofi
and consisted in the human PD1 sequence fused to Meos3.2 fluorophore sequence either in
its Ct or Nt part. The transfection of PD-1 in Jurkat cells ((Clone E6-1 ATCC, TIB-152) is done
via electroporation using the LONZA-AMAXA system or the Neon system.

e Using LONZA-AMAXA system: The electroporation is performed using the VCA-1003
Lonza Kit. Day-2 cultivated Jurkat cells (to be at the exponential growth phase) are
centrifuged 10min at 800rpm, and washed with 10mL of PBS before centrifugation
again at 800 rpm for 10min. After counting, 2 million cells are placed in a 1.5ml-
Eppendorf tube and centrifuged. The supernatant is discarded and 2M of cells pellet is
mixed with 4ug/mL of plasmids in 100uL of amaxa kit reagent. The cells-plasmid
mixture is then deposited in the electroporation cuve and set into the Lonza system.
The program X-001 high Viability is applied into the cuve. After the electroporation,
cells are recovered from the cuve with 1mL of warm complete RPMI without
penicillin/strepomycin and placed in wells of 12 multiwell plate for 24h/48h in the
incubator 37°C 5%C02 before being imaged.

e Using NEON system: After 10min at 800rpm of centrifugation, Jurkat cells are washed
with 10mL of PBS. After counting, cells are centrifuged again 10min at 800rpm and
then mixed with the Neon Buffer “E” at a final concentration of 500k cells /2pg plasmid
/ 10uL. Using the NEON 10uL pipet, the final mixture is electroporated using the
characteristic shown in the table below; and deposited in a 12 well plate filled with
1mL/well of complete RPMI without penicillin/strepomycin for 24h/48h in the
incubator 37°C 5%C02 before being imaged.

DNA Cell/10uL Pulse voltage (V) Pulse Width (ms) PulseNumber
2ug (PD-1 500kC/10pL 1325 10 3
Meos3.2-Ct)
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Calcium imaging using FLIPR HTS-system: 384-well culture treated plates (Greiner
781090) are coated with PLL at 5pug/mL or 100p/mL for 45min at 37°C, or industrial pre-coated
multi-well plate are used (Poly-D-Lysine Cell Coat greiner 781948). One vial of Ca5+ dye is
previously mixed with 10mL of Ringer buffer for 30min at RT in the dark. Then the fluorescent
solution is mixed with Jurkat cells in vol:vol ratio for 20min at 37° in the dark (4ml:4ml with a
final cell concentration at 1.6M/ml). Cells are then seeded on coated 384-well plates for 40min
at RT in the dark before being imaged. Reagent used for the experiments are prepared and
deposited in non-binding 384 well plates (Greiner 781280). The FLIPR HTS-pipettor System
take 5uL of the whole column from “Reagent” plates and distribute them into the associated
cells destination wells (Reagents: anti-CD3 antibody OKT3, OKT3+anti-CD28 antibody,
Phytohaemagglutinin PHA, Thapsigargin, lonomycin, EGTA). The FLIPR-Tetra (Molecular
Devices) system is handle by the software Screenworks, the wells of an entire 384-plate are
screened simultaneously to perform live calcium imaging. The system uses lasers (Ex: 470-495,
Intensity: 100, Em: 515-575) and detectors (Gain: 50, Exp Time: 0,40 s). For these experiments,
one image has been acquired every 5 seconds for 15 min.

Calcium imaging using Video-imaging system: Coverslip are previously coated with
PLL (Sigma PLL P4707) for 45min at 37°C and washed 3 times with PBS. Jurkat cells (200k
cells/20ul) are mixed with 1uM of Fura2 calcium dye in complete RPMI and regularly agitated
for 30min at RT in the dark. Then, the mix-Fura2-Cells is quickly centrifuged and cells are re-
suspended in Ringer buffer. Depending of the type of experiment, cells are previously seeded
on the PLL-coated-coverslip for 15min before imaging, or cells are dropped onto the coverslip
directly during live acquisition. Using micro-tube and syringe, different reagents are injected
directly in the coverslip live acquisitions. Different reagents are used to observe the calcium
release of Jurkat cells (anti-CD3 antibody OKT3, OKT3+anti-CD28 antibody, lonomycin, EGTA).
Cells were exposed to UV light produced at alternating excitation wavelengths of 340 and 380
nm. The background from acquired images of both wavelength is measured and subtracted.
Then the ratio of 340/380 images is collected online and measured. The calcium imaging is
done via a standard inverted microscope equipped with a x40 Nikon objective, a Hamamatsu
camera and 340/380nm LEDs. The control of devices, acquisition and analysis workflow are
managed by MetaFluor software (Molecular Devices).

HCS-dSTORM setup. The HCS-SMLM setup is a conventional motorized inverted
microscope Nikon TiE. It integrates a motorized stage (Tix, Tiy, Tiz) and the perfect focus
system (PFS) fully controlled by the HCS-SMLM software. Single molecule acquisition data are
collected through a high numerical aperture oil-immersion objective (100x, 1.49NA) in
streaming mode using an EMCCD camera. A lower-magnification objective can be used for the
pre-screening mode (40x), to pre-select position the coordinates before SR acquisition. The
setup is also equipped with a temperature-controlled box and a humidified gas supply
required to perform live imaging. A four-color laser bench (405/488/561/635nm) is connected
through an optical fiber to the azimuthal TIRF illumination system of the microscope. Each
lasers intensity and incidence angle of the excitation beam to the glass surface is software-
controlled by the XYZebra plugin integrated in MetaMorph software. The incidence angle of
the excitation beam can be precisely controlled and calibrated via galvanometer mirrors,
enabling wide-field, Hilo or TIRF illumination through samples. Several laser intensities and
TIRF angles can be defined and memorized into the software, information then used into the
HCS-SMLM software to control the illumination during the automatic acquisition workflow.

Usually, in fluorescence microscopy field, excitation beams have Gaussian profiles,
which can be very challenging for quantitative super-resolution imaging (Stehr et al**>, 2019).
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Indeed, non-homogeneous illumination might lead to detection and fitting artefact. The
common practice is to reduce FOV to the flat part of the Gaussian profile to record only the
area which has the most homogeneous illumination (i.e. from 512*512 pxl to 256*256 pxl).
However, a reduction of the field of view size leads to a decrease of the number of cells
acquired simultaneously, resulting in an increase of the acquisition time to collect a given
number of cells. However, buffer lifetime limits the total acquisition duration of HCS-dSTORM
(estimated to 10h in Beghin et al.). To overcome this limit, we integrated an innovative beam
shaper (Asphericon ©) to the optical path of the setup. Based on aspheric optics, this beam
shaper generates a stable beam profile with a homogeneity superior to 95%. We confirmed
its ability to provide homogeneous illumination on the entire FOV of SMLM acquisitions. We
measured the average intensity of single molecules detected over 100 frames on resulting
images as well as the vertical and horizontal line scans (Figure 66). This allowed us to acquire
images with larger field of views, and as a consequence to increase by two-fold the number
of cells for the same duration, improving our statistics while respecting dSTORM buffer limits.
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Figure 66. Top-shape illumination characterization by dSTORM. AlexaFluor647 were evenly distributed
onto a coverslip and acquired using dSTORM in order to characterize the homogeneity and the capabilities of the
illumination provided by the top-shape beam. (a) Maximum intensity projection of 100 frames of dSTORM
acquisitions. (b) Average Intensity of each colored square of (a). (c) Intensity profiles of horizontal and vertical
line scans from the image.

