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ABSTRACT

Primary central nervous system lymphomas (PCNSL) are very aggressive malignancies with poor
survival rate even with treatments (survival median is 44 months). This disease affects immune cells
(lymphocytes) and forms diffuse and non-surgically removable tumor in the central nervous system.
High-dose chemotherapy and radiotherapy are the common treatments with severe side effects.
New therapeutic approaches are required for increasing treatment efficiency. We focused on
primary intraocular lymphomas (PIOL) and primary cerebral lymphomas (PCL), which are subtypes of
PCNSL. PIOL and PCL cells have a high propensity to migrate and form metastases in the brain and in
the controlateral eye in the case of PIOL, and in the eye in the PCL case. However, metastatic

dissemation mechanisms remain unclear.

The objective of the present work was to study the effects of innovative treatments of B-cell
lymphoma on primary tumor, on metastases, and on circulating tumor cells in PIOL and PCL
immunocompetent syngeneic murine models of lymphomas using non-invasive in vivo imaging
methods. We studied the effects of Ublituximab, a glycoengineered anti-CD20 monoclonal antibody
(mAb), and CpG-ODN, a TLR-9 agonist, in mouse models. We showed that Ublituximab exhibits
significant anti-tumor effect in PIOL and PCL, while CpG showed significant anti-tumor effect in PCL.
We monitored the tumor burden and metastases using innovating non-invasive optical imaging or
cell detection methods: bioluminescence imaging (BLI) and in vivo flow cytometer (IVFC). BLI was
used to locate metastasis and to quantify tumor burden. We indeed developed a bioluminescence-
based tumor burden quantification method that reduces user-dependence, allows comparisons
between experiments, reveals statistical relevance, and which is easy to use. An IVFC device was set
up to investigate the role of circulating tumor cells (CTCs) in PIOL and PCL. This fluorescence-based
technique allows detection of CTCs by analyzing the cells flowing in blood vessels. However we had
to overcome the problem of autofluorescence and tissue absorption. Two approaches were studied
in parallel: a elaborating new cell line expressing far red fluorescent proteins, modulating the
excitation light of an IVFC device to give the cell a unique signature therefore enhancing sensitivity,
increasing signal to noise ratio. The modulated excitation IVFC allowed us to calculate the velocity of
cells, and infer their position in blood vessel phantoms. The analysis of treatment effects on tumor
burden, metastases and CTCs in PIOL and PCL could help understanding lymphoma metastatic
dissemination and contribute to treatment follow-up, thus allowing design of new therapeutic

approaches with increased efficacy.
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PREFACE

This thesis research has been performed in the Team 13 “immune microenvironment and tumor” of
the INSERM UMRS 872 in Paris at the Cordeliers Research Center, and in the team “biofluidics” of the

MSC laboratory (Matter and Complex Systems) of the UMR 7057 in Paris.

This work has been interdisciplinary in the context of the Frontiers in Life Science doctoral school.
The scope of this school is indeed the study of biological questions with an interdisciplinary

approach.

We studied the effects of different treatments on different types of mouse models of lymphomas.

We also developed methods and set up devices to detect tumor cells circulating in the blood.

Therefore, the first part of the introduction will treat the biological side of the question and the
second part will treat the physical side of the question. Each part will be divided into two subparts:
the first one will be constituted with background knowledge, while the second part will introduce my

work deeper in the details.

| will then present my result through published articles or non-published data, discuss the results and

conclude.

16 1 Jeremie Cosette PhD Thesis — 11" of July 2014

——



1.PART I: LYMPHOMAS

1.1. Cancer background

Cancer cells grow and divide in an unregulated pace. Gene mutations are almost always the cause of
this unregulated growth. Eventually, a considerable amount of mutated cells can form a primary

tumor and some of them can invade other organs then constituting metastases.

This often happens, and sometimes, a cancel cell can appear, but it is destroyed very quickly by the
immune system (especially Natural Killer cells), which are specialized in destruction of damaged cells,
thus creating an equilibrium. If the equilibrium is broken, the tumor cells can grow enough to form a

tumor.

Another interesting point is that cancer cells are immortals. They can have a mutation in gene that
regulates apoptosis, or lack the activity of telomerase, resulting in a loss of telomeric DNA that could
play a role in immortalization (and ageing) (Counter et al., 1992). This is the reason why cancer cell

lines can be cultured; provided they have enough nutrients, the cells will proliferate.

1.1.1. Metastasis

A metastasis is the consequence of the migration of tumor cells from the primary tumor. When those
cells achieve to form a secondary tumor, the secondary tumor is called a metastasis. Metastases
usually happen in late disease, but it is not always the case. Metastases can invade vital organs, thus
reducing dramatically the survival of patients. Metastases often occur in brain, lungs, liver and

spleen.

Metastatic cells that disseminate in the blood are called circulating tumor cells (CTCs). CTCs are
tumor epithelial cells that have undergone the Epithelial to Mesenchymal Transition (EMT). This
transition is characterized by the loss of certain adherence molecules, which give the ability for the
cell to ‘escape’ from the primary tumor. Even though they have undergone EMT, they still express
some epithelial proteins that are expressed by no other cells in the blood under physiological

conditions.

1.1.2. Circulating Tumor Cells (CTCs)

Circulating Tumor Cells (CTCs) are identified as tumor cells that are circulating in the blood. They are
very rare, and their role in metastases dissemination has been investigated for years. No correlation

has been found between the number of CTCS and the number of metastases. It appears, however,
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that the CTCs count is a relevant prognosis biomarker. Many studies have been done to study those
CTCs but also to try to detect them, in vitro and in vivo. The detection of CTCs in human patients is a
challenge because CTCs are very rare (1 CTC/ 1 000 000 000 Circulating cells). A lot of experimental
devices have been developed to detect and quantify circulating tumor cells. Moreover, conventional
techniques such as flow cytometry (in case of high number of CTCs), filtering (tumor cells are bigger
than normal cells) or PCR or qPCR on targeted oncogenes have also been used in this field (cf table
1). The detection of CTCs is based on either phenotypic analysis or DNA analysis assuming that CTCs
have the same expression profiles. However in spite of all these techniques, only one device has

been approved and is widely used for clinical use. This device is the CellSearch® from Veridex.

As CTC have kept epithelial proteins and it is well established that CTCs can be characterized by 3

different phenotypic assessments:

EpCAM®: Epithelial Cell Adhesion Molecule is a transmembrane glycoprotein mediating calcium

independent cell-cell adhesion in epithelia. CTCs are EpCAM positive.

Cytokeratins®™: Cytokeratins are proteins found in the intracytoplasmic cytoskeleton of epithelial
tissue. There are about 20 different cytokeratins split up in two categories. The type | acid
cytokeratins; and the type Il, basic or neutral cytokeratins. Different types of cytokeratins are used

for characterizing CTCs according to the origin of cancer cells.

CD 45: CD45 is a transmembrane receptor widely expressed in white blood cells. Initially, CD45 was
called leukocyte common antigen (LCA). Of course, CTCs are nucleated unlike red blood cells, giving a
first way to differentiate tumor cells from blood cells. Sort CD45 negative cells ensure that there is no

more leukocytes in the cells of interest.

By combining these 3 parameters, most of methods, especially CellSearch® are able to isolate and

qguantify CTCs.

In most cases, a blood sample is required (7.5 mL for CellSearch®) and a positive patient for CTCs can
have from one up to hundreds of CTCs. Currently, Veridex claims that only one positive cell is

sufficient to consider the patient positive for CTCs.

18 1 Jeremie Cosette PhD Thesis — 11" of July 2014

——



Author / Journal [ Year

Country

Cell lines

*M.Thorsteinsson et al. Denmark CellSearch Human colon EpCAM, CK8-
* Anticancer Res. adenocarcinoma 18-19, CD45
+01/2011
*I.Desitter etal. USA ScreenCelll (filtering), gRT- *NCI-H2030, *Non-Small Cell Lung EGFR CCD camera
* Anticancer Res. France PCR, NCI-H1975 Cancer (NSCLC)
+01/2011 Immunocytochemistry, oHT29 o Colorectal

FISH adenocarcinoma
*A.Gadrilone etal. Italia CELLection (Dynabeads) Metastatic Breast Cancer EpCAM, CK8-
«Jour. Cellular and PCR 18-19, CD45,
Molecular Med. BerEP4,
*02/2011 Fibronectin,

Vimentin

*Qing Lietal. China Immunomagnetic NSCLC CK7-8, CK19,
«Internat. Jour. of nanoparticle assay LUNX
nanomedecine RT-PCR
+06/2011
*LA. Devriese et al. The QPCR NSCLC CK7, CK19,
*Lung Cancer Netherlands EpCAM, FN1
+07/2011
*A. Lecharpentier et al. France ISET - RareCells, NSCLC Vimentin, CK7 AF488, AF647, SYTOX CCD camera
* British Jour. Of Cancer Confocal microscopyt Orange
+10/2011
*T.M.Scholtens et al. The CellTracks (Veridex) *+Breast & Colorectal CK8-18-19, DAPI, PE, APC 375nm CCD camera
* Cytometry Part A Netherlands Analyzer I Cancer CD45 532nm
*11/2011 TDl analyzer o Metastatic Carcinoma 639nm

Author / Journal / Year

Techniqu

Cell lines

Human Medullary

Marker

Wavelength

Detector

*H.Nakanishi et al. Japan PCR HY-1 Nude
«Jour. of Cancer Res. & Carcinoma from Liver
Clin. Oncol. Metastatic Lesion
+06/1999
*M.Katoh etal. Germany PCR *HT29 *Human Colon Cancer SCID/SCID Carcino
* Anticancer Research 0 K562 o Human Lymphoma Embryonic
*04/2004 Antigen
*1.Georgakoudi et al. USA IVFC *LNCap *Human prostate cancer RatSCID GFP 488nm PMT
* Cancer Research oMLL o Rate prostate Cancer DiD 635nm CCD camera
+08/2004
*0.Scatton etal. France Flow Cytometry, Histology, Mahlavu Human Hepatocellular NOD/sCID HLA, Cyt B
*Oncogene Real-time mtDNA Carcinoma (HHC) mitochondrial
+02/2006 quantification gene
*L.M.Backhus et al. USA Immunohistochemistry, A549 Humanlung SCID/bg COX2, CD44
«jour of Thoracic & Canada Western Blot, Cell adenocarcinoma
Cardiovasc. Surgery Adhesion Assay
+08/2006
*Yazan Alsayed et al. USA Confocal Microscopy, MM.1S, KAS 6/1, HMM NOD/SCID CXCR4, CXCL12 PE, APC, PerCP, YFP, DiD, 635nm PMT
*Blood FACS, ELISA, U266, 0PM2 luciferase CCD Camera
*04/2007 Immunoblotting, IVFC, 2-v
microscopy,
Bioluminescence imaging
*Xunbin Weiet al. USA IVFC MatLylLu Rat Prostate Annexin-V AF467 635nm PMT
*Mol. Imaging Adenocarcinoma
+01/2010
*Zhigang Fanetal. USA IVFC C57BL/6Rag” GFP 488nm PMT
* Nature Med. Endomicroscopy DsRed 635nm
+06/2010 FACS
*J.M. Runnels et al. USA InVivo Flow Cytometry, MM.1S Human Multiple Myelloma SCID/bg GFP, luciferase, DiD, DiO, 473nm PMT
«Jour. Biomedical Optics Bioluminescence imaging, (HMM) BALB/c Angiosense 750, 633nm
+01/2011 Multiphoton microscopy Col2.3GFP Qtracker Qdots 800,
Osteosense 750
*K.Kolostova etal. Czech Immunomagnetic beads PC-3 Human Prostate Cancer Nude EpCAM, GFP, GFP
* Anticancer Research Republic FLuorVivoImaging System PSMA
+04/2011 USA
*D.A.Nedosekin et al. USA In Vivo Photoacoustic Flow | B16F10, HTB-65, Human melanoma Nude 1064nm CCD camera
* Cytometry Part A Cytometry SK-3, SK-MEL-1 820nm Acc. Transducer
+06/2011
*YanLi etal. China IVFC *PC-3 *Human prostate Cancer Nude DiD 488nm PMT
* Cytometry Part A Germany oHepG2, oHHC 635nm CCD Camera
+08/2011 HCCLM3
*M.Sarimollaoglu et al. USA Invivo PAFC *B16F10 *Mouse melanoma Nude 671nm Acc.Transducer
* Optics Letters 0MDA-MB-231 oHuman Breast cancer 820nm
+10/2011 1064nm
*Chao Fanetal. China Invivo Flow Cytometry HCCLM3-GFP HHC BALB/cnude GFP 488nm PMT
* Cancer Research
+03/2012

Table 1: Brief review

on the table, only one team — J.M. Runnels et al. — is working on Balb/c immunocompetent mice.

of different types of techniques for Circulating Tumor Cells detection. The blue part
(top) corresponds to human, whereas the red part (bottom) corresponds to mouse models. As can be seen
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1.2. Lymphomas

Lymphoma is a type of blood cancer that occurs when lymphoid cells of the immune system divide
faster than normal cells or live longer than they should. Lymphoma can develop (as first site) in the
lymph nodes, spleen, bone marrow or other tissues (Parham et. al). As a matter of fact, in normal
conditions, immune cells have the property to migrate in all organs to destroy pathogens. That would

explain all these first tumor site localization.

Lymphoma presents as a solid tumor of lymphoid cells. However, lymphoid cells can circulate in the
blood. In the case where the cancer cells are circulating cells, the diseases are referred to as

lymphoid leukemias. Lymphomas and lymphoid leukemias are indeed closely related.

In most of cases of lymphomas, malignant cells originate in lymph nodes, resulting in an enlargement
of the node. It can also, as previously mentioned, affect other organs; in that case, it is called
extranodal lymphoma. Extranodal sites include the tonsils, skin, bowels, brain, eyes, spleen, bones,
etc. There are many types of lymphomas, and they are a part of the broad group of diseases called

hematological neoplasms.

Lymphoma is the most common form of hematological malignancy (blood cancer) in the developed
world. Lymphomas represent 5.3% of all cancer in the United States of America and 55.6% of all
blood cancer. In France, 11 000 new cases of lymphomas are diagnosed every year and lymphoma is

ranked 6™ of the most frequent cancers.

Lymphomas are diagnosed through a lymph node biopsy. The histology analysis may reveal
histopathological features and may indicate a lymphoma. Further analysis such as
immunophenotyping of flow cytometry or FISH (Fluorescence In Situ Hybridization — a technique that
permits the detection of specific DNA sequences inside chromosomes) will complete and confirm the

diagnosis.
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Circulating Tumor Cells and Lymphomas

As for CTCs, things are a little bit different in the case lymphomas. Lymphoma cells are indeed
initiated from hematopoietic cells, which are by definition, not epithelial cells. Therefore, they don’t
express EpCAM; moreover, as they are hematopoietic-like cells, they may express CD45, making the

CellSearch® approach not suitable for studying circulating lymphoma cells.

Another point must be taken into consideration. It is a controversial point whether CTC can be used
for lymphoma cells. The term ‘CTC’ is not used for lymphoblastic leukemia cells nor in any kind of
leukemia cells as it is well known that those cancer cells are circulating. In the case of lymphoma, it is
slightly different because lymphoma cells mostly form solid tumor, still they have the ability to
migrate, throughout lymphatic or vascular system and form metastases. However, lymphoma
metastasis does exist and often are, due to the lymphoma cells’ propensity to migrate, the cause of

the death.