122



Protocols schema and antibodies used:

Primary Antibodies

Reference

Nivolumab anti-Human PD1 (Human)

Produced by Sanofi (4.82mg/mL)

IgG4 Isotype control (Human)

DDXCHO04P-100, OriGene Technologies GmbH or

Produced by Sanofi (13.31mg/ml)

Pembrozilumab anti-Human PD1 (Human)

Produced by Sanofi (10.16mg/ml)

PD-1 anti-Human (Mouse) clone 7A11B1

MAS5-15780, Invitrogen

PD-1 anti-Human (Mouse) clone MIH4

14-99969-80, Invitrogen

PD-1 anti-Human (Rabbit) clone D67

MA5-29464, Invitrogen

CD3 anti-Human (Rabbit) clone SP162

ab135372, Abcam

CD3 anti-Human (Mouse) clone OKT3

16-0037-81, eBioscience

CD28 anti-Human (Mouse) clone CD28.2

16-0289-05, eBioscience

IgG2a Isotype control (Mouse)

14-4724-82, Life Technologies

Secondary Antibodies

Reference

A532 anti-Mouse (Goat)

A-11002, Invitrogen

A647 anti-Mouse (Goat)

A-21235, Invitrogen

A647 anti-Human (Goat)

A-21445, Invitrogen

A647 anti-Rabbit (Goat)

A-21244, Invitrogen

Unconjugated anti-Mouse (Goat)

115-005-071, Jackson ImmunoResearch

Unconjugated anti-Mouse (Goat)

A16080, Invitrogen
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APPENDIX: Software
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HCS-SMLM software settings.

LogFile

File saving

Calibration

Imaging
support
format

Wells
selection

Positions
selection

Pre-screening
mode

Perfect Focus
mode

Acquisition
mode

Wavelength
settings

Load previous experiment
settings

Head directory path

Calibrations of: Stage, image
and Screening/Pre-screening
objectives

Imaging support can be
predefined or manually
defined

Wells are selected in the GUI

Automatic or manual
selection of positions

Positions selection via pre-
screening images using a
lower magnification objective
and automatic coordinates
calculation for the screening
acquisition

Tracking of PFS during the
acquisition

Screening acquisition flow:
Order of acquisition (wells
and positions)

Number of wavelengths,
Type of acquisition,
Illumination settings

Load LogFile

Pxl/um, Pxl/Stage unit

Camera tilt

Plate Origin coordinates

Stage orientation

Stage Boundaries

Load/Save calibration

96p, 8p, coverslip.

New format: number of wells,
wells shape (round, square), wells
size, inter-intra wells distances,
etc.

Click/Unclick

User-defined, random, centered,
Grid (2x2,3x3,4x4)

Positions selection via manual ROI
selection on Pre-screening images

Focus window research (um):
Intra, extra wells

Manually defined, Random,
vertical, horizontal, snake, serie-
plate.

Acquire/Snap, pumping
phase/SMLM streaming
acquisition

Delay

Exposure time

Number of frames

MM Illumination setting selection
Laser intensities.
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Copy of Stack HR

Single Coverslip, 20 random positions

i

File Edt Regions Stack Acquie Devices Display Process Log Messure Joumsl A ow _Help
<@ | Mag: [ one] V| % & X K x00 :000 | € & & gz 000 22RBB| M % HE B
EHBHBSX @ BTRLL | T2 ErANE BEBTE(TT EERALED @ BR ROCG\via @

o one)

r
& s o3 |=
O Set Save.
[JSave w/Secquence  Disly | Acauie | Corect | Deconvoluton | Amctate Speca | Lve Repley
Exposure Time: Digtizer: | 10 MHz (EM Gain) v
140 ims v~ Gain: | Gain 3 (4) hd
AutoBrpose EM Gain:  |30C < >
Binning; i Camera Shutter: | Open for Expose v
(Eamaalees Clear Mode: | CLEAR NEVER 3
Clear Count: [1_|5 Info.
Use Active Region
B HCS - High Content Screening 2 - o x|~
Settings -
Position
Revision
WaveLength
Settings Acq Research mex radius : 150
Summary
B
i
e
e
o
Copy of Stack HR 160% 11 (224,194) -> 982 1 pixel = 1 (No Unit) 109 Go physical memory 230 Go virtual memory  Maintenance: Unknown
96-well plate, 2x2 Grid positions
£Yi MetaMorph - o X
File Edit Regions Stack Acquire Devices Display Process Log Measure Journal Apps Window Help
Wum: | quad | @ | Mag:[x1000bj 1.49 v % & L {5 x00 v:000 G G 6 g7z 000 2ZREB | A % W
SEBESEX (@ @HYR L | F2 EcANS DT TYR BARALEG @8R ROO0OG\NVvIR G
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140% 11 (273, 242) -> 989 1 pixel = 1 (No Unit) 110 Go physical memory 230 Go virtual memory

Maintenance: Unknown
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Z-Track software settings.

Files saving
Calibration

Acquisition mode

Registration mode

Reference bead selection

Beads segmentation

Beads filtering

Acquisition settings

Online Registration settings

- Head directory path

- Pixel/um
- Camera tilt

- Single/Multiplane

- 2D/3D/No registration
- Manual/Automatic

- Wavelet threshold

- SigmaXy, Chi®

- Number of planes

- Z-steps

- Number of frames per plane (Batch mode)

- Binning/Continuous

- Drift limits before registration (Xax) Ymax: Zmax)
in nm

- Initial coordinates averaging of the reference
bead (frames)

- Average sliding window for drift calculation

Z-Track multiplane acquisition, automatic bead extraction.

£Yl MetaMorph - o X
File Edit Regions Stack Acquire Devices Display Process Log Measure Journal Apps Window Help
llum: | quad ~|@® | Mag: x1000bj 1.49 v | 4 % 1 5 X000 v:000 | & & & ¥ z000 22 R ER| A % H5% @
SEHHBSESX| @ @R L | T2 ErcaNME BT TTR SARAEEG @ BHE ROCB\NVvI& §
~
r o|[@][=
0 5 Camn
ZTrack - [m] X
Settings  Acquistion  Multiplane  Summary
ROI Definition ROI Defintion
Threshold Plane z ROI wt Px =
1 0 ok 100 10
O Preview @@ 2 1000 ok 100 10
3 2000 ok 100 179
Guassian Fit Size [ ] [a]
5 4000 ok 100 10 L]
GetROI 6 5000 ok 100 202
8 7000 ok 100 10
9 8000 ok 100 10
10 000 ok 100 10 v
Z Stack Settings |< > |
Automatic Bead Extraction
br of Z-planes [100
rereiZplanes [100_] Set polymer bead Threshold
2 step (offset) [5 Create ROI around the well (GetROlwell) (1@
4z (nm) [1000 [] Live extraction chi2 [06 |1
SigmaX (05 P
precision |0.05 Extraction from Stack SigmaY [05 |3
[0 s0SPIM_Focus Stack-Bead-Extraction Get RO - Well
L

Untitled 100% 3737 (,62)-> 1694

1 pixel = 1 pixel 109 Go physical memory 229 Go virtual memory  Maintenance: Unknown
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Localization-based super-resolution imaging meets

high-content screening

Anne Beghin!->6, Adel Kechkar®, Corey Butler’>24, Florian Levet!?5, Marine Cabillic-2, Olivier Rossier!>?

Gregory Giannone!2, Rémi Galland!-2, Daniel Choquet!2>

Single-molecule localization microscopy techniques have
proven to be essential tools for quantitatively monitoring
biological processes at unprecedented spatial resolution.
However, these techniques are very low throughput and are not
yet compatible with fully automated, multiparametric cellular
assays. This shortcoming is primarily due to the huge amount
of data generated during imaging and the lack of software

for automation and dedicated data mining. We describe an
automated quantitative single-molecule-based super-resolution
methodology that operates in standard multiwell plates and
uses analysis based on high-content screening and data-
mining software. The workflow is compatible with fixed- and
live-cell imaging and allows extraction of quantitative data
like fluorophore photophysics, protein clustering or dynamic
behavior of biomolecules. We demonstrate that the method is
compatible with high-content screening using 3D dSTORM and
DNA-PAINT based super-resolution microscopy as well as
single-particle tracking.

Innovations in high-content screening (HCS) or high-through-
put (HT) analysis combined with advanced fluorescence
microscopy techniques have enabled image-based screen-
ing assays, which have dramatically improved experimental
throughput and content richness!=3. In parallel, super-resolu-
tion (SR) microscopy has revolutionized fluorescence micros-
copy and cell biology*, as this technique allows researchers to
monitor protein organization and dynamics at unprecedented
resolution. Single-molecule localization microscopy (SMLM)
approaches rely on the localization and temporal accumula-
tion of a large number of sparsely distributed single emitters.
Among these techniques, direct stochastic optical reconstruction
microscopy (dSTORM)>~7 and point accumulation for imag-
ing in nanoscale topography (PAINT)3-!! use conventional
fluorescent probes such as labeled antibodies or chemical tags.
Photoactivated light microscopy (PALM) is based on photoac-
tivation of genetically encoded fluorescent proteins expressed
in cells. When performed on live cells, it allows single-protein

& Jean-Baptiste Sibarital>?

tracking coupled with PALM (sptPALM)!>-15. It is also
possible to combine all these SMLM techniques with 3D locali-
zation of single molecules'®-20, However, the major limita-
tions restricting the use of all these SMLM techniques in an
HCS context are the low experimental throughput?! as com-
pared to traditional fluorescence microscopy and the need for
manual interventions during acquisitions of multiple samples
in different conditions. Only a few recent attempts to integrate
super-resolution microscopy into an HCS-like pipeline have
been achieved??23; these attempts used a correlative approach
in which a few cells of interest were manually identified at low
resolution before switching to another microscope to perform
the SR acquisition with corresponding coordinates. While these
approaches are promising, the manual intervention makes the
pipeline time consuming and incompatible with the constraints
of large assays. Moreover, these studies compared cell pheno-
types based on reconstructions of super-resolution images to
draw conclusions, and this restricted the amount of informa-
tion obtained by HCS-SMLM. Holden et al.?* performed high-
throughput PALM imaging in an elegant manner, using cell
synchronization to study the temporal evolution of a protein of
interest. However, while their approach allowed them to collect
a large amount of SMLM data in a single workflow, their study
considered a specific biological question with only a single bio-
logical condition. A recent review highlighted the importance
and value of combining both SMLM and true high-content
screening?’, but it did not collect data nor did it mention the
key steps of data analysis.

We describe a platform for functional HCS-SMLM for use with
both commercial and freely available equipment and software.
This platform is composed of a fully automated microscope that
integrates automatic online data analysis, metadata extraction and
database creation Single Molecule Profiler (SMP) software, which
allows organization of all the metadata in a functional database
compatible with the Cell Profiler Analyst (CPA)2 for data mining
and statistical interpretation. We illustrate the versatility of our
HCS-SMLM approach on different types of applications, covering
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proof-of-principle and quality-control experiments as well as
fixed- and live-cell experiments with various levels of quantifica-
tions. We achieve SMLM with (to our knowledge) unprecedented
throughput and content and thus open the door to new discover-
ies in chemistry, biology and drug applications.

RESULTS

High-content SMLM microscopy acquisition workflow

Our system is composed of a fully automated microscope that
integrates automatic data analysis, metadata extraction and
data mining (Fig. 1). The SMP software developed for this work
allows researchers to organize all the metadata in a functional
database compatible with the CPA software for data mining and
statistical interpretation. Compatible with most standard sup-
ports, including multiwell plates, our platform uses an optimized
workflow to facilitate SMLM acquisitions in an HCS fashion
(Supplementary Note 1). The workflow is based on standard
commercially available equipment and freely available software,
and this makes it possible to upgrade traditional SMLM setups
to HCS-SMLM.

a b

Single well

Multiwell plate Online Offline
@ 000 _>{ analysis analysis
000
Incubator Stage

Metadata computation and organization

Metadata are all quantitative single-molecule descriptors that
can be used for the data-mining process. Supplementary
Table 1 describes the metadata used in this work, but more
descriptors can be added. In order to optimize the workflow,
single-moleculelocalization and tracking are computed online dur-
ing the acquisition, and the raw images are directly saved to disk while
they are acquired and do not need to be opened again for analysis
(Fig. 1b). Clustering or photophysical parameters are computed
offline after the acquisition, but directly from the localization
metadata, which eliminates the need to reload the raw images.
Metadata are automatically saved in a well-defined tree hierarchy,
before they are compiled in a functional database using our SMP
software for later data mining using CPA (Fig. 1¢, Supplementary
Fig. 1 and Supplementary Note 2).

Database construction and data mining

Data mining allows for the extraction of relevant information
from a very large pool of quantitative data computed from the HCS
pipeline in order to represent the data in an intelligible manner.
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Figure 1 | HCS-SMLM acquisition setup and analysis workflow. (a) HCS-SMLM workflow. SMLM data are acquired on a conventional motorized inverted
microscope equipped with a temperature-controlled box, a humidified gas supply, and a fully motorized stage (X, ¥, Z) under HiLo or TIRF illumination
for optimal single-molecule imaging. Different sample supports can be used, from single coverslips to 96-well plates. An autofocus device maintains
the focus during the entire acquisition process. Prescreening acquisition with a low-magnification objective can be performed if needed. For each
position, SMLM data are collected in streaming mode using an EM-CCD or sCMOS camera. (b) A massive amount of metadata—i.e., quantitative single-
molecule data, are computed online during the acquisition (dark blue) and offline after the acquisition (cyan). Offline metadata are computed directly
from the online metadata, which eliminates the need to load the raw images. The Single Molecule Profiler (SMP) software organizes all metadata into a
unique database compatible with Cell Profiler Analyst (CPA) software. (c) HCS-SMLM metadata computed with SMP are composed of several tables linked
together—*“image table,” which contains the image data information, and one or more SMLM metadata tables. Image and metadata tables are linked
through a unique ID (ImagelD). (d) Benchmarking between (top) classical SMLM without online processing or automatic database construction, (middle)
classical SMLM coupled with SMP software to efficiently generate the database for data mining, and (bottom) complete HCS-SMLM workflow with

online computation of the metadata coupled with SMP software. Breaks in the timelines indicate that the corresponding tasks are usually very long and

fastidious, especially for large number of biological conditions.
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Figure 2 | HCS-SMLM allows fully automated 3D-dSTORM imaging of a complete 96-well plate. (a) 96 astigmatism-based 3D dSTORM images (20.5 x 20.5 pum

FOV, 40 nm/px) of microtubules in Cos-7 cells automatically gathered using our HCS-SMLM approach. The total acquisition time was 8 h, including the localization
and the reconstruction, and total traveling distance between the first and the last cell of the screen was 85 cm. The color codes indicate the Z-position. Scale bar,
5 um. (b) Gallery of 3D dSTORM images with a regular time interval of 1 h between each image. Scale bar, 8 um. Z-scale applies to (a) and (b).