N.B.: In this manuscript, lymphoma circulating cells will be referred as to circulating tumor cells,
because fundamentally this is what they are: tumor cells that are circulating. Nonetheless, this

controversy must be kept in mind.
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1.3. Lymphoma Subtypes

Hodgkin lymphoma and non-Hodgkin Lymphomas are the two main subtypes of lymphomas.
However, according to the World Health Organization, non-Hodgkin lymphomas are divided in 3

subtypes.

1.3.1. Hodgkin Lymphomas (HL)

Hodgkin lymphomas, also known as Hodgkin’s disease is a type of lymphoma characterized by the

presence of abnormal sized and multinucleated cells called Reed-Sternberg cells (RS cells).

Incidence: In France, the Hodgkin’s disease affects almost equally male and females and affects
young adult or the elderly (+75 years old). It is ranked 20" of male cancers and 21% of female

cancers. The 5-years survival rate is in France 85% for males and 92% for females

Treatment: Hodgkin lymphoma can be treated by radiotherapy, chemotherapy or hematopoietic
stem cells (HSC) transplantation. The choice of the treatment depends on the age and the sex of the
patient, but also on the stage and the histopathological subtype of the disease. Hodgkin’s disease can

be treated quite efficiently.
Source: France Lymphome Espoir website

1.3.2. Non-Hodgkin Lymphomas (NHL)

There are many lymphomas subtypes in this category. It turns out that the subtype may vary

according to the localization and to the cell type.

Incidence: In France, NHL is ranked 6™ of most frequent cancers and ranked 9™ of cancers in terms of

mortality — 5000 deaths a year.

N.B.: During my PhD thesis, | worked on an animal model of lymphoma that was very close to “diffuse
large B cell lymphoma”, belonging to the non-Hodgkin lymphoma group. That is why, among the
great number of non-Hodgkin lymphomas, | will present only the diffuse large B cell lymphoma in this

paragraph.

The diffuse large B cell ymphoma (DLBCL) is a cancer of B-cells. It is the most common type of NHL
among adults (30% to 40%). The DLBCL is an aggressive cancer that can arise not only in lymph nodes
but in extranodal localizations such as digestive system, testicles, skin, breast, thyroid, central

nervous system or bone marrow.
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3000 to 4000 new cases of DLBCL are diagnosed in France every year.

Treatments: The DLBCL is usually treated with the combination of chemotherapies and
Immunotherapies: R-CHOP. R-CHOP stands for Rituximab (Rituxan) — Cyclophosphamide (Cytoxan),

Doxorubicin (Hydroxydaunorubicin), Vincristine (Oncovin) and Prednisone.

We worked on a particular location of DLBCL: Central Nervous System Lymphomas, which are

presented in the next part.

1.4. Primary Central Nervous System lymphomas (PCNSL)

The Central Nervous System — CNS (brain, meninges, spinal cord, and eyes) — localization for a
lymphoma is very rare. When a lymphoma is diagnosed and there is no other location than the CNS,

the lymphoma is referred as to Primary CNS lymphoma (PCNSL).

This disease is only 2% of NHL, and 5% of primary cerebral tumors. It represents 300 new cases per

year in France.

The origin of this lymphoma remains unclear. Immunodeficiency is a clearly identified risk factor,

though most of diagnosed patients are immunocompetent.

CNS (including the eye) is an immune sanctuary; it means that there are few immune cells in the CNS
in physiological conditions. The blood brain barrier (or blood retinal barrier) is supposed to prevent
cells and molecules from entering those pressure-sensitive organs. Both brain and eye are in a
confined structure, and the increase of the inside pressure can lead to permanent damage. High
pressure in the eye induces damages of the optic nerve leading to blindness (glaucoma). Intracranial
hypertension can lead to ischemia and then to cellular anoxia (Irthum B & Lemaire JJ, 1999). To avoid
pressure increases, the microenvironment in these organs is constitutively immunosuppressive. The
presence of immune cells that lose control of division is surprising in such a controlled environment.
Some researchers showed that primary intra cerebral lymphomas were highly associated with
viruses, especially EBV — Epstein - Barr Virus, well known as the cause of infectious mononucleosis

(Fine et al., 1993).

We studied in our lab two sorts of PCNSL, the primary intra-ocular lymphoma, which first occurs in

the eye, and the primary cerebral lymphoma, which occurs in the brain.
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1.4.1. Primary Intra-Ocular Lymphomas (PIOL)

Primary intra-ocular lymphomas first occur in the eye. PIOL is a subset of PCNSL and belongs in most

cases to diffuse large B-cell lymphoma subtype.

Diagnosis, incidence and survival: PIOL are often misdiagnosed because the cells have a high

propensity to migrate from the eye to the brain. In 85% of the cases, PIOL patients will get or already
have a subsequent brain tumor, and 80% will develop a tumor in the controlateral eye (Bardenstein
et al., 1998 ; Chan et al., 2004 ; Cassoux et al., 2000). Once tumor cells have migrated from the eye to
the brain, the location of the primary tumor is no more identifiable. On top of that, the differential
diagnosis for PIOL is uveitis (an inflammation of the uvea), which is very common thus leading PIOL

misdiagnosis. This might explain the only 50 cases diagnosed per year in France.

The need for a new tool for PIOL diagnosis is then obvious. Our team developed a kit to distinguish
uveitis from intraocular lymphoma (Fisson et al., 2013). The technique relies on the titration of
cytokines in the vitreous of patients. The combination of IL-10/IL-6 and IL-10/IFNy ratio was highly

informative for discriminating PIOL patients from uveitis patients.
The five-year survival rate for this disease is around 5% with treatment.

N.B.: Treatments are very similar from PIOL to PCL. Therefore, PIOL treatments will be combined with
PCL treatments in the next paragraph.

1.4.2. Primary Cerebral Lymphomas (PCL)

PCL is a rare intracranial tumor that starts in the lymph tissues of the brain or spinal cord. PCL is
known to be a form of extranodal, high-grade non-Hodgkin B-cell neoplasm, usually large cell or
immunoblastic type. 90% are DLBCLs; the remaining 10% are Burkitt lymphomas, T-cell lymphomas

and other poorly characterized lymphomas.

Incidence and survival: The median survival for immunocompetent patients with treatment is 44

months. Immunodeficient patients (AIDS) have only a 4-month median survival with treatment;

untreated their survival barely reach 2.5 months.

Treatments: The goal of the treatment is eradication of tumor cells in the brain, spine,
leptomeninges, and vitreous. Successful therapy in immunocompetent patients leads to a median

survival of 44 months.
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The standard treatment for DLBCL is systemic combination of chemotherapeutic drugs such as CHOP.
However, the optimal treatment for PCNSL has not been established yet. Although used, CHOP
treatment is not really satisfactory on PCNSL. This certainly reflects the difficulty for the

chemotherapeutic drugs to penetrate the brain thought the blood brain barrier.

Methotrexate is actually the single effective chemotherapeutic agent for PCNSL. Methotrexate is a
folate analogue that interferes with DNA synthesis and repair. For PCNSL, patients receive high-dose

systemic methotrexate. (Hoang-Xuan et al., 2003; Hoang-Xuan et al., 2003; Cassoux et al., 2000)

Other drugs have nevertheless shown benefic effects such as cytarabine (systemic) (Ferreri et al.,
2014; Brito et al., 2014) or thiotepa (intrathecal — inside the cerebrospinal fluid (CSF)). Intrathecal

injections are however very heavy treatment for patients.

DLBCL often form solid tumors, however, in the case of cerebral lymphoma, the cell are diffused in
the whole brain. They may form apparent solid tumors that are detectable with MRI (Magnetic
Resonance Imaging). Still, a high number of diffused cells form infra-clinical tumor lesions that are
not detectable; those lesions are the reason why surgery provides no help in PCNSL. Finally, as
cerebral lymphoma is very diffuse, the chemotherapy may be accompanied with whole brain

radiotherapy.

Even though, corticosteroids are not recommended in the early treatment, they might be used to

improve patient’s quality of life by minimizing symptoms.

In a study including more than 200 patients with brain and ocular lymphoma, Grimm and his team
(Grimm et al.) found that dedicated ocular therapy improved disease control but do not affect overall
survival. In the case of PIOL, bilateral disease is frequent and often requires ocular external beam
radiotherapy. Systemic methotrexate still remains the more used treatment, but in the case of non-

responding patients, methotrexate is administered locally via intra-vitreous route.

Long-term sequelae of radiation therapy and chemotherapy in PCNSL are significant. Early senility
and cognitive dysfunctions have been observed (Taillia et al.). Serious leukoencephalopathy (Kamio
et al.; Bhojwani et al.) can also occur in patients receiving methotrexate. New therapies have to be

designed to minimize toxicity to cerebral white matter, and to maximize the efficacy.
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1.5. New therapeutic approach: Immunotherapy

There are different therapeutic approaches for PCNSL. New therapies are being designed, and often,
they combine different already known approaches. For about 20 years, monoclonal antibodies and
more generally immunotherapies have shown very promising results. Now, immunotherapies are a
new weapon oncologists have in their arsenal. Of course there, are a lot of innovative therapeutic

approaches in cancer, however, only immunotherapy is suitable for PCNSL.

There are different sorts of immunotherapies: cell immunotherapy, which consists in administering
immune cells to a patient; administration of cytokines or immune system activators; and antibody

immunotherapy, which consists in administering antibodies to a patient (Wang et al., 2014).

For a long time, immunology was not considered linked to cancer. Now, the interaction between the
immune system and the cancer cells at different scales is widely admitted. The immune system plays
a role in the carcinogenesis (genesis of the cancer), in the equilibrium (the tumor does not grow and
is controlled by immune system), and even in the escape of the tumor (the tumor escapes the

immune control and spreads).

The principle of cancer antibody-based immunotherapy is not to destroy tumor cells themselves —
which is the case for chemotherapies or radiotherapies, but to help the immune cells to do so. The

final aim is to educate the immune system and create an immune memory and avoid relapses.
1.5.1. Antibody-based immunotherapy

The real challenge in antibody immunotherapies is to find a target molecule (very often surface
proteins) that is specific for the tumor cell. Such a molecule is called a tumor antigen. If the tumor
antigen is also expressed on healthy cells, these healthy cells can be destroyed during the
immunotherapy treatment. Sometimes, the risk worth it, but it has to be taken wisely. Indeed,
autoimmune diseases could affect patients as a side effect of immunotherapies in which the target

protein would also be expressed on non-tumor cells.

1.5.1.1 Antibodies

An antibody (Ab) is a protein produced by a B-cell. Also know as immunoglobulin (Ig), this Y-
shaped protein is specific for one antigen. It is made up of a heavy chain and a light chain, kept
together with disulfide bridges (Figure 1). Each tip of the “Y” is a region that contains the antigen-
binding site. The few peptides that are specific for the antigen are called the paratope. Similarly, the

antigen pattern which is recognized by the paratope is called the epitope. The two-branched sides of
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the “Y” are called Fab regions for ‘fragment, antigen binding’, and the paratopes are indeed included

in the Fab region.

The base of the “Y” is called Fc region for ‘fragment, crystallizable’. It is indeed the first fragment of
the antibody that has been crystallized, allowing then the study of the protein using X-ray
diffractometry. This Fc fragment is as important as the antigen binding fragment. The Fc region is the
part of the antibody which is recognized by effector cells. Almost all hematopoietic cells express at

their membrane surface proteins that belong to Fc receptors family.

Isotypes:

There are five types of heavy chains is mammals, denoted as following: chain q, 9, €, v, u. These

chains define the class or isotype of the antibody.

e Chaina:IgA
e Chaind:IgDh
e Chaineg:IgE
e Chainy:lgG
e Chainp:lgM

Those isotypes differ by their shape (lgG, igE and igD are monomers, IgA is a dimer, and IgM is a
pentamer) or by their affinity and avidity for the antigen. One can also find different isotypes in the
blood after primo-infection at different time points. For instance, in the early immune response, IgM

can be found in the blood in high quantities whereas IgG are more present in the late response.

Molecular structure of lgG

Ay hinding sites

‘/Light chains,

Y

Figure 1: Molecular structure of an IgG. The
1gG is ‘Y’ shaped and has two chains, the
heavy (blue and golden) and the light

L Ay
E ;’—“"‘2' (green and dark blue) chains.
L
B From http://myplace.frontier.com/~dffix/medmicro/igs.htm
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Monoclonal and polyclonal antibodies:

The epitope is rarely the whole polypeptidic sequence of the target protein. This induces that two
antibodies can have the same target protein but different epitopes. This only happens if different
clones of B cells secrete antibodies that have the same target protein. In the case where antibodies
come from different clones of B cells, those antibodies are said to be polyclonal. On the other hand,
if the antibodies come from the same clone of B cell, they are said to be monoclonal: they have the
same epitope. Affinity to the target protein is higher for monoclonal antibodies than for polyclonal
antibodies. In cancer antibody-based immunotherapies, most of the antibodies used are monoclonal

IgG. That is why | will focus my study on IgG isotypes.

Almost all immune cells express the Fcy receptor (FcyR), which is the receptor for the y chain of the
Fc region of the IgG. FcyR belong to the immunoglobulin super family. There are several members in

this family :

e FcyRl or CD64

FcyRIIA or CD32A

FcyRIIB or CD32B

FcyRIIIA or CD16A
e FcyRIIIB or CD16B

All FcyR — exept FcyRIIB — trigger an activation of the effector cells when engaged and an effect on
the target cell (Teillaud JL, 2012). This effect can be done by different pathway, however the result is
the same. The effector cells, whose FcyR is engaged, interact with the target cell — phagocytosis,

exocytosis of perforin and Granzyme B — until its death.

1.5.1.2 Monoclonal Antibodies and anti-tumor effects

The use of antibodies in anti-cancer treatments is quite recent (about 20 years). It is quite
efficient in certain cases. The basic principle is to turn an ‘invisible’ target for the immune system into
a ‘visible’ target. The antibody acts like a flag by labeling the tumor cell and either destroy the cell by
itself, or allow the recruitment of immune effector cells that recognize the antibody and destroy the

tumor cell.
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a. ADCC: Antibody Dependent Cell Cytotoxicity

ADCC is a mechanism that involves an antibody, a target (cell) and an effector cell. The antibody
binds to a surface protein of the target cell. The antibody acts like a flag in this case, making easier
the recognition of the target cell by the immune effector cells. In particular, Natural Killer cells (NK
cells) express on their surface Fcy receptors, that recognize the y chain of IgG (Figure 2). When
engaged, the Fcy receptor activates activate the effector cells through intracellular signalization; the
effector cell then destroy the target cell by secreting perforin and granzyme B. Those
aforementioned proteins can indeed perforate the target cell and Granzyme B is released inside the

target cells to trigger apoptosis.

Not only NK cells can perform ADCC, several Antigen Presenting Cells (APC) can also perform ADCC;

for instance macrophages, dendritic cells and rarely B-cells.

b. CDC: Complement Dependent Cytotoxicity

The complement is a molecular system of defense against pathogens. The complement system
belongs to the innate immunity, and is adept at recognizing molecular patterns (PAMPs: pathogen-
associated molecular patterns) and destroying the recognized pathogen. It consists in various small
proteins found in the blood, generally synthesized in the liver, and circulating as inactive precursors

in physiologic conditions.

When stimulated by one of its several activation stimuli, proteases cleave specific proteins, and
initiate a biochemical cascade of other cleavages that come along with a release of cytokines,

resulting in an amplification of the immune response.

Finally, several complement proteins cleaved and associated together can form the membrane attack
complex (MAC) — typically found at the surface of bacteria — which is a molecular complex that

disrupts the phospholipid bilayer of target cells, resulting in cell lysis an death.

It turns out that the Fc part of an antibody is a trigger for the complement system. There are then

two main possibilities:

- the Clq (protein of the complement) binds to the Fc part of the antibody, and form, after a

cleavage cascade, the MAC.