For our data-mining purposes, we used CPA?°, a popular freely
available software distributed under an open-source license
(GNU General Public License, version 2), initially designed to
explore and analyze cell-based screening data. Furthermore, we
developed SMP software, which allows CPA to handle all the
single-molecule metadata (Fig. 1c¢ and Supplementary Fig. 1
and Supplementary Software). This makes it possible to deal
with millions of SMLM quantitative metadata in an intelligible
and graphical manner using several representations, such as
histograms, scatter plots and density plots. The SMP software
can handle metadata computed with freely available super-
resolution localization software such as ThunderSTORM?7 (see
Supplementary Note 3).

All graphs are interactive and allow researchers to filter the
metadata in a user-friendly manner. This filtering step, called gat-
ing in HCS, allows efficient comparison between various biologi-
cal conditions. For example, it is possible to restrict the statistical
analysis to a subpopulation of molecules displaying a given blink-
ing behavior or a certain diffusive behavior or belonging to trajec-
tories with a limited number of timepoints, etc. Finally, statistical
analysis of SMLM metadata can be displayed using heatmap repre-
sentations, which are graphical representations commonly used in
HCS in order to visualize statistics in a multiwell plate format.

Benchmarking

A 96-well plate with ten positions per well screened with 4,000
512 x 512 x 16-bit images acquired at 50 frames per second (fps)
represents 2 TB of raw images. Depending on localization density
and molecular organization, the analysis of the raw data can lead
to about 300 million single-molecule detections, 2 billion SMLM
entries in the localization data table (i.e., XY coordinates, intensity,
sigma, etc.) and 850 million dynamics metadata (i.e., trajectories,
mean square displacement (MSD), diffusion coefficients, etc.). To
illustrate our HCS-SMLM method’s ability to efficiently screen a
large number of biological conditions with optimal quality, we
automatically acquired 3D dSTORM images of 96 cells located in
96 different wells. The entire screen, representing a total traveling
distance of 85 cm, was achieved in 8 h and generated 500 GB of
raw images, 200 million single-molecule detections, and an ASCII
database of 70 GB. In comparison, a trained user can manually

acquire 20 to 50 cells in a workday. All of the SMLM metadata were
automatically organized with SMP software into a database, where
they can be displayed for gating and statistical analysis—a long
and tedious task in the case of manual screening (Fig. 1d).

Super-resolution imaging on a complete 96-well plate

We here demonstrate our HCS-SMLM method’s ability to achieve
astigmatism-based 3D SMLM?8 of biological samples consistently
across a complete 96-well plate with state-of-the-art quality. We
imaged microtubules labeled with the Alexa 647 fluorophore using
dSTORM as a gold-standard biological control. The total HCS-
SMLM acquisition took 8 h, including the 3D localization and image
reconstruction, and this corresponded to about 5 min between each
well. Figure 2 displays a gallery of 96 3D super-resolution images
automatically reconstructed from regular sampling of the 96-well
plate. The high quality of the reconstructions qualitatively illus-
trates our system’s ability to automatically screen an entire 96-well
plate using 3D dSTORM without any user intervention.

We used several descriptors to control the quality of the recon-
structions in a quantitative manner (Supplementary Fig. 3). We
also analyzed both the number of localized molecules per frame
and the frame at which 50% of the total localized molecules had
been detected (frame_50% metadata) to quantify the effect of
time on the dSTORM buffer efficiency (Supplementary Fig. 4).
Despite the high quality of the reconstructions, we observed a
continuous decrease of the frame_50% metadata over time, an
observation that indicated the limits of the dSTORM buffer in
achieving long acquisition times (more than 10 h). This observa-
tion is not surprising, since it is known that carbocyanine dyes
are sensitive to the presence of oxygen, which induces a less effi-
cient pumping phase and/or faster bleaching rate”-2%30, We used
enzymatic oxygen scavengers (pyranose/catalase31:32) to reduce
oxygen yield in solution. However, like any enzymatic system,
these scavengers have a limited lifetime, and their efficiency is
expected to decrease over time.

As an alternative SMLM approach to overcoming the buffer-
lifetime limit of dSTORM, we performed HCS-SMLM using the
DNA-PAINT technique!:33. As a result, during the same 8 h of
acquisition needed to screen the 96 cells in dSTORM and using
the same HCS-SMLM workflow, we acquired 3D images of 16 cells
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Figure 3 | Effect of dSTORM buffer on fluorophore photophysics. (a) Characterization of isolated fluorophores using sparsely distributed pure dyes adsorbed
to the bottom coverglass of a 96-well plate. Single-molecule sequences are analyzed online (left). Clusters of localizations belonging to the same
fluorophore are identified (center), and intensity fluctuations in each cluster are analyzed to extract the photophysical properties (right). (b) Data mining
using the duty cycle metadata describing the blinking properties of the fluorophore. For Alexa 647, at low concentration of thiols (25 mM), an increase of
the pH induced a decrease of the duty cycle (left box plot). The effect is reversed for high concentration of thiols (200 mM) (right box plot). Bar, mean of all
positions. Dot, mean per position. (c) Two-color dSTORM acquisition of microtubules (labeled with Alexa 647) and laminB1 (Alexa 532) in Cos-7 cells using
the same dSTORM buffer (200 mM bMEA at pH 7.2) selected from the previous screen. SMLM data were acquired at 5-um axial distance from the coverslip, a
distance corresponding to the top of the cell. (d) Data mining performed on mEos3.2 fluorescent protein photophysics. The bottom box plot shows the mean
aggregation of all conditions grouped by thiol concentrations. It highlights a decrease of the fraction of nonblinking molecules induced by highest thiol
concentration (£100 mM). Conversely, the pH does not seem to affect the fraction of blinking mEos3.2 proteins (top right box plot). Bar, mean of all positions.
Dot, mean per position. P value < 0.05. P values were calculated using unpaired t-test.

with a constant single-molecule regime (Supplementary Fig. 5).
The low frame rate requirement for DNA-PAINT acquisitions
limits the overall acquisition speed. However, as DNA-PAINT
does not require oxygen-scavenging enzymatic system, we did
not detect any degradation of single-molecule descriptors during
the acquisition, which makes DNA-PAINT a good alternative to
dSTORM in the case of very long HCS-SMLM experiments.

The effect of dSTORM buffers on dye photophysics

We here illustrate how HCS-SMLM can be used to optimize condi-
tions of super-resolution imaging by quantifying the photophysical
properties of dyes commonly used for dSTORM. The final res-
olution of the super-resolution image relies on the number of

4 | ADVANCE ONLINE PUBLICATION | NATURE METHODS

collected photons per localization event above the background34
as well as the density of localized molecules in the final recon-
struction®>3%, The resolution is therefore strongly dependent
on the fluorophore photophysical properties, which are known
to be affected by the chemical environment®7-30:37:38, The com-
position of the imaging buffer is a crucial factor in achiev-
ing efficient dSTORM imaging. Two important factors of the
buffer composition known to influence the fluorophore’s pho-
tophysics are the pH3? and the concentration of reductive spe-
cies such as thiols?”. Several studies have characterized buffer
effects on fluorophore photophysics®730:37:38, However, in the
absence of a fully automated method, such an analysis is very
complex and time consuming. Furthermore, it is of particular
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Figure 4 | Quantification of mobility and clustering of membrane proteins. (a) Example of HCS-SMLM workflow including a prescreening step using a low-
magnification lens to select the regions of interest, followed by the SMLM screening. Metadata corresponding to localization coordinates (x, y, t) and
dynamics (tracks, diffusion coefficients) are computed online. Clustering metadata are computed offline directly from online metadata. (b) Data mining
showing heatmaps of median Dcoef (left) and mean cluster size (right) as a function of Ab cross-linker concentrations (Wo, without Ab cross-linkers).
Box-plots of the fractions of mobile tracks (left) and clustered molecules (right) per well clearly display a correlation between the dose of Ab cross-
linkers and receptor mobility and clustering. I, II, III represent the different modes of acquisition (see Online Methods and Supplementary Fig. 11).
Box plots depict median values and IQR; whiskers represent min and max values. P value < 0.05. P values were calculated using unpaired ¢-test.