- the C3b binds to the Fc part, triggers the secretion of cytokines, and enhances the recruitment of

immune effector cells. Moreover, a large number of effector cells (Natural Killer, Macrophages, etc.)
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express receptors for C3b; they then recognize the C3b bound to the antibody, which enhances the

anti-tumor response.

c. Cell death
Some studies (Weiner et al. 2010) showed that in vitro, the engagement of the receptor at the
surface of a tumor cell by an antibody can by itself induce cell death.

Here is recapitulative scheme:

Complement
proteins

NK Cell

B Lymphoma Cell

Figure 2: Recapitulative scheme of the different mechanisms of apoptosis induction after binding
of the antibody on its target. The three mechanisms of Antibody dependent cell death are
represented here. Antibody dependent Cell Cytotoxicity (ADCC), mediated through engagement
of FcyRIIl receptor of effector cells (e.g. NK cells); Complement Dependent Cytotoxicity (CDC)
mediated through complement proteins; and direct cell death induced by engagement of the
therapeutic antibody.
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1.5.1.3. Anti CD20 monoclonal antibodies and lymphomas

a. B-cells

B cells are part of the adaptive immunity. They belong to a group of white blood cells called
lymphocytes. They can be identified and distinguished from other lymphocytes by the presence in

their outer surface of a protein called B cell receptor (BCR).

The principal functions of B cells are:

- produce antibodies against antigens

- perform antigen presentation

- turn into memory B cells specific for an antigen

- secrete immunosuppressive cytokines — IL-10. (Mori et al. 2012)

In humans and mice, B cells are produced in bone marrow. They are immature at this stage. They
then migrate to the secondary lymphoid tissues (spleen, lymph nodes, etc.) and differentiate into

mature B lymphocytes.

Some cells such as dendritic cells (sentinels) or marcrophages or even B cells themselves are called
antigen presenting cells (APC). If those cells are in contact with a pathogen, they internalize the
pathogen by phagocytosis, digest its proteins and present polypeptides on the MHC class Il molecules
(Major Histocompatibility Complex) at their membrane surface. Then the APCs migrate to the lymph

node to present those antigens to naive B cells (and T cells).

The presented antigen is internalized by the naive cell, which becomes activated. Then the naive B
cells have the ability to differentiate again in either a memory B cell or a plasma cell. Memory B cells
are specific for an antigen. Those cells have a long lifetime and can respond very quickly in the case
of a second infection with the same pathogen. As for them, plasma cells have the ability to secrete
large amount of antibodies. In the case of the primo infection, the B-cells have to create antibodies
specific for the antigen by recombining the genes coding for the antibody protein. After that only,
they can replicate and secrete high amount of antibodies. If the antigen has been encountered
before, this whole process is by-passed thanks to memory B cells that are specific for this very
antigen. This is the principle of vaccination. As previously seen, antibodies are proteins excreted in
the vascular system and in the lymphatic system by plasma cells which recognize a precise pattern in

a pathogen organism (for instance a membrane protein).
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b. Anti-CD20 monoclonal antibodies

In our case, we are working on B-cells lymphomas. B-cells express at their surface the CD20 protein
which is membrane spanning protein with 4 membrane crossing domains. This protein is only
expressed on B-cells, making it an identification marker of B-cells, and is coded by the MS4A1 gene.
Moreover, CD20 is also present at the surface of tumor B-cells. Interestingly, this marker is expressed
on all stages of B cell development except the first and the last. It is thus not present on either early

pro-B cells or plasma cells.

Anti-CD20 monoclonal antibodies (Mab) were used in Immunotherapies since the 2000’s with very

good results in B-cell ymphomas. The most anti-CD20 Mab used until now is the Rituximab
c. Rituximab

Rituximab is an anti-CD20 chimeric monoclonal antibody. Monoclonal antibody means that they are
all from the same B-cell clone. Therefore, all the antibodies from a same batch have the same

epitope, affinity and avidity.

It is actually very difficult to have human antibodies recognizing human proteins. Indeed, in

physiological state, there shouldn’t have antibodies against human CD20.

The first step of mAb therapies would have been to use mouse antibodies against human CD20. It is
quite feasible: a mouse can be immunized against human CD20 peptides, and the mouse’s B-cells
specific for CD20 peptides can be harvested in the spleen of the mouse. This way, monoclonal
antibodies against human CD20 can be produced. However, a problem still remains; the antibodies
are mouse proteins, and will be detected as potential threat by the human immune system. The
immune system will react against the antibody and can trigger allergies or other types of responses,

even the production of antibodies against the mouse anti-CD20 mAb.

The solution to this problem was the use of chimeric antibodies. As chimera is a mythic monster
mixing a goat body, a lion head and snake instead of the tail, a chimeric antibody is a protein that
contains polypeptide sequences from different species, almost always human and mouse. The
chimeric antibody is an IgG that has a human constant chain, heavy and light (that contains the
gamma chain, recognized by the Fcy Receptor) and a mouse variable chain (that contains the
paratopes). It has the great advantage to be more accepted by the host immune system, to have the
correct paratope (recognizing human CD20 in this case) and to have the human Fc, which will

activate more efficiently the immune system and the effector cells than the mouse Fc.
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Rituximab is a chimeric anti-human CD20 monoclonal antibody and has all these advantages.

Nevertheless, there is another category of engineered antibodies which are the humanized
antibodies (Figure 3). Unlike chimeric Ab, they only have mouse hyper variable chains, heavy and
light (that still contain the paratope). The humanized Ab is almost all human and is even more
tolerated by the host than the chimeric antibody. Its efficiency can also be improved due to its longer

half-life in the host body (Schneider CK, 2008).

A B c , ., D
A~ QvH vidy . . QvH vidD VH,

VL H1 CH1 v v H1 CH 7 40 VL H1 CH L W H1 CH L
cL\G dawcL & l. ct cL cr cL
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CH3 CH3 CH3 CH3 CH3 CH3 CH3 CH3

Figure 3: The different classes of therapeutic antibody. A: Mouse antibody. B: Chimeric antibody,

the variable chains are mouse chains, but the Fc part is human. C: Humanized antibody, the
antibody is almost totally human, only the hypervariable parts are from mouse. D: Human
antibody.

As we saw previously, rituximab antibody can induce cell death, can activate complement proteins

and can recruit effector cells, antigen presenting cells and activate adaptive immunity.

A lot of clinical trials have been done using rituximab, not only in the case of B-cell lymphomas, but
also in lupus (Cobo-lbafiez et al. 2014) or rheumatoid polyarthritis (Baji et al. 2014), which are
autoimmune disease involving B-cells. It has also been tested for multiple sclerosis or chronic

lymphoid leukemia (Hauser et al. 2008; Hallek et al. 2010)

d. Ublituximab

Ublituximab (TGTX-1101) is a chimeric antibody, produced by the LFB (Laboratoire de
Fractionnement des Biotechnologies) and owned by TG Therapeutics (New York — USA). It is targeting
a unique epitope on the human CD20 antigen, and has been glyco-engineered (low fucose) to
enhance affinity for all variants of FcyRIIIA receptors. This antibody is thus developed to enhance

ADCC (Le Garff-Tavernier et al. 2014).

The laboratory worked very closely to the LFB and we performed pre-clinical studies (on mouse) for

this antibody in the treatment of PIOL and PCL. To do so we used mouse models of lymphomas.
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1.5.2 TLR-9 agonist CPG-ODN

1.5.2.1. Toll like receptors and cancer

Toll like receptors (TLRs) are membrane-spanning proteins expressed in sentinel cells of the innate

immune system like macrophages or dendritic cells.

Those proteins are pattern recognition receptors, and recognize molecular pattern that are shared by
a lot of pathogens, quite different from the host molecules. Those molecular patterns are commonly
called Pathogen-Associated Molecular Patterns (PAMPs). They can be Lipopolysaccharides (found in
the outer membrane of Gram-negative bacteria) or pathogenic RNA/DNA (from virus or bacteria), etc

(Kreig AM, 2002).

Some TLRs are located at the membrane of the cell, others are located at the membrane of
endosomes; this means that the cell have to capture the pathogen by endocytosis for the receptors

to be engaged.

When engaged, those receptors trigger an intracellular biochemical pathway that leads to the
expression of inflammatory cytokines (signaling factor), which are necessary for the recruitment of

immune effector cells.

TLRs are counted as key molecules for alerting the immune system (effector cells) in case of microbial

infection.

There are thirteen different TLRs in humans named from TLR1 to TLR13. Each TLR have a specific
ligand and trigger a specific biochemical pathway; however, the intracellular signalization might have

common points.

For a long time, the strategy for therapies was to aim and target only tumor cells. Now, we do know
that activating the immune system and polarizing the effector cells towards the cancer cell is a
strategy that has been shown to be efficient. There are a lot of different ways to activate the immune
system in the case of lymphomas therapies; one of them is to engage a toll like receptor to activate

the immune system and recruit effector cells (Murad YM et al. 2007).

It happens that sometimes cancel cells do express TLRs, especially in the case of a lymphoma. It has
been shown that the biochemical pathway induced by the TLR engagement can lead to cancer cell

apoptosis (Rym BenAbdelwahed et al. 2013).
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Today, some treatments for melanomas — Immiquimod (Fields et al. 2014), skin cancer or cutaneous
T-cell ymphomas use this strategy of both recruiting effector cells and triggering apoptosis in cancer

cells, with very good results (Huen et al. 2014) .

1.5.2.2. TLR-9 and its ligands

TLR9 belongs to the toll like receptors family. It is a protein also designated as the cluster of
differentiation 289 (CD289) encoded by the TLR9 gene.

TLR9 recognizes unmethylated CpG sequences in DNA (both in human and mouse). As a matter of
fact, CpG sites are rare (1%) in the human or mouse genome, in comparison to bacterial genomes or

virus DNA, thus making CpG a PAMP.

1.5.2.3. ODN-CPG

CpG is a ligand for TLR-9, a receptor present in the endosomes of different immune cell populations.

This receptor recognizes single-strand DNA patterns from pathogenic microorganisms.

Oligodeoxynucleotides CpG (ODN-CPG) are short single-stranded DNA molecules. Those synthetic
molecules contain a cytosine triphosphate deoxynucleotide (‘C’) followed by a guanine triphosphate
deoxynucleotide (‘G’) linked together with a phosphodiester (‘p’). Unmethylated, those CpG

motives are immunostimulants.

Different types of CpG-ODN sequences exist (e.g. CpG 7909), but only nuclease-stable
phosphorotioate-modified CpG 1826 (CpG) will be introduced.

CpG sequence: 5 _-TCCATGACGTTCCTGACGTT
(the bold and underlined nucleotides represent the immunostimulatory CpG sequence)

The control for CpG 1826 is the ODN-ctrl, which also is a single-stranded DNA molecule, identical to
CpG 1826 except for the immunostimulatory CG sequence which is inverted, making thus ODN-ctrl a

molecule that does not bind TLR-9.

ODN-ctrl sequence: 5 -TCCATGAGCTTCCTGAGCTT

N.B.: In this manuscript, CoG-ODN will refer to CpG 1826
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1.6. Murine models of lymphomas by cell engraftment.

Murine models are a powerful tool for understanding biological complex mechanisms. It is even an

indispensable tool for searchers.

Cancer is a very complex disease; there are a lot of interactions between immune system, tumor
cells, metabolism enhancers etc. To study those mechanisms, there are different types of models by

engraftment: syngeneic models, allogeneic models and xenogeneic models.

Those models are actually related to the gene background of both grafted cells and animals. In small
animal experimentation, to limit variability, the animals belong to a line of mice — these lines are
called “strain” not to be confused with strain in the following biofluidics part. This means that they all
have the same genome. BALB/c is for instance an albino mouse quite used, whereas C57BL/6 is one

of the most used mouse strain.

Syngeneic model: Cells and animals have the same gene background. For example, let’s consider the

BALB/c strain: injecting tumor cells that initially came from a BALB/c mouse is a syngeneic model.
Cells and mouse have the same Major Histocompatibility Complex (MHC), and the tumor cells will

not be rejected from the host mouse.

Allogeneic model: Cells and animals have different gene background but they belong to the same

species. For instance, let’s still consider a BALB/c strain: injecting tumor cells coming from a C57BL/6
mouse in a BALB/c is called an allograft. As the MHC molecules are different, the mouse may reject

tumor cells.

Xenogeneic model: Cells and animals do not belong to the same species. For instance, injecting

human cells in mouse whatever would be its gene background is called a xenograft. In normal

conditions, the mouse would reject tumor cells.

In the case of allogeneic and xenogeneic models, an immunocompetent host will reject the tumor
whereas in the case of syngeneic, no reject occurs. This is the reason why almost all allogeneic and
xenogeneic models are developed with immunodeficient mice. Those models are widely used to
characterize human tumor cells lines harvested on patient. The most famous is Hela (Scherer et al.
1953). However, these models have disadvantages; they don’t allow the study of interactions

between immune system and tumor cells.

N.B.: In this manuscript, when “syngeneic models” will be presented or discussed, it will actually refer

to the fact that the non-syngeneic models are associated to immunodeficient mice.
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The table 2 hereafter (Donnou et al. 2012), gives a very complete overview of the different types of
lymphomas mouse models by engraftment. The injection site, name of cells, lymphoma model,

strain, and immune status are precised here.

The models used in the laboratory are highlighted in the table with the red boxes. The strain used is
BALB/c and the cells used are A20.IIA-GFP (Touitou et al. 2008). A20.IIA-GFP cells originate from A20
cells, a reticulum cell sarcoma of an old BALB/c mouse. The reticulum cell sarcoma is also known as
histiocytic lymphoma, which is a rare subtype of NHL characterized by the presence of large tumor
cells resembling histiocytes* morphologically but considered to be of lymphoid origin. A20.IIA is an
FcyR negative clone from A20. The cells have been transduced to express GFP, humanCD20 or both
of them. In the table, only three of our models are described, however a forth model of

subcutaneous lymphoma was set up in between (Ben abdelwahed et al. 2013).

*a histiocyte is a macrophage of conjonctive tissue
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Induced models of B-cell lymphoma. (m): murine origin; (h): human origin; (i): syngeneic models; (ii): syngeneic models with
murine tumor cells engineered 1o express human antigens; (iii): xenogenic models; (iv): humanized models; CLL: chronic lymphocytic
leukemia; DLBCL: diffuse large B-cell lymphoma; MALT: mucosa associated lymphatic tissue; n.d.: not determined; PCL: primary cerebral
lymphoma; PCNSL: primary central nervous system lymphoma; PIOL: primary intraocular lymphoma; SCID: severe combined immune

deficiency.
Injection site Name Lymphoma model Wacipeent mice :l‘a;o 3 |
Strain (haplotype)  MHC compatibility  Immunestatys ~ feierence
B6 spontaneous High-grade B S b S
Intravenous model (m) iyoohoms C57Bl/6 (H-2") Syngeneic (i) Immunocompetent  [51]
Pi-BCLI (m) DLBCL BALB/c (H-21) Syngeneic (i) Immunocompetent  [52]
. Non-Hodgkin . 5 opd
3 ! (H.2* 2
38C13 (m) lymphoma C3H/HeN (H-2%) Syngeneic (i) Immunocompetent  [53]
FL5.12 transfected by Non-Hodgkin 54 . i .
Bel2 (m) lymphoma BALB/c (H-29) Syngeneic (i) Immunocompetent  [42]
A20 (m) DLBCL BALB/c (H-2Y) Syngeneic (i) Immunocompetent  [54]
4TOO (m) n.d. BALB/c (H-2%) Syngeneic (1) Immunocompetent  [55]
BCLI (m) CLL BALB/c (H-2%) Syngeneic (1) Immunocompetent |56]
Non-Hodgkin ~ L (H.o w7
38C13 Her2/neu (m) lymphoma C3H/HeN (H-2%) Syngeneic (ii) Immunocompetent  [40]
7138 (h) "“"I"" mantlecell oo o (H-20)  Xenogenic(ili)  Immunodeicient  [57)
ymphoma
BJAB (h) Burkitt lymphoma  SCID mice (H-29) Xenogenic (iii) Immunodeficient |58]
SU-DHL-4 (h) DLBCL SCID mice (H-29) Xenogenic (iii) Immunodeficient [59]
Intrasplenic | A20 (m) DLBCL BALB/c (H-27) Syngeneic (i) Immunocompetent  [60] |
A20.1IA-GFP (m) DLBCL BALB/c (H-2?) Syngeneic (i) Immunocompetent  [50]
Subcutancous  LY-ar or LY-as (m) n.d. C3Hf/kam (H-2") Syngeneic (i) Immunocompetent  [37]
Si1{m) Burkitt lymphoma  BALB/¢ nude (H-29) Syngeneic (i) T-cell deficiency [62]
e Non-Hodgkin = b e i
LMycSN-p53null (m) ymphoma C57Bl/6 (H-2") Syngeneic (i) Immunocompetent  [18]
A20 (m) DLBCL BALB/c (H-27) Syngeneic (i) Immunocompetent  [63]
38C13 Her2/neu (m) Hop:Hodgkln C3H/HeN (H-2%) Syngeneic (ii) Immunocompetent  [40]
lymphoma
Myc5-M5 (m) n.d. SCID mice (H-2¢) Allogenic Immunodeficient [17)
I Spiens Hodelda Hodgkin disease Nude mice (H-2") Xenogenic (iii) T-cell deficiency [64]
ymphoma cells (h) :
Human hodgkin cell Hodekin di i . o odefici -
line (h) gkin disease SCID mice (H-29) Xenogenic (iii) Immunodeficient [47)
Ramos (h) Burkitt lymphoma  SCID mice (H-29) Xenogenic (iii) Immunodeficient [58]
BJAB (h) Burkitt lymphoma  SCID mice (H-27) Xenogenic (iii) Immunodeficient [58)
SC-1(h) Follicular lymphoma  SCID mice (H-29) Xenogenic (iii) Immunodeficient  [58]
DoHH-2 (h) Follicular lymphoma  SCID mice (H-29) Xenogenic (iii) Immunodeficient [58]
SuDHL-4 (h) DLBCL ("“"(7;_“;,')’ M Yenogenic (iii)  Immunodeficient  [65]
S Mantle cell C.B-17 SCID mice i 5
Granta 519 (h) lymphona (H-2%) Xenogenic (iii) Immunodeficient |65]
HKBML (h) Brain DLBCL L‘B.l;]:_(" .,!,ll) " Xenogenic (iii) Immunodeficient [46]
Daudi (h) Burkitt ymphoma a l)(/lltlg.‘) e Xenogenic (iv) Partially rebuilt |66]
Jijoye (h) Burkitt ymphoma St l’:’f‘,ﬁc‘ e Xenogenic (iv) Partally rebuilt |66]
Intracercbral IAZO.IM-GFP(M) PCL (PCNSL) BALB/c (H-2¢) Syngencic (il Immunocompetent  [50] I
38C13 CD20* (m) PCL (PCNSL) C3H/HeN (H-2") Syngeneic (i) Immunocompetent  [68]
Raji th) PCL (PCNSL) Nude mice (H-2") Xenogenic (ii) T-cell deficiency [69]
Patient’s cells (h) PCL (PCNSL) Nude mice (H-2") Xenogenic (iii) T-cell deficiency [70]
MCl116 (h) PCL (PCNSL) Nude rats (RT1%) Xenogenic (iii) Immunodeficient [71]
Cisterna Leptomeningeal .
2 y | d C ") . "
magni L1210(m) it DBA/2 (H-2¢) Syngeneic (i) Immunocompetent  [72]
Intraosular | A20.IA-GEP (m) PIOL BALB/c (H-2¢) Syngeneic (il Immunocompetent  [45] |
38C13CD20* (m) PIOL C3H/HeN (H-2Y) Syngengic (ii) Immunocompetent  [68]
CA46(h) PIOL SCID mice (H-2Y) Xenogenic (iii) Immunodeficient [73]

Table 2: From Donnou et al. Different murine of lymphomas according to the cell type and to the

tumor location
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2.PART II: NON-INVASIVE OPTICAL METHODS FOR IN VIVO
OF DETECTION OF CNS LYMPHOMA CELLS AND
MONITORING TREATMENT EFFECTS IN SMALL ANIMAL

There are several techniques for detection of PCNSL cells. We wanted non-invasive techniques so we
could study the effect of treatments over time and not only at a given time point. We wanted to
combine two methods to address two questions: the localization of the primary tumor and the

metastases, and the way cells metastasize from the primary tumor to the metastases.

The real problem with CNS lymphoma is the fact that unlike nodal lymphomas, it is not really a solid
tumor. It usually is disseminated all over the organ. For instance, the cells are not only lying on the
retina in the case of PIOL, but they are in the whole eye (Touitou et al, 2008) from the vitreous to the
anterior chamber. This is also the case for PCL where the cells are indeed disseminated in all the
brain, making that lymphoma very hard to treat. And as we saw, the only way to be sure the
radiotherapy treatment is efficient is to perform whole brain irradiation, because the tumor cannot

be clearly located.

Before getting into the substance of imaging and detection techniques, | will present some reminders

about several optical phenomena and biofluidics.

2.1. Optical phenomena backgroud

2.1.1. Bioluminescence

Bioluminescence is a light-based phenomenon. It involves a chemical reaction between a substrate
and an enzyme — that is why it has the ‘bio’ prefix. The enzyme is produced by different animals in
nature and is called luciferase. The most known animal that produces bioluminescence is the firefly
(Gould et al. 1988). Yet, other animals like sea pansy — Renilla — can produce their own luciferase and
thus bioluminescence (Shimomura O, 1985). Some fishes for instance, belonging to the lophiiforms
family, uses bioluminescence to catch their prey. They have a little appendix on their head, which is
full of bioluminescent bacteria and the light produced by this appendix attracts the prey. Those fishes
do not produce luciferase but live in symbiosis with bacteria which produce luciferase and its

substrate: luciferin (Baldwin et al. 1995).

Bioluminescence systems require a luciferase and a luciferin (substrate) and molecular oxygen to

produce light (Figure 4).
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Luciferin + O, -> Oxyluciferin*
Oxyluciferin* -> Oxyluciferin + light

Thus, luciferase can be considered as an oxygenase that oxidizes luciferin with molecular oxygen.

(Inouye et al. 1997; Day et al. 2004)
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Figure 4: Here is the complete chemical mechanism of luciferase-luciferin reaction. This reaction
requires ATP, Mg®* cofactor and a molecule of Oxygen, O,. One could see that this mechanism is dual
due to a mesomer form of a reaction intermediate.

Actually, the chemical reaction of oxygenation of the luciferin gives to the product (oxyluciferin) a

high amount of energy. Oxyluciferin gets rid of this energy by emitting a luminescence photon and
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thus comes back to its fundamental energy state. As this luminescence chemical reaction involves a

protein, it is called bioluminescence.

The substrate depends on the used luciferase. For instance the substrate for firefly luciferase is
luciferin, whereas the substrate for Renilla luciferase is the coelenterazine (which is also the
substrate for other photoproteins such as aequorin). The emission wavelength also depends on the
substrate and on the oxygenase. For instance, luciferin and firefly luciferase gives the color of shining
fireflies, which is mostly green. However, Renilla luciferase (Renilla is also known as see pansy) and
other proteins from marine animals, whose substrate is coelenterazin emits mostly blue photons,

which are indeed the photons that are less absorbed by water (Inouye et al. 1997).

In order to perform imaging of living tissue, the emitted photons must not be absorbed by the
nearby tissues. It turns out that red is less absorbed that green, which is himself less absorbed than
blue — by the nearby tissue. We thus chose to use firefly luciferase for bioluminescence imaging as

red luciferase has not yet been discovered nor developed.

2.1.2. Fluorescence

Fluorescence is an optical phenomenon that involves electronic energy transfer within a molecule
(which can be a protein). Every molecule has a lowest energy level, and whatever can be done to this

molecule, it will always tend to return to its lowest energy level, called the fundamental state.

There are a lot of ways to get a molecule out of its fundamental state, but they all require energy. In

the case of fluorescence, the energy is carried by photons (elementary particle of light).

In other words, a photon can be absorbed by a fluorescent molecule — the photon is then called
“excitation photon”. The energy carried by the excitation photon is transferred to the fluorescent
molecule and allow some electrons to leave the fundamental state, and to access higher discrete
energy levels. Those electrons cannot stay in this high energy level. Very quickly (about 10ns), they
go back to their fundamental state, and return the received energy by emitting a new photon, which

is called “emission photon” or “fluorescence photon”.

This photon has several properties: it cannot have more energy than the excitation photon (energy
cannot be created). When excitation energy is transferred to the molecule, several phenomena
actually happen at the same time. The molecule dissipates energy in rotation and vibration, resulting
in a lower amount of energy available for the fluorescence photon. The fluorescence photon is thus

always lower in energy than the excitation photon in the case of one-photon fluorescence (Figure 5).
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As E= h*C/A where E is energy and C is speed of light and h is plank constant, and A is the

wavelength; the fluorescence photon have a higher wavelength, corresponding with lower energy.
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The excitation light source is often a laser in the case of fluorescence applied to biology. The laser has
the advantage to be monochromatic, which means that all the photons have the same wavelength.
However, a molecule — even more a protein — has a lot of atoms and electrons. Thus there is a lot of
degenerated energy level available. That would explain why fluorescent molecules (including

proteins) have a continuous spectrum and not a line spectrum.

The fluorescence phenomenon is always present and even molecules that are not told to be
fluorescent can be fluorescent. A fluorescent molecule is actually a molecule in which the

fluorescence phenomenon is preponderant. It can be quantified by comparing the “quantum yield”.

The quantum yield is the number of times a specific event occurs (a fluorescence photon is emitted)
per photon absorbed by the system. In other words, if the quantum yield is equal to 1, it means that

all the photon absorbed result in an emitted fluorescence photon.

For GFP* (green fluorescent protein), the quantum vyield is 0.74 (Shaner et al. 2005), which means

that if the one GFP absorbs 100 excitation photons, it will returns 74 fluorescence photons.

The quantum yield must not be confused with the cross section. Cross section is actually the
probability that the fluorescent molecule absorbs excitation photons. The cross section is often

expressed in cm”and does depend on the size of the molecule.
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Prior to using a fluorescent dye, a study must be done about the quantum vyield, the spectra
(excitation and emission spectrum), the cross section and the nature of the dye — organic small

molecule (ie: fluorescein, rhodamin, etc.) or protein (GFP, YFP, CFP, mCherry, etc.).

Fluorescence can be easily found in nature. A lot of fluorescent proteins come from animals. For

instance, the GFP was first isolated from the jellyfish Aequoria Victoria (Shimomura et al. 1962).

The cuticle of scorpions (Figure 6) contains fluorescent molecules such as beta-carboline that are

fluorescent under certain wavelenght of UV light.

Figure 6: Scorpios are naturally
fluorescent under UV-light. It is a
good mean to find them!

Photobleaching

Photobleaching is the photochemical destruction of a fluorescent molecule; this becoming optically

inactive. Some molecules are more sensitive to photobleaching than others.

The signal from fluorescence varies proportionnaly with excitation light (fluorescence is a linear
phenomenon). The more excitation light, the more fluorescence signal. However, the more excitation

light, the more photobleaching.

Photobleaching must always be taken into account for designing fluorescence-based assays. The
ways to control photobleaching is to reduce excitation intensity, or to increase the number or dyes.
To a reasonable approximation, a given molecule will be optically inactive after a constant exposure

because each absoption emission cycle has an equal probability of causing photobleaching.

GFP — Green Fluorescent Protein

GFP is the most known fluorescent protein. It is composed of 238 amino acid (26.9 kDa) and exhibits
bright green fluorescence when exposed to light from blue to UV wavelengths (Prendergast et al.

1978; Tsien 1998). GFP refers to the first fluorescent protein isolated from the jellyfish Aequoria
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victoria. The GFP from A.victoria has a major excitation peak at 395 nm and a minor one at 475nm;

the emission peak is at 509nm.

The GFP gene can be introduced into organisms and maintained in their genome. This gene thus
became a new reporter of expression. It has been introduced in almost all cells or animals used for

biologic models (bacteria, yeast, fly, plant etc.).

Many different mutants of GFP have been engineered. The first major improvement was a mutation
(S65T) reported in 1995 by Roger Tsien team (Heim et al. 1995). This mutation improved dramatically
the optical characteristics of GFP, increasing fluorescence, photostability and shifting the major
excitation peak at 488nm, making GFP suitable for FITC (a wide used fluorescent marker) filters sets.
A second mutation (F64L) to this enhanced GFP (EGFP) was discovered in 1995 (U.S. patent 6172188 ;

Cormack et al. 1996) allowing the use of GFP in mammalian cells.

Many other mutations have been made, especially color mutants in particular blue fluorescent
protein (BFP), cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). Those proteins
have shifted spectrum making the simultaneous expression of fluorescent proteins detectable (Table
3). The maximum emission peak of EGFP, at 509nm wavelength, corresponds to absorption
maximum of hemoglobin, making GFP difficult to detect for in vivo imaging. The use of recent red-

shifted protein as mKate could resolve this problem.

mKate and mKate2

Mkate (also known as TagFP635 for Tag Fluorescent Protein 635) is a monomeric far-red fluorescent
protein from the wild-type red fluorescent protein (RFP) from sea anemone Entacmaea quadricolor
(Shcherbo et al., 2007; Shcherbo et al. 2009). It possesses far-red fluorescence (Figure 7) with an
excitation peak at 588nm (yellow-orange) and an emission peak at 635 nm (red). Like EGFP, the
mKate gene can easily be cloned, and included within a plasmid or within a virus to stably transform

mammalian cells.
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The mKate2 protein belongs to the next generation of TagFP635 (mKate). It possesses an excitation

peak at 588 nm and emission peak at 633nm. It has better photostability and brightness than mKate.

Table 1 | Properties of the best FP variants® b

Class Protein ?:;ui :;: rllgssu:lratc-r',r f:ﬁ:;ntlc-n‘ :E:nﬁs' af Brightness®  Photostability!  pKa Dligomerization
Far-red mPIum? Tsien (5) 540 648 41 53 <45  Monomer
Red mChearry? Tsien (4} 587 B10 16 96 =45  Monomer
tdTomatod Tsian (4]} 554 581 95 98 4.7 Tandem dimer
miatravberry? Tsien (4) 574 596 26 15 <45  Monomer
J-Red® Evrogen 584 610 8.8 13 50  Dimer
DsRed-monomer”  Clontach 556 586 3.5 16 45 Monamer
Orange mirangad Tsian (4) 548 h62 a9 9.0 6.5 Monomer
mHKd MEL Intl. (10} 548 550 ar 122 5.0 Monomer
Yellow-graen miGitrine! Tsian (16,23} 516 524 54 49 B.T Monomar
Venus Miyawaki {1} 515 528 53 15 6.0 Weak dimer!
YPatd Daugherty (2] 817 530 an’ 49 5.6 Weak dimear!
EYFP Imvitragen (18) a14 527 a1 ] 6.9 Weak dimear!
Green Emerald® |mvitrogen {18) 487 508 349 0. 69k 6.0 Weak dimer!
EGFP Clontech' 458 507 34 174 6.0 Weak dimer!
Cyan CyPet Daugherty (2] 435 477 18 59 5.0 Weak dimer!
CFPm™ Tslen (23) 433 475 13 i 4.7 Monomer
Ceruleand Piston (3) 433 475 a7 36 4.7 Weak dimer!
UV-gxcitable graen  T-Sapphire® Griesheck (&) 384 a1 26" ] 4.9  Weak dimer

Table 3: Properties of best fluorescent protein variants. Excitation and emission wavelengths,
brightness and photostability must be chosen very carefully for in vivo experiments.