interest to study the influence of dSTORM buffers on the pho-
toswitching properties of fluorescent proteins used for PALM, as
combined PALM-dSTORM acquisition is commonly used to per-
form multicolor SMLM3?,

As a proof of concept, we screened several photophysical
parameters of two organic dyes, Alexa 647 (carbocyanine) and
Alexa 532 (rhodamine), and of one photoswitchable protein,
mEos3.2 (ref. 40), in the presence of 16 different buffers (four
concentrations of thiols B-MEA (B-Mercaptoethylamine) (25,
50, 100, 200 mM) combined with four different pH values (5.2,
6.2, 7.2, 8.2)), which resulted in a total of 48 conditions (Fig. 3;
see Supplementary Fig. 6 for control experiments). For Alexa

647 dyes, we observed that at low concentration of thiols (for 25
and 50 mM), increasing the pH induced a decrease of the duty
cycle, which is in accordance with published results®2. However,
at higher thiol concentration (=100 mM), we measured a stronger
decrease of the duty cycle when the pH decreases. This dual effect
of the pH dependence on thiol concentration is a novel aspect that
has, to our knowledge, not been previously described. For Alexa
532 fluorophores, we found that it displayed the smallest duty
cycle (0.2) for 200 mM of thiols at pH 6.2 and 7.2.

In order to confirm these results in a cellular context, we performed
several two-color dSTORM experiments using the best and worst
buffer combinations on microtubule, lamin and vimentin proteins
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immunostained with Alexa 647 and Alexa 532 fluorophores. While
it was possible to reconstruct the labeled structures with good qual-
ity using 200 nM of thiols at pH 7.2 (Fig. 3c and Supplementary
Fig. 7), the quality of the reconstructions strongly decreased with
buffers at 25 mM of thiols or at pH 5.2 (Supplementary Fig. 8).
The quality of all the super-resolution reconstructions support the
quantifications made on the photophysical properties.

Finally, we measured a strong effect of thiol concentration on
the fluorescent protein mEos3.2, with a two-fold higher percent-
age of blinking proteins induced by the highest thiol concentra-
tion (from 20-35% for 25-50 mM to 50-55% for =100 mM of
thiols) (Fig. 3d). Conversely, the pH variation does not seem to
affect the fraction of blinking mEos3.2 proteins (Fig. 3d).

Quantification of membrane-receptor dynamics

Activity and stimulus-dependent modulation of neurotransmitter-
receptor trafficking and surface mobility are key steps in syn-
apse development and plasticity*!42. Furthermore, it is likely that
modulation of receptor trafficking is both a good reporter and a
possible effector of a variety of pharmacological substances*>44.
Hence, it is important to be able to measure and quantify receptor
mobility and its modulation in a variety of experimental condi-
tions. We here illustrate the capacity of our HCS-SMLM method
to assess such parameters using sptPALM and demonstrate its
ability to correlate fine modifications of protein mobility with
structural organization in a single workflow.

We first checked cell viability over long-term acquisition and
imaging medium autofluorescence (Supplementary Fig. 9) and
controlled the homogeneity of the single-molecule signal across an
entire plate (Supplementary Fig. 10). Then, as a proof-of-concept
experiment, we incubated various antibody (Ab) concentrations
with HeLa cells expressing the membrane receptor SEP::GluA1::
mEos2 in order to quantify the dose effect of Ab cross-linkers on
receptors’ mobility. Induced modifications of membrane-receptor
dynamics were obtained using four concentrations of a polyclonal
anti-SEP antibody (0, 1/100, 1/300, 1/1,000) in optimized culture
medium (Supplementary Fig. 11). We used the diffusion coef-
ficient (Dcoef) metadata to characterize receptor dynamics and
morphological metadata, such as the number of clusters and the
number of localizations per cluster, to characterize the molecular
organization (Fig. 4a). As a result, the HCS heatmap revealed a
perfect correlation between Ab cross-linker concentration and
receptor diffusion coefficient. Increasing the cross-linker concen-
tration induced a decrease in receptor mobility, which was visible
both in the median of Dcoef and in the percentage of immobile
molecules (Fig. 4b, left, and Supplementary Fig. 12). We then
quantified the correlation between the Ab cross-linker dose and
receptor clustering using the SR-Tesseler polygon-based seg-
mentation method?’ to automatically compute clusters from the
localization metadata (Fig. 4a). We observed a positive correlation
between Ab cross-linker concentration and both mean cluster area
and fraction of clustered localizations (Fig. 4b, right).

DISCUSSION

The HCS-SMLM method presented here combines the advantages of
two powerful approaches: SMLM and HCS. It provides an all-inclusive
acquisition, data extraction and analysis workflow, and this
allows quantification of SMLM data with improved throughput.
In a single, automatic workflow, it allows researchers to screen
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the effect of drugs or chemical environments on the nanoscale
organization and dynamics of target proteins or photophysical
properties of fluorophores. Until now, single-molecule imaging
techniques such as dSTORM, DNA-PAINT or (spt)PALM have
principally been used to study biological processes at the single-
cell level with only a limited number of cells and conditions. The
automatic pipeline provided by our HCS-SMLM approach allows
researchers to drastically multiply the statistics and the number of
biological conditions that can be studied at nanoscale resolution.
Compatible with conventional SMLM equipment and single-mol-
ecule-detection software, it can easily be implemented by research
laboratories to improve throughput and biological content.

We here validate the HCS-SMLM method as a powerful inves-
tigation technique that enables the large-scale characterization of
fluorescent dyes, nanoscale protein organization and dynamics of
cells at the single-molecule level. At the biochemistry level, this
method will facilitate the screening of new fluorescent dyes or
mutated fluorescent proteins in order to improve or discover new
photoswitchable probes and buffers with better photophysics for
quantitative super-resolution applications (e.g., reduced blinking
or photobleaching, better photoactivation control, improved duty
cycle, etc.). The results obtained from the acquisition of a complete
96-well plate in dSTORM or DNA-PAINT suggest that, depending
on the number of conditions, time may be an issue and a limiting
factor. HCS-dSTORM allows very fast acquisitions but is limited
to a maximum time of about 10 h, in which a total of about 100
cells can be screened. An alternative solution to this time limita-
tion could be to use rhodamine dyes, such as Alexa 532, that are
more stable and have been demonstrated to better tolerate oxy-
gen”>?% but are less bright than Alexa 647. Another solution could
be automatic dispensing of buffer in each well using a pipetting
robot or continuous flow of gas without oxygen synchronized with
the well to image. HCS-DNA-PAINT is an interesting and power-
ful alternative approach, since it does not have this lifetime-limit
issue and offers unique quantitative capabilities®. It is, however,
10 to 20 times slower than HCS-dSTORM, which would make
large-scale screening experiments very time consuming. General
solutions to increase the acquisition speed could be to increase
the localization density and use 2D or 3D high-density localiza-
tion algorithms!7-19-2047 increase the acquisition field of view*®
or use faster PAINT-like labeling strategies. In cellular biology,
HCS-SMLM will allow many extensive nanoscale investigations in
a cellular context, such as investigations into the effects of drugs on
protein targets, of new siRNA, of different mutants or protein dele-
tions, of extracellular environments, etc. The workflow provided by
HCS-SMLM is versatile and evolutionary, as it can be implemented
or upgraded with new SMLM strategies. It is compatible with most
SMLM equipment and recent quantitative single-molecule labeling
techniques such as QPAINT®. It can be enriched with additional
quantitative analysis methods or general classification methods
commonly used in bioinformatics such as machine learning>°.