From Shaner et al.

2.1.3. 2-photon absorption

Unlike single photon fluorescence, two-photon absorption (TPA) belongs to the group of non-linear

optical processes. This phenomenon was predicted in 1931 by Maria Goeppert-Mayer (Goeppert-

Mayer M, 1931- Nobel Laureate).

TPA is actually the simultaneous absorption of two photons of identical or different wavelength to

excite a single molecule from its ground state to a higher energy electronic state. The energy

between those two states must be equal to the sum of the energy of the two incident photons.

Usually, TPA is per performed with two identical photons (same wavelength).

In that case, the energy of the gap is equal to twice the energy of the photons (Figure 8).
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Excited state

Figure 8: Energy diagram of 2-photons
absorption. 2 photons have to be at the same Virtual state
time at the same place, and be exactly half the

required energy to trigger 2-photons
absorption. This phenomenon is rare, and that
is why high frequency (femtosecond) pulsed

laser are used for 2-photons microscopy. Ground state \

For TPA, the Beer’s law (1) becomes a relation (2) that expresses the output intensity as a function of
cross section x (probability that TPA occurs at the molecule level), of concentration c, and of 3, the
TPA coefficient. The TPA coefficient may vary according different parameters such as input light

frequency, the density of molecules or the incident photon energy.

I(x) =1,e™** (@

)= —— [

1+ Lcxly

However, the probability that TPA occurs remains quite low. A high spatial and temporal coherence is
required for the input light source to obtain TPA. In other words, a lot of photons have to be at the
same place at the same moment. Only very high instant power pulsed laser fit those conditions.
Usually each pulse last for less than 10 ps and can reach an instant power of several Watts whereas
in conventional flow cytometry or confocal microscopy, lasers are continuous with an average power

of several milliwatts.

Most of living tissues are not transparent to visible wavelengths. For common fluorophores (GFP,
rhodamine, alexa fluor, etc.) TPA is possible. As the incident energy have to be twice as less as the
one photon absorption energy would be, the corresponding wavelengths are in the infrared domain

of radiation, in which living tissues show good transparency (Tseng et al.). For instance, for GFP
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excitation, at 488nm (GFP maximum excitation wavelength - blue) the radiation penetrates several
micrometers; but, at 976nm (infrared) the radiation penetrates several hundreds of micrometers

(Padmanabhan et al. 2010).

Due to its good penetration in living tissues, the infrared domain offers very interesting possibilities.

That is why two photons fluorescence is widely used for intra-vital microscopy.

2.1.4. Photoacoustic imaging

Photoacoustic imaging (PAl) is a hybrid biomedical imaging modality. It relies on the photoacoustic

effect first described in 1979 (Ducharme et al., 1979) to perform spectroscopy on condensed matter.

A laser is focused on living tissues and softly warms them. The increase of the temperature is very
low (a fraction of degree) but sufficient to induce a brief thermoelastic expansion of cells and thus a

wideband ultrasonic emission.

This technique is widely used for tumor imaging and is currently a very promising technique that can
be made portable and compatible with existing imaging techniques. Moreover, it uses nonionizing
radiation, and does not necessarily rely on exogenous imaging agents. PAl has been described for
tumor imaging of breast, lymph nodes, skin, thyroid, eye, prostate, ovaries, bladder, and for

circulating tumor cells detection (Zackrisson et al., 2014).

Photoacoustic flow cytometry was described by V. Zharov’'s team in 2007 (Zharov et al., 2006;
Galanzha et al., 2007; Zharov et al., 2007) and is very promising for efficiently detecting circulating
tumor cells. The ultrasonic transducer detects the acoustic waves created by the laser-illuminated

flowing cells (Figure 9). CTCs can thus be detected and may be identified according to their signature.

Ultrasonic
transducer Laser beam
Acoustic
waves
Epidermis C Fiqure 9: In vivo Photo Acoustic
Dermis Cytometry principle. The laser beam
warm the flowing cell. The
i subsequent dilatation of cells
VB;::; produces an acoustic wave that can
be detected. From Zharov et al.

Erythrocytes Target
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2.2. Biofluidics and fluid mechanics background

2.2.1. Rheology and Poiseuille flow

Rheology is the study of the flow of matter, mostly in the liquid state. However, it applies to ‘soft
solids’ or substances that have a complex microstructure and respond with plastic flow to an applied
force. The study of biological fluids such as blood or lymph is also a part of rheology.

Fluids are mainly characterized by their viscosity, and rheology precisely studies how viscosity can be
modified by the environment of the fluid.

Viscosity of Newtonian fluids depends only on the temperature but does not depend on the relative
velocity of the flow. This is the case of water viscosity for instance, thus making water a Newtonian
fluid. Only a small group of fluids have this property.

On the other hand, non-Newtonian fluids are fluids whose viscosity depends on the strain rate or on
the stress — force per surface unit — applied on the fluid. This is the case for instance of ketchup; its

viscosity can be reduced by shaking.

Suspensions of particles whatever would be the suspending medium, have viscosity depending on
the concentration. This is the case for blood.

We are interested in biologic fluids; they are submitted to a very large panel of conditions in the
body. Blood can flow in either very large arteries (more than 1 cm diameter) or very small capillaries
(less than 10um diameter). It will have very different behavior according to its environment.
Moreover, blood is a fluid that has a complex microstructure because it is carrying particles. The
concentration of particles carried by blood is a key parameter for its viscosity (Einstein A, 1906;

Quemada D, 1981;Brouwers HJ, 2010).
Blood is non-Newtonian fluid and its viscosity is an inherent property. However, the diameter of the

vessels in which it circulates has an influence on the flow characteristics. The diameter of the vessel

will change the shear stress and thus the velocity profiles.

2.2.2. Viscosity and cell concentration

The relation between viscosity and concentration of spherical rigid monosized particles (an

approximation that can be done in our work) is expressed by calculating the relative viscosity L. It is
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the ratio between fluid viscosity with particles and pure fluid viscosity. L, is a function of the particle

volume concentration, ®, and the particle shape.

_ Hsusp
Hr = —
Hpure

Where pg, is the viscosity of the particle suspension and . is the viscosity of pure fluid.

Einstein showed in 1906 that the relative viscosity can be expressed as follow:

Ur=1+k.¢
k = 2.5 for spherical particles

Where O is the particle volume concentration and k is a coefficient that depends on the particle

shape.

Calculation of a cell suspension relative viscosity L

B Lymphoma cell-lines (both murine and human) can be fairly considered as spherical and their
diameter is between 7 to 15um.

We would take 7.5um for the radius, which corresponds to the upper threshold of the size range.
Our experiments were done at concentrations that never exceeded 1.10° per mL so we chose this
concentration for validating the hypothesis.

Let’s calculate ©:

The volume of those cells is: 1.10° x grr(7, 5.107%)3 =1.8.10°cm?

® = Volume of cells / Volume of fluid
=1.8.10°/1
ur=1+2.5><1.810_9 ~ 1

The cell suspension viscosity at this cell concentration is almost not different that the pure fluid

viscosity.

A cell suspension at 1.10° cells per mL in PBS can be considered as a non Newtonian fluid whose
viscosity is equal to PBS viscosity.

As long as we considerate a channel whose diameter does not imposes the cell to change shape, the
aforementioned approximation remains true.

Other models have been proposed to calculate the viscosity of fluid containing particles, especially

Quemada’s model (Quemada D, 1981; Quemada D, 1986). This model gives very similar results for
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low concentrations. It is based on the decomposition of the “k” factor. That way, it covers more

situations, and is particularly adapted for blood flow conditions.

2.2.3. Velocity profiles in Poiseuille flow

The fact that the cell suspension can be considered as a Newtonian fluid also means that the
flowing cells (at this concentration) can then be considered as fluid particles (related to the
continuum hypothesis* in fluid mechanics). Therefore the cells suspension will obey the Navier-
Stokes equations (rule fluid flow), which are in a way the mirror image of the fundamental principle

of dynamics describing the Newton’s point mechanics.

D —_—
pD_:: —gradP+ pfvisc"" pfgr

pis the fluid density, Dv /Dt is the substantive derivative (also called the material derivative), vis the
velocity vector, f . is the volumic density of viscosity forces, f,, is the volumic density of gravity

forces and P is a pressure. Dv /Dt = 0 in non-time dependant flow in a rectiline tube.

The geometry of the tube provides cylindrical symmetry, thus the velocity only depends on the radial
position. Navier-Stokes equation is integrated (constant flow rate condition) in a tube knowing that
the velocity only depends on r, and that the velocity of the edges is zero (the inner surfaces stay

immobile): the velocity of the fluid is described by a parabolic profile (Poiseuille flow — Figure 10).

The velocity follows this law:

r2
v(r) =vo (1 -3

,,,,,,,,,,,,,,, e~
Ry s Tube filled with Newtonian
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, fluid in constant flow rate
77777777777777777777777777777777 condition
,,,,,,,,,,,,,,,, .

Figure 10: Velocity profile of Poiseuille flow

Where 1, is the velocity at the middle of the tube (7=0). It happens that 1, is the maximum speed of

the fluid. R is the radius of the tube, and ris the radial position of the considered fluid particle or
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monosized particle in the conditions where it can be considered as a fluid particle (Happel et al.,

1983; Richardson, 1989).

To consider the flow as a Poiseuille flow, in which we can apply those equations, we have to ensure

several conditions:

- The flow must be permanent and laminar (non-turbulent)
- The suspending medium must be Newtonian
- The particle concentration should not be too high to prevent non-Newtonian behavior of the

fluid

2.2.4. Shear forces

The shear forces are the forces that the different layers of a flowing fluid apply to each other.

Mobile side

Tube filled with
liquid

Immobile side
The different layers of fluid are shifting on each others (red

dot lines), thus applying shear forces on each others
Figure 11: Shear forces in a fluid.

The shear forces per surface unit (called shear stress) depend on the difference of velocity between
the “fluid layers” (Figure 11). In the case of cylindrical symmetry, in a blood a vessel, it depends on

the difference of velocity along the radius of the vessel.

. d
Shear forces are given by: T=U d—:
L a(vo (1__2>)
In the case of Poiseuille flow, t=u =
2vgr
T=uU Rz
( 51 1 Jeremie Cosette PhD Thesis — 11" of July 2014
\



The shear stress is maximum when ris high, in other words, when r =R, at the inner surface of the
tube. The shear forces increase with velocity and viscosity, and for cells, they must not be too high
otherwise the cell could explode. Of course this case never happens in blood, but could happen in an

ex-vivo flowing device, and this is why controlling flow output and cell concentration is crucial.

2.3. Optical detection techniques for tumor cells detection

We have reviewed the principal optical phenomena that are used in biology, and some rheology

considerations about blood flow. Non-invasive optical detection techniques are presented here.

2.3.1. Bioluminescence imaging

The main principle of bioluminescence imaging is to somehow include bioluminescent trackers or
reporters into a living animal and to follow over time the position and the brightness of the trackers

(Hooper et al. 1990).

For tumor imaging, the most used technique is the establishment (or the purchase) of stable

luciferase-expressing tumor cell lines. The luciferase encoding gene is luc2. (Stanley PE, 1997)

These cell lines are inoculated to mice, and an injection of luciferin is performed prior to imaging. The

image is recorded 10 minutes after the luciferin injection as previously described (Inoue et al., 2010).

After injection the signal grows exponentially (characteristic time Tyteau) to reach a plateau, which
will last as long as there is available luciferin in excess. Then, the signal slowly decreases. It is crucial
to record the image when the plateau is reached to avoid underestimation of the signal. However,
the T,ateau depends on the size of the tumor. If the tumor has just been injected, it has not yet blood
vessels around to bring the luciferin directly in the tumor. In this case diffusion is the only mechanism
that brings the luciferin to the tumor cells. And the plateau is reached after a long time. On the other
hand, if the tumor is big and well irrigated, the luciferin reaches the tumor site very quickly and the
plateau is also reached very quickly. Nevertheless some tumor can be necrotic, and the
bioluminescence chemical reaction requires molecular oxygen; a necrotic tumor will not easily be
detectable by bioluminescence imaging. When a murine model is developed for bioluminescence

imaging, one must verify that the tumor does not get necrotic during the experiment time frame to

5o 1 Jeremie Cosette PhD Thesis — 11" of July 2014

——



avoid bias in the tumor burden estimation. According to Inoue et al., the optimal time point that
allows to record data is 10 minutes after luciferin injection. They showed that at this time point, the

plateau is reached whatever would be the tumor size.

This technique is non-invasive and requires only the animal to be anaesthetized. This also allows
longitudinal analysis of tumor burden on the same animal and is really an advantage when

attempting to quantify the effects of a treatments for instance.

2.3.2. Invivo flow cytometry

2.3.2.1. Device and capacities
2.3.2.1.1. Fluorescence-based detection, imaging and multi-color analysis:

In vivo flow cytometry was first described in 2004 by John Novak as a new technique ’for real-time
detection and quantification of circulating cells’ (Novak et al., 2004). This technique relies on
fluorescence. The principle is very close to conventional flow cytometry, except for its being

performed on living animal.

In conventional flow cytometry, a cell suspension is guided thought a microfluidic flow to a place
called “flow cell” in the cytometer. At this place, a laser is focused and the light is scattered in
forward direction (detector called “forward scatter or FSC”) giving information on the size of the cell;
the light is also scattered in the perpendicular direction (detector called “side scatter or SSC”) giving
information on the granularity of the cell. Moreover, a fluorescently labeled cell would emit
fluorescence light which is gathered by an optic bench. According the generation of cytometer, the
number of detectors (Photomultiplier tubes PMT) changes: there were four PMTs in 1980’s
cytometers; today last cytometers integrates up to 18 detectors allowing 16-colors analyses. Indeed,
optic filters precede each detector in order to select a bandwidth that corresponds to a given
fluorophore. On top of that a brand new generation of spectral cytometer was recently launched by
Sony. It integrates more than 30 PMTs that gather the whole light emitted by the cell and performs

spectral unfolding to recover spectrum of the different labeling dyes.

In vivo flow cytometry directly analyses fluorescently labeled cells circulating in the blood of a living
small animal. The fluorescence light emitted by the cells is collected, filtered, detected, and the final

signal is computed.

Performing fluorescent-based detection techniques on living tissues is actually quite a challenge

because of different reasons:
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1. Tissue absorption

Living tissues have very high absorption coefficients in visible wavelengths that are widely used in
most of applications of fluorescence in biology. However, it turns out that absorption of living
tissues (especially hemoglobin (Hb) and oxidized hemoglobin (HbO)) dramatically decrease when
the wavelength is between 600 to 1000nm (red and blue lines on the Figure 12, Zackrisson et al.,
2014), which correspond to red / near infra-red wavelengths. That is why in the first in vivo flow
cytometry system described, the cells were labeled with a far-red dye (A., * 700nm) excited by a

633nm red laser.

There are two pathways for light in in vivo fluorescence modalities. The excitation light must
penetrate deep in the tissues to excite the fluorescent molecules. As fluorescence is an optical
linear phenomenon, the more excitation light is absorbed, the less fluorescence you gather.
On top of that, blue to green wavelength do not penetrate very deep in living tissues, up to
200nm. However, red, far red, and infra red light penetrate better, up to 500um (Figure 12).
This means that for IVFC, the analyzed blood vessel should be very close to the skin, and easily

accessible.
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2. Tissue autofluorescence

Living tissues contain plenty of fluorescent molecules. For the analysis, this non-wanted
fluorescence light will induce a background noise. This intrinsic living tissue fluorescence is often

referred as to “autofluorescence” or “native fluorescence”.
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3. The problem of space

As previously mentioned, the analyzed blood vessel should be very close to the skin, implying
that no forward detection can be performed. This is why epifluorescence is the set up always

chosen for IVFC devices.

The location of the blood vessel must be chosen very carefully. It must be accessible, close to the
skin, and this technique should be non-invasive. In Georgakoudi’s paper (Goergakoudi et al., 2004),
they chose the ear. The ear of a mouse is very thin, about 200um. The blood vessels are very close to

the skin, and they can even been seen with bare eyes.

Here is the experimental device they used.
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Schematic of the in vive HNow cytometer experimental setup: L1, condenser lens; OL,
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The excitation light is a 633nm Laser, the beam is shaped by different cylindrical and spherical lenses
and focused through a microscope objective. The light is gathered and detected by a PMT. A CCD

camera monitor to location of the laser beam (Figure 13).

The system is able to detect fluorescent cells labeled ex vivo with a far-red dye, but also cells in vivo

labeled with an injected antibody conjugated with a dye.

During the years following this paper, other papers describing IVFC were published by different
teams that had different approaches. First of all, the initial team of C.P. Lin and l.Georgakoudi
continued on the exploration of its device and its possibilities. After the proof of principle in 2004,
they published in 2005 the first application of their device for detection of apoptotic circulating cells
(Wei X et al., 2005). Then, they published in 2006 the imaging version of the cytometer (Ho Lee et al.,
2006). Basically, the PMT is linked to a pulse generator. When a fluorescent event is detected, a pulse
is sent to a high sensitivity camera, which takes a confocal picture of the cell in the blood vessel

(Figure 14).
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Later, they published the two-color version of their IVFC device (Noval et al., 2007), and finaly made
this flow cytometer portable so that it can be easily moved from a room to another (S.Boutrus et al.,

2007).

2.3.2.1.2. Sensitivity optimization and explored volume

Sensitivity of IVFC is a key point. Circulating tumor cells are indeed very rare events, and the
detection of cells inside a blood vessel is limited by the “explored volume”. In humans, there are
typically between 0.2 and 10 CTC per mL of blood. The question is: what volume has to be explored

to be statistically sure that a CTC will be detected, if there is at least one CTC in the blood?

In other words, let’s take the example of 1 CTC per mL: What is the probability to find at least one
cell in an explored volume of x mL? This probability tends to 1 when the explored volume x tends to

the total blood volume 7tot; but is never 1 while x< Ttot.

By presenting the problem in these terms, we assess the strong hypothesis that the blood flow is
perfectly homogeneous and that cell concentration does not depend on the place where it is

considered.

This problem is in fact a Bernouilli test. The test is: “We randomly choose one cell in the explored
volume, is it a CTC?” Let’s admit (for the example) that we have 1 CTC among 10° healthy cells in this

explored volume. The probability to succeed i.e. to detect the CTC is 10°°.

1
PX=1)=10°=pand PX=0)= ——=1—p

The Bernouilli test is repeated n = 10° times, which would mean in this example that 10° cells are
picked up. To know the probability to have at least one tumor cell, | use an analogy with random

draw.
V: volume of a tumor cell ¢: volume fraction of tumor cells.

If we draw the volume N.v in a very large volume, what is the probability to have at least one tumor

cell in this volume?

To answer this question, we do an analogy with black and white balls in a box: there are N, black

balls and N,, white balls, each ball whether it is black or white has a volume v. The volume fraction of

white balls is: ¢ = NAL“;V . We take a sample of N balls (volume N.v), What is the probability (p,,) to
b w

have at least one white ball? It is the complementary of the probability to have N black balls at each

draw (py). The hypothesis of the total volume of balls is very high in front of the drawn volume,
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implies that the concentration ¢ does not change. The probability to have a black ball is similar than

in the case of white balls and is:

Np

Po = N, N

After N independent draws:

Py = (ﬁ)lv -- o)

Inp, =NIn (1 —-¢)
Inthe case N >>1and ¢ << 1
Inp,~—N.¢p = p,=eN¢
The probability of have at least one white ball is then:
pw=1—eN¢

To conclude, if in a volume V,, there are n white balls and we sample this volume g times, then,

n.g =N. ¢.
So if there are 1 CTC/cm3,p=1—-e'=0.632
Soif thereare 2 CTC/cm3, p=1—-e%=0.865

So if there are 3 CTC/cm3, p=1-¢’>=0.950

It is a bit counterintuitive, that by picking 10° cells in a volume where there is 1 CTC for 10° cells, the

probability to find the CTC is 0.63; still, it is the case.

To increase this probability the explored volume must be increased either by increasing the

observation time or by choosing another vessel (Figure 15).
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We see on the chart, that by taking twice as much cells as 1/p, P(X>1) = 0.865, and if three
times as much cells as 1/p are analyzed, P(X>1) = 0.95. Increasing the number of cell analyzed

in our case, is equivalent to increase acquisition time.

Alt et al. study exhibits a way to increase the explored volume by selecting more vessels at the same
time. In this device, the analysis is performed on the eye of the mouse (Figurel6). A circular scan on

the retina is created thanks to two mirrors. The excitation laser, coupled with a confocal microscope

aiming device, illuminate a circular pattern around the optic nerve.

Fig. 2. Confocal fluorescence image of mouse retinal ves-
sels visualized with the fluorescent dye Evans Blue, A, with
a cartoon of the circular retinal flow cytometer scan. Evans
Blue has similar excitation and emission characteristics as
DiD. Consecutive circular scans are mapped to straight
horizontal lines in the retinal flow cytometer file, B. Thus
retinal vessels appear as vertical, fluorescent structures.

Fig. 3. Typical frame of retinal flow cytometer raw file
from DiD-labeled lymphocytes, A, and the same frame ana-
lyzed by Imaged, B. The four cells in the raw file mark the
position of three blood vessels (oriented vertically; compare
Fig. 2). The long streak is a single cell that is moving very
slowly in a capillary. This location was rejected from the
analysis throughout the data set since it is not a major reti-
nal vessel. The other four cells are correctly counted and
outlined.

etc.

Figure 16: Retinal flow cytometer analyzing pattern. The laser spins around the optic nerve and
intercepts 8 blood vessels. This technique is very relevant to increase the explored volume
provided that each vessel has sufficient diameter. A signal processing software allows
detecting fluorescent spots assumed to be fluorescent cells. From Alt et al.
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This method allows to simultaneously scan up to 8 blood vessels and thus increases 8 fold the

explored volume for a given time. Each line of figure 16 corresponds to a circle on the retina of the

mouse.

Finally, an image processing home-made software reveals the presence of spots, each one of them

corresponding to a fluorescent event.

2.3.2.1.3. Noise elimination by action on tissues

To overcome the problem of noise, Ding et al (Ding et al., 2013) recently) described a technique to
enhance detection and imaging depth by injecting ESOCA (Ear Skin Optical Clearing Agent), an agent
that can make the ear skin more transparent. They compare it to glycerol used traditionally to

provide adherence of the ear to the slide and to facilitate light transmission (Figure 17).
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Fig. 3. IVFC signals of DiD-labeled red blood cells (left: treated by glycerol; right: treated by

ESOCA). The signals were recorded at the depth of 80 um (a), and 180 pm (b) for 6 minutes,
Each peak represented a DiD-labeled cell traversing the excitation shit.

Figure 17: Here is the typical signal obtained with an IVFC device. From Ding et al. They used an
agent that reduces the tissue absorption. As can be seen on the ESOCA graphs, the continuous

component of the signal is lower, and the peaks are higher suggesting a great increase in signal
over noise ratio.
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Another pioneer team in this field is the team of Vladimir P Zharov. They have worked on in vivo flow
cytometry for almost 8 years. They first described a fluorescence-base device very close to

|.Georgeakoudi device (cf page 55, Fig. 13).

They chose another location for the blood vessels. They worked on the mesentery. Mesentery is a
highly vascularized tissue that surrounds the intestine. By performing surgery, the mesentery can be
taken out of the body of the mouse, yet kept linked to the vascular system. Moreover, the mesentery

contains not only blood vessels but lymph vessels, completing the approach of IVFC.

Their device is fluorescence-based, and is linked to 6 detectors (E.l.Galanzha et al. 2007 — Figure 18)

Laser array, lamp or LED Figure 4 Integrated, multispectral FC in vivo. A: Typical

ArfDye  OPO  He-Ne UV-lamp transmission image of rat m9jenlery segment with lymph
[ PMT and blood microvessels; B: Schematic of the mesentery
cress-saction.
PMT
CccD
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Figure 18: One of the first devices of IVFC
from a pionner team (Zharov) in the
field. They were performing IVFC on
mesentery blood and lymph vessel.

- -
Photodetectors
(position-sensitive or with pinhole)

Then, they focused on another technology: photoacoustic flow cytometry (PAFC). This technique has

been previously explained in the Photoacoustic Imaging paragraph.

Many studies have investigated the role of circulating tumor cells in different types of cancer and in
different organs using in vivo photoaccoustic flow cytometry. From detecting circulating tumor cells
or bacteria in the cerebrospinal fluid (Nedosekin et al., 2013), to monitoring blood rheology
parameters (Galanzha et al., 2011) through the proof of concept of in vivo plant cytometry (tomato
plants — Nedosekin et al., 2011). This non-invasive technique might increase detection thresholds in

disease where early diagnosis is crucial for treatment efficacy.
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Moreover photothermal flow cytometry (PTFC) have been described (Lapotko et al., 2002; Lapotko et
al. 2002; Zharov et al, 2006) to be very efficient for both detecting (Zharov et al., 2007) and
destroying circulating tumor stem cells identified as CD44 positive cells. (Galanzha et al., 2009;

Galanzha et al., 2009; Galanzha et al., 2009; Galanzha et al., 2013). The team of V. Zharov has

definitely kept innovating on PAFC.

LABELED ENTITY
Endogenous chromapions
{mzlaning

(hemoglobin

din veve Huorescent cell fabeding

METHOD

PAFC/PTFC
PAFC/IPTFC

CELLS STUDIED

ruhviel
RBCs

REFERENCES

Cralanzhea, El et al., 2006 (23)

Zharov ¥, etal., 2006 (21)

(100 PAFC Blood flow, Ret Fharov ¥, etal., 2006 [21]
Fluorescent aniibodics

(CD45) IVEC W MNovak I, et al., 2004 [1]
[c-kit, sca-1) IVFC WHCs , HECs Boutrus 8, et al., 2007 [7]
Fluorescent profeins

{Annexin V) IVFC Ann WV PrCaA cells Wen X, et al., 2005 [4]
Flewescent vitaming

(Folate) IVFC hutP, OwCa, mLyvmph He, W, et al_, 2007 [15]

Ex Vive membrane labeled tumor or blood cells

([0 IVFC Cd+ TCELLS Lee H, etal., 2006 [5]
IVFC huALL Sipkins DA, et al. 2005 [3]
IVIFC MM Alswyed ¥, et al., 2007 [8]
IVFC Wi Leleu X, et al., 2007 [9]
IVFC RBCs Movak 1, et al, 2004 [1]
IVIFC KBS Tkaczyk ER. et al., 2008 [17]
RFC Leukocytes ARG, etal., 2007 [&]

Ex vive cytoplasmic fabeling of fumor colls

{calcein) IVFC 1| Azab A, et al., 200 [10]
IVFC Wi Roceare AM, et al, 2000[12]

(0 dots) IVFC BrCA cells Thaczyk ER. et al., 2008 [17]

Transgemc fuoreseons proteis 1 femmoes or fekooyles

(GFP, DaRed) IVFC b Runnels IM, etal, 2001 [14]
IVFC T cell populations in rejection  Fan Z,_ et al., 2000 [13]
IVIEC hulir CA cells Boutrus 5, et al., 2007 [7)

LABRELED ENTITY METHUCHDY CELLS STUIMMED REFERENCES
IVFC mLuCa Le TT. Huff TB, Chen, 1-X, 2009 [16]
Namopunrineles
[gold nanorods) PAFC free NP, bacteria Lharoy WV, et al., 2007 [20]
PAFC/PTRC  free NP, huSgCa Lharow VP, et al., 2006 [21]
[magnetic nanoparticles) PAFLC Bir A Gialanzha E1, et al., 2000 [23]
{carbon nanotubes) RaFC Hela cells Biris, et al., 2009 [18]
PAFC free NP, bacteria Lharoy WV, et al., 2007 [20]
{ferlate conj-gold plated C nanotubes)  PAFC Bir A Gialanzha E1, et al., 2000 [23]

Table 4: Labelling strategies in IVFC. Except for Hela MM (myeloid myeloma) mMel (melanoma)
cells, this table shows that few approaches are done with tumor cells, and none was done with
hematopoietic cancer cells such as lymphomas.From Pitsillides et al. RFC/RaFC: Raman Flow
Cytometry



In PAFC, as can be seen on table 4, nanoparticles can be used as labeling agents because their heat
conducing properties increase the thermoelastic expansion of cells, thus increasing the acoustic
signal (Pitsillides et al., 2011). The presence of chemical agents (contrast or clearing agents) or
nanoparticles inside the vascular system of the mouse may interfere with the dissemination of tumor

cells or with the primary disease itself.

To get rid of this bias, in spite of the power of PAFC technique, Peter Kiesel’s team studied the way to
enhance detection of circulating cells in a microfluidic device without the need of chemical agents,
based on multi-illumination systems (Kiesel et al., 2012; Kiesel et al., 2011).

2.3.2.2.  Multi-illumination systems

2.3.2.2.1. Multi-illumination systems for time of flight measurements

Photoacoustic imaging is initially designed to have one excitation beam and one detector. However,
V. Zharov team described (Sarimollaoglu et al.,, 2011) a multi-illumination system where the

excitation light is not only one beam but three successive slit of light (Figure 19).

Sanmollasoglu et al

Laser beam

a0 UV

(a) (b)

(Color online) (a) PA time-of-flight velocity measurement with cylindrical laser beam. (b)
Shapes of PA peaks for different sized objects (illustrated on the left as red or brown circles)
and various beam geometries (one- or three-beam; illustrated as green ovals),

Figure 19: Multi illumination PAFC on blood cell for in vivo measurement of cell time of flight
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The advantage is that the time of flight of each detected event can be measured and then the
velocity can be calculated. They detect 3 types of events and are able to distinguish: individual cells,

aggregate of cells and rolling cells.

However, they did not use the multi signal to enhance detection and to eliminate noise.

2.3.2.2.2. Multi-illumination systems for enhanced detection of fluorescence

One way to extract a signal from noise is to know exactly what shape the signal to extract has. In the
case of cells flowing in a vessel under a laser beam (which is in almost all cases Gaussian-shaped), the
signal from a cell will be a Gaussian peak of fluorescence, which might be very difficult to extract
from the noise, as it is a quite “common” shape. The idea is therefore to give the cell a unique

signature, which will be easy to extract from background noise.