METHODS

Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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Materials. For all experiments, the acquisitions were performed on
an inverted motorized microscope (Nikon TiE, Japan) equipped
with a 100 x 1.49 NA PL-APO objective (screening), a 40 x 1.4 NA
PL-APO objective (prescreening, optional), a perfect focus sys-
tem (Nikon, France), and a TIRF illumination arm (Nikon,
France) allowing long acquisitions in oblique illumination mode.
Ilumination lasers (405 nm (Vortran, USA), 532 nm (Errol), 561 nm
(Errol), 640 nm (Coherent, USA)) were collimated and collinearly
combined via dichroic beam splitters and sent to the TIRF arm
through a multimode optical fiber. An acousto-optic tunable fil-
ter (AOTF) was used to select one or several wavelengths, control
intensities and provide on-off modulation. The fluorescence signal
was collected by the objective and focused either onto a sensitive
EMCCD camera (Evolve512, Photometrics) or an sCMOS cam-
era (OrcaFash4.0, Hamamatsu) through the combination of dich-
roic and emission filters (D101-R561 and F39-617, respectively,
Chroma). The entire setup was packaged in a temperature-controlled
chamber with a humidified gas supply (Life Imaging Services,
Switzerland). The resolution of the setup was measured to be 357 nm
+ 20 nm using bidimensional Gaussian fitting on 100 nm isolated
fluorescent microbeads (TetraSpeck, T7279, ThermoFisher).

The support used for all experiments was a 170 um thick
glass-bottom 96-well plate MatriplateTM (ref MGB096-1-2-LG-
L (Brooks, USA)). For live-cell imaging, imaging was performed
in FluorobriteTM DMEM (ref A1896702, ThermoFisher) sup-
plemented with 1% Glutamax (ref 35050-061, Gibco) and 10%
FBS (ref 16000-044, ThermoFisher).

The antibody used to stain microtubules was a mouse mono-
clonal antibody (DM1A clone) against alpha Tubulin (ref ab7291,
Abcam). For Vimentin, the antibody was a rabbit polyclonal
antibody (EPR3776 clone, ref ab92547, Abcam). The antibody
used to induce a cross-link reaction was anti-GFP Tag Polyclonal
Antibody (ref A-6455, ThermoFisher). The antibody used for
immunolabeled lamin B1 and as a control in live-cell cross-link
experiments was Anti-lamin B1 (ref ab16048, Abcam).

The secondary antibodies for dSSTORM imaging were Anti
Mouse Alexa 647 (ref A31571, ThermoFischer), Anti Mouse
Alexa 532 (ref A11002, ThermoFischer), Anti Rabbit Alexa 647
(ref A21245, ThermoFischer), Anti Rabbit Alexa 532 (ref A11009,
ThermoFischer).

Secondary antibodies, DNA probes and buffers for DNA-PAINT
experiments were purchased from UltiVue Inc. (Cambridge, USA).

Fiducial markers used for dSSTORM, DNA-PAINT acquisi-
tion and 3D calibration were fluorescent nanodiamonds (aver-
age size 100 nm, ref NDNV100nmMd10ml) from Adamas
Nanotechnologies, Inc.

Final dSTORM imaging buffers were composed of 120 pg/ml
Pyranose Oxidase (Sigma-Aldrich P4234) and catalase 57 ng/ml
(Sigma-Aldrich C3515). B-Mercaptoethylamine ( = cysteamine, [3-
MEA, ref 30070, from Sigma-Aldrich) was prepared as a 1 M stock
solution in deionized water and stored at 4 °C. Tris-HCI (20 mM
Tris, 50 mM NaCl) pH 7.2 was used as a base for the STORM
buffer. Organic dyes Alexa 532 (ref A20001) and Alexa 647 (ref
A37573) were purchased from Life Technologies, aliquoted at
Img/ml in stock solution and stored at =20 °C.

Quality control. Quality control allows filtering out poten-
tial issues that arise during the screening process either

NATURE METHODS

because of optical problems (e.g., loss of focus) or nonoptimal
photoactivation/photoswitching (e.g., too dense single-molecule
events) (Supplementary Fig. 10a). In order to check the single-
molecule regime, we use the full width at half maximum (FWHM)
and the integrated intensity (I;) metadata of each single-molecule
localization event computed online by bidimensional Gaussian
fitting as the main metric for quality control of our HCS-SMLM
method along the entire screening process. We seeded 60 wells
with electroporated Hela cells expressing the SEP::GluA1::mEos2
membrane protein. For each well, we acquired and analyzed
automatically three cells by HCS-SMLM, leading to a total of
180 cells and 1 million localization events. The results show sin-
gle peak distributions for both metadata, with FWHM = 367 nm
(mean) + 62 nm (SD) and I = 84.1 photons (median) £ 41.2 (IQR)
(n=1,048,007). The FWHM is in good agreement with the resolu-
tion of the instrument measured on isolated beads, illustrating the
stability of our HCS-SMLM system, both in keeping the focus and
in its ability to maintain the single-molecule regime. Depending
on the SMLM techniques and dimensions used in the HCS-SMLM
pipeline (dASTORM, DNA-PAINT, (spt)PALM, 2D or 3D, etc.), addi-
tional metadata can be used to control the quality between wells,
such as 3D calibration (Supplementary Fig. 2) or goodness to fit
(Supplementary Fig. 3), and avoid, for example, potential border
effects at the edge of a well plate (Supplementary Fig. 10).

mEOS 3.2 expression and purification. Briefly, E. coli BL21
RIPL-competent cells were transformed with the plasmid of inter-
est (pbIG-mEOS3.2). Cells expressing the protein of interest were
resuspended in a lysis buffer, sonicated at 4 °C following manu-
facturer’s recommendations (Bioblock Scientific Vibra Cell Sonic
VC505). After 1 h of centrifugation at 14,000g and 4 °C, the super-
natant was collected and added to a HIS-Buster Nickel Affinity
gel (Amocol). The protein was eluted at the manufacturer’s rec-
ommendations and then dialized (SnakeSkin Dialysis Tubing)
against PBS 1x (pH 7.4) overnight at 4 °C. Characterization of the
protein was made by an SDS-PAGE gel and using an AKTAprime
workstation. A Superdex 75 (HiLoad 16/600 Superdex 75 pg) col-
umn was used, and protein was recovered at the mass molecular
weight expected. Finally, protein was concentrated and conserved
at —80 °C before used.