&
4

eh o ¥ EENTT

detector signal

time

Conventional approach: —> One cell

Correlation technique: —» Two cells
(Cell A: speed 564 mm/s; Cell B: speed 534 mm/s)
Signature of coincident CD4 + cell. The correlation technique deconvolutes the signals and ylelds their speed and location

Fiqure 20: Pattern recognition in signal from CD4" T-cells in a microfluidic device. The signal is
modulated by a patterned mask. The signal processing using pattern recognition is very efficient
for distinguishing close cells. The expected pattern, in white, is identified twice in this signal. From
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Kiesel et al. described a system where the excitation light is modulated by a spatial mask (Kiesel et
al., 2011). The excitation light is focused on a microfluidic chip where cells are flowing. The cells are
excited by a unique pattern of light that will give the cell a unique pattern (the same) of fluorescence.
This pattern being known, the cell signal can be very efficiently extracted from noise. Precision optics
is no longer required as the signal detection is enhanced. The device has high performance, is robust,

compact and easy to use for a low cost.

Correlation between the expected waveform (the mask) and the actual detected signal allows
extracting very efficiently the signal from the background noise. Moreover, the correlation technique
is very powerful to separate two coincident cells, thus significantly increasing spatial resolution

(Figure 20).

The device has been adapted for two color detection by filtering fluorescence emission of different
particles through two “color masks” interlocked with each other’s (Kiesel et al., 2012). With the

described device, the velocity of particles can also be measured.
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OBJECTIVES

Designing innovative treatments that combine high efficacy and low side effects is a real necessity for
Primary Central Nervous System Lymphomas (PCNSL). Metastasis dissemination mechanisms are still
unclear in PCNSL, yet, in the case of PIOL, most of patients develop lethal brain metastases. In regard
of the survival rates, the understanding of these mechanisms is crucial to adapt therapeutic

approaches.

When | arrived in the laboratory, four syngeneic models had been developed in the laboratory:
Primary Intra-Ocular Lymphoma (PIOL), Primary Cerebral Lymphoma (PCL), Intra-Splenic Lymphoma
(ISL), Sub-Cutaneous Lymphoma (SCL). The cells used are murine A20.lIA B-cell lymphomas
originating from a BALB/c mouse, grafted in immunocompetent BALB/c mice. There are 3 types of

cell lines: A20.11A Non Transfected, A20.1I1A- GFP* and double positive A20.lIA-humanCD20*-GFP".

Commonly, cytometry or histology are performed to characterize cancer progression and treatment
response, however, those techniques require the euthanasia of the mouse. Our objective was to

longitudinally study the lymphoma disease in mice without euthanasia.

My PhD work has been articulated around a central biological question. This question actually

polarized the objectives of the PhD and investigating this question is the main objective of the thesis.

The main objective of my work was to study the effects of innovative treatments of B-cell

lymphoma (CpG-DNA and ublituximab-based immunotherapy) on primary tumor, on
metastases, and on circulating tumor cells in mouse lymphoma models using non-invasive

in vivo imaging methods.
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This general task was divided in several subtasks:

1. Monitoring primary tumor growth of previously described mouse lymphoma models,
metastases spread and CpG-DNA effects using non-invasive bioluminescence imaging.

2. Monitoring primary tumor growth on previously described mouse lymphoma models,
metastases spread and ublituximab effects using non-invasive bioluminescence imaging.

3. Development of a standardized quantification method for tumor burden estimation from
bioluminescence imaging data.

4. Setting up an in vivo flow cytometry device to monitor circulating tumor cells in the mouse

model of primary central nervous system lymphomas with or without treatment.

All those tasks aimed to be non invasive to perform longitudinal studies. The evaluation of mice for a
long period is indeed crucial to understand adaptive immunity mechanisms of mAbs-therapies

induced long-lasting responses.

In the context of the monitoring of new therapeutic approaches, with the treatments presented
here, | closely cooperated with a concomitantly arrived PhD Student (Rym Ben Abdelwahed), and

completed the data previously obtained.
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RESULTS
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In this part, | will present the results | have obtained during my PhD thesis. This work led to

four articles: two of them are published, and the other two are going to be submitted.

BLIfor treatment
monitoring
Articles #1 and #2

Problems:
- Quantification?
- Reproductibility?

Flow cytometry

Bioluminescence

Imaging (BLI)
Quantification method
Histology Article #3
Effects of Ublituximab and
CpG on PCNSL
:
1
1 Excitation light modulation
: (in vitro)
: In vivo Flow Article #4
' Cytometry (IVFC)
I
3H-Thymidine !
incorporation !
i
: Problem:
: - Native fluorescence noise
Rym Ben Abdelwahed i : Jérémie Cosette_=
PhDwork L PhDwork :

This scheme summarizes the PhD thesis work. The work is articulated around a biological
question which is the effects of both treatments in PCNSL. Rym Ben Abdelwahed had a biological
approach on her PhD work, and | used new pluridisciplinary approaches during my work (BLI and
IVFC) to complete and have multiple points of view on our topic. My approach was separated into
two different pathways. Bioluminescence imaging was used in both articles #1 and #2 to complete
Rym’s approach; yet, issues were discovered in the analysis of bioluminescence data, and this led to
article #3. In parallel, we addressed the question of circulating tumor cells by IVFC, and this led to

article #4.
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We first investigated the treatment effects on lymphoma cells bearing mice in the case of
Ublituximab treatments and CpG treatments. This led to two published articles (#1 and #2), in which |

participated. My contribution to these works was essentially performing the imaging part.

We then realized that the images could have been quantified, while the two first articles’
images were qualitatively used for localization. We screened many papers using bioluminescence
imaging for tumor models. Over 300 papers were analyzed from 2006, and more than 80% of the
users own the same device, yet there is no consensus on the unit to be used. The problem of
reproducibility was addressed as very few papers possess a material and method part describing the
BLI protocol, even when quantification charts are presented. The investigation of quantification of

bioluminescence data sets led to article #3.

| am first author of article #3 and the main message is the proposal of a method that allows a
bioluminescence score to be associated to an animal. This score reflects the tumor burden and can
be compared from an animal to another. The study has been done in the case of CpG treatments in

subcutaneous lymphomas.

Article #3 and #4 were the core of my work. However they address different questions that
belong to different concepts. The BLI scoring method corresponds to describing the model,
describing the effects of treatments and trying to quantify tumor burden in a way that reduces

uncertainties. It is a matter of observation.

On the other hand, we wanted to understand the metastatic dissemination mechanism at
the cellular level; while only the effects (at the tumor cell population level) are accessible with BLI.
This work led to article #4, in which we addressed the question of circulating tumor cells. We indeed
saw metastases in both cases of PIOL and PCL. However, we wanted to find the link between
metastases and primary tumor, and investigate the role of CTCs in the metastasizing process of
PCSNL lymphomas models. To do so we designed an In Vivo Flow Cytometry device inspired by Novak
et al. Nevertheless, we had native fluorescence issues and we designed a device that improves

fluorescence detection and enables velocity measurements in an in vitro model.

1 Jeremie Cosette PhD Thesis — 11" of July 2014

70

——



ARTICLE # 1

Preclinical study of Ublituximab, a glycoengineered
anti-human CD20 antibody, in murine models of
primary cerebral and intraocular B-cell ymphoma

Rym Ben Abdelwahed, Sabrina Donnou, Hanane Ouakrim, Lucile Crozet,
Jeremie Cosette, Alexandra Jacquet, Isabel Tourais, Benedicte Fournes,
Melanie Gillard Bocquet, Amine Miloudi, Valerie Touitou, Cecile Daussy, Marie-
Christine Naud, Wolf Herman Fridman, Catherine Sautés-Fridman, Remi Urbain

and Sylvain Fisson
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1. Anti-CD20 monoclonal antibodies for treatment of PCNSL

PIOL and PCL are disease that have very low survival rates, and whose treatments are very invasive

and can have heavy side effects. The development of new therapeutic approaches is crucial.

In the following article, which is the first one presented on this manuscript, we described the
preclinical study of Ublituximab, an anti-hCD20 monoclonal antibody in mouse models of PIOL and

PCL.

The analysis of the effects of Ublituximab was done in comparison with Rituximab, another anti-
hCD20 monoclonal antibody, used in clinical practice for DLBCL, but also in most B-cell lymphomas.
The positive effects of rituximab on auto-immune diseases such as lupus were also described.
However, Ublituximab has been engineered to enhance ADCC. The final aim is of course to cure the

disease, but also to create a long-lasting response, in other words, an immune memory.

Mice were injected with tumor cells in the eye or in the brain according the studied model and the
treatment was administered in situ. The investigations on the effects of Ublituximab were done with

different techniques such as cytometry, histology and bioluminescence imaging.

My contribution to this works was essentially performing the imaging part. Nevertheless, | also
contributed to tumor cell injection, cell culture, and tumor cell engineering. As a matter of fact, only
A20.11A and A20.lIIA-GFP (expressing GFP) were available. Those cell lines are not suitable with
bioluminescence imaging (that requires luciferase expression). | thus developed new cell lines:
A20.11A-luc2 (expressing luciferase) and A20.lIA-luc2-CD20 that served as a new tool for

investigations. This cell line was used for all bioluminescence imaging experiments.
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For articles #1 and #2, bioluminescence imaging was performed for treatment monitoring
(highlighted in the scheme). Actually, conventional methods such as histology or cytometry etc. were
used to assess the effects (comparative) of Ublituximab and CpG treatments. Those conventional
methods were completed with the bioluminescence approach that gives pertinent information on

early identification of responding animals, thanks to longitudinal and non-invasive studies.
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Purrose. Primary cerebral lymphoma (PCLY and primary intraocular lymphoma (PIOLY belong
to the svstemic diffuse large B-cell lvmphoma family and are characterized by the presence of
CD207 Iymphoma B cells in the brain or the eve. These highly aggressive malignancies have a
poor prognosis and no specific therapy. The presence of effector mmune cells in the
damaged brain and vitreous suggests that treatment with  anti-human CD20 (hCD20)
monoclonal antibodics might be cffective. We developed murine models of PCL and PIOL to
assess the intracerebral and intraocular antitumor effect of ublituximab, a  promising
ghveoengineered anti-hCD20 mAb with a high affinity for FeyRIHa (CID16) receptors.

Memiops., The murine lymphoma B-cell line A20.[IA-GFP-hCD20 (H-2%) was injected into the
right cerebral striatum or the vitreous of immunocompetent adult BALB/c mice (H-2%). Four
to 7 clavs later, ublituximab was injected intracerebrally or intravitreously into the tumor site.
Rituximab was the reference compound. Survival was monitored for injected mice;
histopathological and flow cytometric analvses were performed (o study tumor growth and
T-cell infiltration,

Resuwrs. Single doses of ublituximab, injected intracerebrally or imtravitreously, had a marked
antitumaor effect, more pronounced than that obtained with the same dose of rituximab in
these conditions, The reduction in tumor cells was correlated with an increased proportion of
CDE™ T cells. This efficacy was observed only against lymphoma B cells expressing hCD20,

Concrosions, These in vivo results confirm the potential of the glycoengineered anti-hCD20
mAb ublituximab as an innovative therapeutic approach to treat primary central nervous
system lymphoma and other Bcell Tymphoimas.

Keywords: glycoengineered monoclonal antibody, human CD20, primary intracerchral B cell
lvmphoma (PCL), primary intraocular B ccll Iymphoma (PIOLy, primary  vitreoretinal
lvmphoma (FVRL), ublituximab

rimary central nervous system lymphoma (PCNSL) is a form
PnF extranodal high-grade non-Hodgkin  B-cell neoplasms'
that can originate in the brain, leptomeninges, spinal cord. or
eves, 2t typically remains confined to the CNS, and rarely
spreads outside the nervous system. PONSL accounts for 1% to
4% of primary brain tumors.®

Primary cerebral lyvmphoma (PCL) and primary intraocular
Iymphoma {(PIOL, also called primary vitreoretinal Iymphoma,

Copyright 2003 The Association for Research in Yislon and Ophthalmodogy. Inc

wowwiovs, org | 1SSN: 15525785
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PFVRL) are closely related subsers of PCNSL that reach these two
immunoprivileged sites PCL is a tumor of the brain
parenchyma. Tumor cells are wsually found around  bBlood
vessels and PCL can develop as a uni- or multifocal tumaor. PIOL
is an aggressive malignancy in which lymphoma cells spread in
the retina, vitreous, or optic nerve. It may be limited o the eye,
but may also include CNS involvement. Approximately 95% of
PCLs and 98% of PIOLs express CDI9 and CD20° The
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prognosis of immunocompetent  patients  diagnosed  with
PCNSL has improved over the past decade with methotrexate
administration and cranial radiotherapy.® This first-line therapy
fails in 35% o 60% of cases, however, and the prognosis for
paticnts with PCL or PIOL or both remains poor, with a median
overall survival of only 33 o 40 months.” Because these tumor
cells express CD20, a well-characterized antigen, immunother-
apy has become a new area of active research.

mAbs have already been used successfully to treat tumors;
trastuzumaby for Her/MNew-positive breast cancer® and ritux-
imab, a mouse-human chimeric mAb that targets human CD20
(hCD2, for CO20-positive non-Hodgkin lymphomas.? Studies
have shown it is active against central nervous system (CNS)
Iymphoma after both intravenous'™ and intraventricular®
injection and have thus demonstrated the interest of such a
strategy for brain tumors. Clinical response was nonctheless
limited, which might be explained by rituximab’s inadeguare
engagement of antibody-dependent cell-mediated cviotoxicity
CADCC) or the limited availability of the complement system in
the central mervous system.'' Ublituximab is a promising
glycoengineered chimeric anti-hCD20 mAb that has a high
affinity for FeyRIMa (CDNG) receptors and therefore greater
ADCC activity than rituximab,'#13

In this study, we sought o evaluate the efficacy of
ublituximab in murine models of PCNSL Blymphoma cells
were stably transfecred with the haman CD20 antigen. After
implantation in the brain (PCL model) or the eve (PIOL model),
we eviluared the therapeutic potential of ublitnximab admin-
istered directly into the tumor, In these conditions, these
injections imto the brain and vitreous body resulted in more
effective regression of the induced tumor than with rituximab,

MaTeErIALS AND METHODS
Mice

Female BALB/c mice (H-2" were obtained from Charles River
Laboratories (L Arbresle, France) and used between 6 and 8
weeks of age. They were provided with sterile food and water
ad libitum and kept on a 12-hour light-dark cvele, All mice were
manipulated according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, the European
Union guidelines, and with the approval of the local research
ethics committee (Charles Darwin Ethics Committee in Animal
Experiment, Paris, France; Permit Number: p3/2009/004).

Cells

A20.11A (also called TTAT.6) is an FoyR-negative clone originat-
ing from the A20-2] B-cell lymphoma line. ' A20.114 cells were
transfected by an electroporation system with the green
fluorescent protein (GFP) gene or with a gene containing a
fusion protein of GFF and the human CD20 (hCD20, cloned
from the Raji cell liney. These cells, hereafter referred 1o as
A20.IA-GFP or AZ0LHA-GFP-hCD20 cells (Supplementary Fig,
S1A), were maintained at 37°C, 5% CO, in complete Roswell
Park Memorial Institute (RPMIY 1640 Medium GlutaMAX Plus
(RPMI; GibcoInvitrogen, Saint Aubin, France) supplemented
with 10% fetal call serum (FCS; PAA laboratories, Colbe,
Germany), 100 UfmL penicillin and 100 pg/mlL streptomycin
(hoth from Eurobio, Courtaboenf, France); 10 mM sodium
pyruvaie (Gibco-Invitrogen); 50 pM 2-mercaptocthanol (Giboo-
Invitrogen), and 0.5 mg/mL neomyein (G418; Gibeo-Invitro-
gen). To obtain the A20.01A- GFP-hCD20- luc2 cell line, A20.11A-
GFP-hCD20 cells were transfected with pGL4 50[luc2/CMV/
hvgro] (Promega, Madison, WIy, in a commercial device
(Amaxa Nucleofector II; Lonza, Basel, Switzerland) and were
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cultured in 1 mg/mL neomycin and 0.75 mg/mL hygromycinB
{Gibco-Invitrogen) medinm.