Isolated fluorophore assay. Characterization of isolated fluoro-
phores was performed using pure dyes directly adsorbed to a 96-
well plate. 100 pl per well of a water solution of dyes Alexa 532
or Alexa 647 at 0.01 ug/ml or 2 nM of mEos3.2 protein contain-
ing multicolor fluorescent Tetraspecks microbeads (ref T07279,
Life Technologies; for registration) were incubated at room tem-
perature on the surface of a 96-well plate for 2 min and rinsed
three times with PBS. Fluorophore isolation on the coated 96-well
plate was verified by stepbleaching experiments using the PIF
software®® (Supplementary Fig. 6a). For stepbleaching analysis,
fluorophores were imaged in five different positions per well in
Tris-HCl p H7.5 buffer, (10 kW/cm?, 20 ms per frame for 20 s).
Three random positions per well with 6,000 images per position
were automatically acquired and analyzed providing at least 2,000
single-fluorophore intensity time traces per well (Supplementary
Fig. 6b). We used seven metadata computed from isolated fluoro-
phore acquisitions (Supplementary Table 1 for definitions). By
gating the number of blinks (#blinks) metadata, we defined two
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populations of fluorophores: blinking (#blinks > 1) and non-
blinking (#blinks = 1) (Fig. 3a). This gate was used to filter out
unblinking events and provide statistical results exclusively on
blinking molecules.

Cell fixation and labeling for dSSTORM and DNA-PAINT. Cells
(Cos-7) used for dSTORM all prepared using an optimized pro-
tocol based on a fixation step with 4% Paraformaldehyde + 0.2%
Glutaraldehyde + 0.3% Triton X-100 for 10 min at 37 °C, followed
by the quenching of autofluorescence using 150 mM Glycine in
PBS for 5 min at room temperature and an additional permeabili-
zation step with 0.3% Triton X-100 in PBS for 20 min. Unspecific
sites were blocked using 2% BSA in PBS, and primary antibodies
were incubated overnight at 37 °C in the same blocking solution.
Anti-tubulin antibodies were diluted at 1:1,000, anti-Vimentin
at 1:400 and anti-Lamin B1 at 1:300. After three washes, second-
ary antibodies (anti-Mouse or anti-Rabbit coupled with either
Alexa 647 or Alexa 532) were incubated for 1 h at 37 °C at
1:10,000 in blocking solution. For DNA-PAINT, anti-Mouse
secondary antibodies were incubated using manufacturer buffer
and recommendations (see “Materials”).

dSTORM buffer preparation. Isolated fluorophores were imaged
in Tris-HCIl complemented with 25, 50, 100, or 200 mM 3-MEA
at pH 5.2, 6.2, 7.2 and 8.2. The pH of each solution was stable,
measured just before and after the acquisition. Fixed cells were
imaged in buffer at pH and B-MEA concentration specified in
figures and complemented with an oxygen-scavenger system
made of pyranose oxidase (120 pg/ml) and catalase (57 pg/ml)
and 10% glucose.

2D dSTORM acquisition of isolated fluorophores and fixed cells.
For organic dyes (Alexa 532 and Alexa 647) a ‘pumping’ phase was
applied in order to transfer a maximum of molecules into dark
states (640 nm: 40 kW/cm?, 532 nm: 20 kW/cm? both for 10 s).
Immediately after, the data-acquisition phase was automatically
launched for 2 min at half laser power (6,000 frames at 50 frames
per second (fps)) (Fig. 2a). For two-color fixed cell experiments,
the same pumping and acquisition phases were performed but for
10 x 8,000 frames at 50 fps for lamin B1 staining and 2 x 8,000
frames at 50 fps for tubulin or vimentin staining. For isolated
mEOS3.2 proteins, no ‘pumping’ phase was applied, and constant
power of both 405 nm and 561 nm lasers was used for the acquisi-
tion phase (6,000 frames at 50 fps, 561 nm: 15 kW/cm?, 405 nm:
200 mW/cm?). As proved by the coherence of our results with
previous work3237, this volume of data was sufficient to obtain
interpretable results and a good compromise between the amount
of data and the total acquisition duration.

3D dSTORM and DNA-PAINT acquisition. 3D localization was
performed using the N-STORM astigmatic lens (Nikon, France).
We performed anisotropic 2D Gaussian fitting of astigmatic single-
molecule data followed by Z-coordinate retrieval as described in
Kechkar et al.!. The astigmatism-based 3D point-spread func-
tion was calibrated using nanodiamonds located in 15 different
wells acquired at successive depths by using Z-steps of 50 nm.
The homogeneity of the 3D calibration over the entire wellplate
allowed us to use the same calibration for all positions across the
entire plate (Supplementary Fig. 2).
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For 3D dSTORM acquisitions, a ‘pumping’ phase was applied
at 640 nm (40 kW/cm?) for 15 s (Supplementary Fig. 6b).
Immediately after, the acquisition phase was launched at half
laser power for 8,000 frames at 100 fps, 512 x 512 (20.5 um x
20.5 um FOV). Since Alexa 647 is sensitive to the presence of
oxygen?Y, and because of the long duration of the total acquisi-
tion, we designed a specific screening sequence. First, we seeded,
fixed and labeled cells on the entire 96-well plate. Then, we dis-
tributed at the same time the dSTORM buffer using 200 mM of
thiols at pH 7.2 combined with oxygen scavengers. Finally, we
automatically acquired one cell per well in a serpentine mode,
attempting to cover the entire wellplate before the loss of blinking
efficiency due to oxygenation of the dSTORM buffer. Cells were
prescreened manually before screening and acquired automati-
cally using our HCS-SMLM pipeline as described earlier, covering
a total traveling distance of 85 cm.

For 3D DNA-PAINT acquisitions, 561 nm DNA imager probes
were incubated at the same time into every well following manu-
facturer recommendation (at final concentration of 0.3 nM) just
before the acquisition phase. The acquisition was launched for
16,000 frames at 10 fps, 512 x 512 (20.5 um x 20.5 um FOV), fol-
lowing authors>? and manufacturer’s recommendations for the
exposure time and the number of frames. Similar to dSTORM,
cells were prescreened manually before screening and acquired
automatically in serpentine mode.

Single-fluorophore timeline data extraction, photophysical
parameters and bead filtering. SR-Tesseler*> was used to analyze
fluorophore photophysics. A single fluorophore is represented
as a group of several localizations occurring in a vicinity of time
and space. Since the fluorophores are spatially isolated (see con-
trol with step bleaching), we ensured no blinking events were
missed by defining a larger distance radius o (160 nm, identical
to the step-bleaching analysis) and a longer blinking time interval
tolerance 7 (100 s) than necessary. Multiple localizations occur-
ring below w and 7 were tagged as being the same molecule, and
seven photophysical parameters were individually computed
(see Supplementary Table 1 for definition). We automatically
excluded fluorescent beads present in all frames from the analy-
sis. First, for each localization, the number of localizations # in
aradius r was calculated. We then identified the beads as having
the number of localizations equal to the total number of frames
acquired. Second, all the localizations inside r from the bead’s
barycenter were removed. For all data sets presented in this paper,
we used r = 500 nm. To avoid any user input, the entire process
was automated by the inclusion of a macro mode in SR-Tesseler.

Cluster analysis. We used the SR-Tesseler*> software to quan-
tify clusters from the localized molecule coordinates. Briefly, a
Voronoi diagram subdivides a super-resolution image into poly-
gons centered on localized molecules called seeds. For each seed,
several parameters are computed, such as the distance to the clos-
est molecules or local density at different ranks of neighborhood.
Once the Voronoi diagram generated, the object segmentation
process was computed in three steps: first, first-rank densities of
the molecules were computed on the Voronoi diagram generated
from the entire set of localizations. Second, histograms of the first-
rank density were automatically thresholded using a bi-Gaussian
fit. The intersection between these two Gaussians determined the
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automatic threshold for separating clustered molecules from iso-
lated localizations. Third, clusters were computed by merging all
selected adjoining polygons, and object outlines were defined by
connecting all localizations belonging to the border of the objects.
As for the photophysics data extraction, the whole process was
automated using a macro mode.

Cell culture and electroporation. HeLa cells were electropo-
rated with SEP::GluA1::mEOS2 according to the manufactur-
er’s protocol (Lonza), using 2 ug of DNA for 2 million cells.
Electroporated cells were immediately seeded on a glass-bottom
96-well plate at 60,000 cells per well or 6,000 cells per well for
isolated cell experiments. Live acquisition was performed 48 h
postelectroporation.

Optimization of cellular medium and cell viability. To study
single fluorescent molecules in live cells with TIRE, we needed
to find a medium that maintained cellular viability over sev-
eral hours without any autofluorescence. The classical DMEM
medium was thus replaced with Fluorobrite + Glutamax and
optionally completed with 10% FBS. Cellular health in different
wells was monitored using time-lapse microscopy over at least
8 h. The microscope was enclosed in a temperature-controlled
box and a humidified gas supply, preventing the evaporation of
culture medium and maintaining adequate pH. We observed
that, after 4 h of acquisition, HeLa cells clearly required the pres-
ence of serum to stay alive and spread correctly on the support
(Supplementary Fig. 9b). After 8 h of acquisition on the setup
with the mix Fluorobrite + Glutamax + serum, a similar number
of cells and identical shapes were obtained as with the classi-
cal medium (DMEM + SVF) (Supplementary Fig. 9b). Next, we
examined the autofluorescence of the Fluorobrite medium sup-
plemented with serum, and we found no significant difference in
the single-molecule detection compared to PBS (Supplementary
Fig. 9¢). This medium was used for all live-cell experiments.

Drift-control assay. As for the isolated fluorophores assay, 2 nM
of purified mEos3.2 protein was incubated for 2 min at room
temperature in four wells of a 96-well plate (Supplementary
Fig. 10). Wells were acquired and analyzed with strictly iden-
tical acquisition and processing parameters as for living cells.
Ten random positions per well were automatically acquired in
SMLM (TIRF, 405/561 nm excitation). No drift was detected for
all wells (40 positions) over the 20 s of imaging. Furthermore, as
expected, only a very weak fraction (10%) of tracks was consid-
ered as mobile (Dcoef up to 1.1072 um?/s). These mobile tracks
are due to the rare detaching of mEos3.2 proteins. No manual
intervention was used to find or correct focus or to reload oil
between positions and wells. We thus were able to detect the zero’
of diffusion without drift or user intervention through a multiwell
plate and validate all our automatic (spt)PALM process and track-
ing-reconnection parameters.

sptPALM acquisition. HeLa cells expressing the membrane
receptor SEP::GluA1l::mEos2 were photoactivated using a 405
nm laser (3 W/cm?), and the resulting photoconverted molecule
was excited with a 561 nm laser (0.8 kW/cm?). HeLa cells were
imaged at 37 °C with humidified air + 5% C02 gas in the bot-
tom glass of a 96-well plate. Both lasers illuminated the sample
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simultaneously. Laser intensities were tuned to acquire fluores-
cence of a single molecule over multiple frames before bleach-
ing. The acquisition was driven in streaming mode at 50 frames
per second (20 ms exposure time) for 1,000 frames in order
to find a compromise between total acquisition duration and
statistical significance.

We first checked cell viability over long-term acquisition and
imaging-medium autofluorescence (Supplementary Fig. 9) and
controlled the homogeneity of the single-molecule signal across
an entire plate (Supplementary Fig. 10). Induced modifications
of membrane-receptor dynamics were obtained using four con-
centrations of a polyclonal anti-GFP (see “Materials”) antibody (0,
1/100, 1/300, 1/1,000) in culture medium. We performed tripli-
cate experiments and acquired ten positions per well, which led to
a total of 12 wells and 120 stacks of 1,000 frames. In order to verify
that the quantifications were independent of incubation time, three
different acquisition sequences were performed (Supplementary
Fig. 11): (i) Sequential acquisition: antibodies were incubated
individually well by well, which required manual intervention
between each well acquisition. (ii) Series acquisition: all antibody
concentrations were loaded at the same time, at the beginning of
the acquisition (no user intervention during acquisition), and the
acquisition was performed sequentially, one Ab concentration
after the other (0, 1/100, 1/300 and 1/1,000). (iii) Random acqui-
sition: same as sequence ii, except that positions were randomly
acquired across all concentrations. Positions were manually user
defined during the prescreening step, which took less than 45 min
for 120 positions. The overall experiment, composed of 12 wells
and 120 stacks acquired at 50 frames per second, took less than 2 h,
including online analysis.

For the quantification, we used the diffusion coefficient (Dcoef)
metadata to characterize the receptor dynamics, and morphologi-
cal metadata, such as the number of clusters and the number of
localizations per cluster, to characterize the molecular organiza-
tion (Fig. 4a and Supplementary Table 1 for metadata defini-
tions). Gating the Dcoef metadata, we defined two populations
of trajectories: immobile (Dcoef < 1072 um?/sec) and mobile
(Dcoef > 1072 um?/sec) (Fig. 4b), which we used to provide sta-
tistical analysis of the fraction of mobile and immobile recep-
tors. The threshold value of 1072 wm?/sec was set in accordance
with previously published work>? and in agreement with our
data from immobilized purified mEos protein by glass adsorp-
tion (Supplementary Fig. 10) and with the localization precision
of the setup.

The dose response of Ab cross-linker led to similar results for
the three acquisition modes, which illustrated the independence
on Ab cross-linker incubation time (Supplementary Fig. 12).
In order to check for Ab specificity, we added four control wells
(ten positions per well) with Ab not directed against our protein
of interest (Anti-laminB1). Similar to the wells without Ab, this
control condition showed no modification of receptor mobility
(Fig. 4b and Supplementary Fig. 12).

Motion analysis. Motion analysis is based on the mean square
displacement (MSD) analysis. It measures the area r? explored
by a molecule over time, and it is widely used to extract diffusion
characteristics of molecules from their trajectories. For each MSD
curve, the diffusion coefficient (Dcoef) can be computed by fit-
ting the first four points of the MSD using r? = 4 x Dcoef x t linear
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equation. This provides a global diffusion coefficient per trajectory.
The instantaneous diffusion coefficient (instant Dcoef) was
computed for each timepoint of the trajectory by linear fitting of
the four following points of the MSD. It is important to note that
the localization precision defines the minimum resolvable radius
of confinement of the system. Below this limit, it is not possible to
distinguish between immobilization and confinement.

Homogeneity of the diffusion coefficient. A validation was done
to verify the homogeneity of protein diffusion in several wells of
a 96-well plate under control conditions. We seeded the 60 wells
in the middle of the plate with electroporated HeLa cells express-
ing the SEP::GluA1::mEos2 membrane protein (see Cell culture
and electroporation). For each well, we acquired three different
cells (total of 180 cells automatically acquired and analyzed). As
showed in Supplementary Figure 9c¢, a very similar profile of
protein diffusion was obtained across the different wells.
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Data availability statement. The software and source code are
freely available for academic use as Supplementary Software.
Updated versions can be found at http://www.iins.u-bordeaux.
fr/team-sibarita-CPA. Source data file for Figure 4 is available
online. A Life Sciences Reporting Summary is available.
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