Tumor Implantation

Mice were first ancsthetized by intraperitoneal injection of a
mixture containing 120 mg/kg of ketamine (Virbac, Carros,
France)y and 6 mpke of xylazine (Rompun 2%, Bayer Health-
care, Loos, France), Anesthetized mice were immobilized on a
stereotaxic frame (David Kopf Instruments, Tujunga, CA) for
the intracerchral tumor implantation. Tumor cells (3 5 107 ina
final voluome of 2 pl)y were injected into the specific cerebral
location (right striatum), located 2 mm to the right of the
medial suture and 0.4 mm in front of the bregma, through a
Hamilton syringe attached 1o a penetrating depth controller.
The penetrating depth of the syringe was 2.5 mm from the
surface of the brain. Each imjection delivered the solution
slowly, and the syringe was held in place for an additional
minute o reduce backfilling of wmor cclls. The same
procedure was used for control mice injected with 13X
phosphate-buffered saline (pHT 4; PBS). For the intravitreal
tumor implantation, we used a 32-gauge needle attached o a
syringe to inject 107 cells in a fnal volume of 2 pl intoe the
vitreous under a dissecting microscope. Eye drops (Lacrinorm
2%; Bausch + Lomb, Montpellier, Francey were instilled after
intravitreal injection.

Description of Ublituximab

Ublituximab is a chimeric mAb produced by LFB Biotechnol
ogies (Les Ulis, France) and has previously been described as
EMAB-6.'¢ Bricfly, this chimeric mAb was generated from a
mouse IpGi2a Kappa type 1 light chain, anti-human CD20 mAb
named CAT-13.6E12 (DSMZ, Braunschwelg, Germany), 1GKY
and IGHY were cloned into expression vecrors conuiining i
human kappa light chain constant region (IGKC) or a human
heavy chain constant gamma 1 region (IGHGL), respectively.
Compared with rituximab, this antibody has a lower fucose
content in its Fo region. Apoptosis and complement-dependent
cytotoxicity (CDC)Y were almost comparable with that induced
by rituximab, whereas FoyRIIA hinding and FoyRIMA-depen-
dent effector functions were highly improved.

Anti-hCD20 Injections and Clinical Follow-Up

The brain tumors were treated by a single therapeutic injection
made intracranially 7 dayvs after the tumor inoculation, Each
mouse was treated by PBS (control groups), or by 1, 5, or 20 pg
of ublituximab, or by 20 pg of rituximab, Survival was
monitored daily.

In the PIOL model, the therapeutic mAbs were injected
dircctly intoe the cye 4 or 7 days after tumor inoculation.
Ublituximab was used at doses of 1, 4, or 20 pg, and rituximab
at 20 pg. Control groups received 2 pL of PBS, All doses of
ublituximab and rituximab were administered intracranially or
intravitreously in a final volume of 2 pl.

In Vive Tumor Growth Assay

AZOIA stable cell line ¢1 % 107 cells expressing luciferase
(luc2 gene) were injected wvia the intravitreal route into
immunocompetent 7oweck-old BALB/c mice, Tumor formation
and metastases were analyzed every week for 8 weeks. Mice
were injected with 150 mgdkg of DHucifering potassiom. salt
{Interchim, San Pedro, CA) via the intraperitoneal route and
underwent imaging within 15 minutes afterwards by a
commercial imaging system (IVIS LUMINAZ2, Caliper LS,
Hopkinton, MA). The exposure time was set 1o optimize the
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Analysis of the dose-response antitumor effect of anti-hCD20 mAb on the murine PCL model and comparison with rituximab, Kaplin-
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Meier survival analysis after brain inoculation with A20 IA-GEP-hCD20 cells. On day 7 after this inoculation, the mice were treated intracerebeally
with 1 pgd2 ploor 5 pgd2 ploor 20 pgs2 pl anti-hCER20 ublituximab, and companed with a control group treated with PBS 1 and anather group

rreated with 20 pg/s2 pl ri
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signal and obtain the best signal over noise ratio. The unit of
the bioluminescence signal is photons per second, Images
were taken of the front and of the back of cach mouse, A
region of interest (Rol) was drawn around the mice to insure
inclusion of potential metastases, The total influx of photons
used to quantify the tumor growth is the sum of the influx of
photons gathered from the front and back of the mouse.

Brain and Ocular Cell Isolation

The tumordnjected brain or eve of cach mouse was harvested
and minced with surgical scissors; incubated for 30 minutes in
RPMI containing (0.1 mg/mL DNAse |1 (Rtu:ht: Dhiagnostics,
Mevlan, France) and 1.67 Winch U/mL Liberase (Roched; and
filtered through a 70-um membrane (BD Falcon: BD Bioscienc-
es, San Jose, CA) A Percoll gradient was used to separate live
monenuclear cells from myelin,

Flow Cytometric Analyses

After 20 minutes of Fo receptor saturation with 10 pg/mL anti-
CDI6/CDA2 mAb (clone 2.4.G2), cells were incubated for 20
minutes with the following mAbs: rat lpG2a anti-CD19/APC, or
rat IgGi2a anti-CD8/AFT00, or the corresponding isotypic mAb
controls Gill from B Biosciences). The living cells were
defined with side scatter and forward scatter, after exclusion of
autofluorescent cells. Cell phenotvpes were analyzed with the
LSRN cytometer and commercial analytical software (BD
FACSDiva; BD Biosciences).

Histopathological Analyses

After sacrifice at day 21, eyes and brain were collected,
postixed in 4% paraformaldehvde (PEA)Y for 4 hours (evesy or
overnight (hrain), PFA containing 5% sucrose for 2 hours, and
PFA containing 15% sucrose overnight, After alcohol and
toluene baths, serial sections (8 pm) were performed by a
microtome (Leica RM 2145%; Leica Microsystems GmBH,
Wetzar, Germany) from paraffin-embedded preparations and
stained with hematoxylin-cosin-safran for eve sections or with
hematoxylin-phloxine-salran for brain sections. Images were
collected with commercial equipment and software (Nikon
Eclipse EGOOW, Mikon Instruments, Champigny sur Marne,
France; Cartograph; Microvision Instruments, Evey, France).
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Statistical Analysis

Comparisons used Mann-Whitney test and  Kaplan-Meier
curves, performed with commercial graphing software (Graph-
Pad Prism; GraphPad Software, La Jolla, CA) Statistical
significance was defined by P values less than 0.05,

REsULTS

Anti-hced20 Ublituximab Has a More Sustained and
Better Antitumor Effect Than Rituximab on
Primary Cerebral Lymphoma In Vivo

To evaluate the efficacy of the antiFhuman CD20 ublituximab
mAb in our PCL murine model, AZ00IA lymphoma B cells
transfected with GFP and hCD20 (AZ0 IIA-GFP-hCD20) were
injected  stereotactically into the right striatum of adult
syngeneic BALB/c mice. Seven days later, these mice received
1 pg, 5 ug, or 20 pg of ant-hCD20 ublituximab, or 20 pg of
rituximab, or PBES (the control group). The PHS 1< control
group differed significantly from all ublituximab-treated
groups, except the group receiving the smallest dose (1 pg
anti-hCD20 ublituximab; Fig, 1), which indicates a dose-cffect
relation. Specifically, it differed from ublituximab at 20 pg (P <
00013 and at 5 pg (F = 0.024). Interestingly, half of the mice
treated with 200 pg of this new mAb rejected their ftumors, An
irrelevant glycoengineered mAb of the same isotype as
ublituximab was vsed as a positive control, and this control
group did not differ significantly from the PBS negative control
group (Supplementary Fig. S10).

Because results from ¢linical use of rituximab have been
encouraging, it was chosen in this study as the reference for
ublituximab. Clinical manifestations in our PCL model ap-
pearcd the weck before death and were characterized by
weight loss, postural prostration, and/or spiky hairs. Surviving
mice did not develop any clinical signs, Results in Figure 1
show that when injected at the same dose of 20 g,
ublituximab had a stronger effect on lvmphoma cells than
rituximah (P = 0.0028). Moreover, the overall survival of these
two treatment groups was clearly different: 50% survival (5/10)
with ublituximab versus 10% survival (17100 with rituximab,
These results were confirmed by flow cytometry analvses
showing the percentage of GFP' CD1Y tumor cells among live

Jeremie Cosette PhD Thesis — 11" of July 2014

'



Investigative Ophthalmology & Visual Science

Glycoengineered Anti-Human CD20 mAb and PCNSL

A B

IOVS | May 2013 | Vol. 54 | No. 5 | 3660

1 control pe0.014
Pl 009
pe0.047
pe0.009
W
NS
£ s
- *
o b - $ - g
g 5 s -
£ * 0 o
i 2 &4
3 * i L
! & =
3 1
1 g &
3 - =]
1. [=]
L (&
an Lo )
a3 2y 3 o &
& & ¢
CP@:? - o ,919 '#9
Frame 2. Analysis of the effect of ant-hCD200 ublitoximab on tumor growth. (A Flow coytometric analysis at day 21 of GFP" CD1Y° mmor cells in

the brain reated with 2 gl PBS (conteol; fofr panefy or 20 pg ant-hCR20 ublituximab (lower panel). (B) Percentage of CDU9Y GFFT tumaor cells
amaong live mononuclear cells, as determined by flow cvtometry, in the brain of mice treaved with 1 pg/2 pl, 5 pgd2 pl, or 20 pgf2 pl and-hCD20
ublituximab, compared with the PBS control group and the group treated with 20 pgd2 pl ritusximab (s = 53 Statistical test: Mann-Whitney; N3, not

sipnificant.

mononuclear cclls 14 days after treatment (Fig. 2). As
expected, the antitumor effect of ublituximab at 20 pg was
very significant (# = 0.009) at the cellular level, compared with
the PBS 13X control group. The difference between the lower
doses tested (1 pg and 5 pg) and the control did not reach
statistical significance at this tme point. Flow cytometric
analyses of the percentage of CD19Y GFPY tumor cells in the
brain also confirmed the therapeutic efficacy of rituximab at 20
pg, but showed that it was weaker (F = 0.047) than that of
ublituximab, Moreover, the decrease of the percentage of
umor cells was correlated with an increase in the number (Fig.
3y and percentage (Supplementary Fig, S2A) of CDE' T cells in
the brains of treated mice,

The bioluminescence imaging system allowed us o assess
total photon influx, which is representative of the tumor
burden of the whole mouse, and to compare it berween
ublituximab-treated mice and PBSdnjected {control) mice. On
dav 10 (i.e. 3 days atrer treatment), the intracercbral tumor was
no longer detectable in the treatment group (Fig. 4A). This was
confirmed by histological analvsis showing that no tmor mass
could be detectable at day 21 in ublituximab-treated mice in
contrast with control mice (Fig. 41). At day 29, some control
mice had cervical lymph node metastasis, with 1.6 % 10° phys/
cm?fsr luminescence signal (Fig, 44, Rol 1 in the upper panel),
which is a 100 tumes higher than the signal from an area
cxpected to be negative (Fig, 4A, Rol 2 in the upper pancly.
The ublituximab-treated representative mouse had 4.4 > 10°
physfem/se in the right cervical lymph node, a photon influx
onc-thousandth less intense than in the control mouse,

To rule out the possibility of a nonspecific effect of
ublituximab, animals were implanted with twmors that did
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(A0 NAGFP-hCD20) or did not (A20.1IA-GFP) express the
human CD200 antigen and were treated with 20 pg of the
therapeutic mab. As expected. mice without treatment all died
after 37 days regardless of the tumor (Fig, 5, Ublituximab was
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Fisure 3. Effect of an intracerebral injection of anti-hCD20 mAb on

the absolute number of CDE' cells in the brain. Absolute number of
CDEY Teells was analyzed by flow cytometry in the brain of mice
treated with 1 opgd2 pl. 5 pgf2 pl. or 200 ped2 plo anti-hCD20
ublituximab, in comparison with the PBS control group and the group
treated with 20 pged2 pl rituximab, Statistical test: Mann-%Whitney.
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Froume 4. Representative bioluminescence images and histopathological analysis comparing ublituximab treatment with PBS injection in PCL
murine model. (A) Representative bioluminescence images of PBS control PCL mice (upper panel) and ublituximab-treated PCL mice (fower panel)
The mice were injected with 5,10* A20.HA-GFP-hCD20:uc2 cells on day 0 via the intracranial route, The ublituximab treatments were administered
in situ on day 7. The figure shows a view of the front of mouse on day 29, with a metastasis detected in the right cervical lymph node, (B)
Representative histological aspect of PBS control PCL mice Ueft panels) and ublituximab-reated PCL mice (right panels). The mice were injected
with 5.10% A20. HA-GFP-hCD20uc2 cells on day O via the intrastriatal route, The ublituximab treatments were administered in situ at day 7 and
sacrificed ar day 21, (@, ©) Magnification X 20 and bars represent 200 pm. (b, d) Magnification X40 and bars represent 50 pm,
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Ficume 5. Analysis of the anti-hCD20 specificity of ublituximab in the murine PCL model. Kaplan-Meier survival analysis after brain inoculation
with A20.IIA-GFP-hCD20 or A20.HA-GFP tumor cells. On day 7 after this inoculation, the mice received an intracerebral injection of 20 pg/2 pl anti-
hCD20 ublituximab, and were compared with the control group receiving an injection of PBS. Survival was followed daily. Statistical test: Log rank
between the group injected with A20.HA-GFP-hCD20 tumor cells and treated with ublituximab 20 pg and the group injected with A20.1IA-GFP
tumor cells and treated with ublituximab 20 pg (P < 0.0001) and between the group injected with A20.HA-GFP-hCD20 tumor cells and treated with
PBS 1X (control group) and the group injected with A20.0IA-GFP tumor cells and treated with ublituximab 20 pg (P < 0.0001). Moreover a
significant difference (P < 0.0001) was found between the group injected with A20.IIA-GFP-hCD20 tumor cells and treated with PBS 1X (control
group) and the group injected with A20.1TAGFP-hCD20 tumor cells and treated intracerebrally with ublituximab 20 pg.
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Analysis of the in vivo antitumor effect of anti-hCD20 ublituximab on PIOL. (A) Flow cytometric analysis on day 8 of PIOL eyes injected

imtravitreously in the tumor with 2 pl formulation buffer ccontrol; fof panel or 2 pL containing 20 g antihCO20 ublituximab (ower fanel). ()
Kinetic analysis of the tumor burden by flow cytometry of PIOL eyes injected at day 4 in the tumor with 2 pL of formulation buffer cas controly or

with 2 pL of anti-hCD20 ublituximab {20 pg)

unable o rescue mice implanted with the hCD20knegative
tumor, but the survival time of mice with an hCD20-expressing
tumor was greatly enhanced F < 000001). Moreover, as
previously observed, this treatment allowed 65% of the mice to
reject their tumor. These results highlight the speciicity
against hCD20 of the antitumor response obtained after
ublituximab therapy.

Anti-hCD20 Ublituximab Has a More Sustained and
Better Antitumor Effect Than Rituximab on
Primary Intraocular Lymphoma In Vivo

Tov determine if the anti-hCD20 ublituximab mAb had an
antitumor effect on PIOL, immunocompeient BALB/c mice
received an intravitreal injection of AZ0.HA-GFP-hCD20 synge-
neic lymphoma B cells 7 days before treatment. Mice were
euthanized ar different times following tumor implamation for
cthical considerations related to the eye swelling, Clinically, as
previously described,® vitreous and retinal invasion appeared
at day 7 oand increased progressively in control  animals,
However, vitreous haze or in some cases cataract afier the
second intraocular injection prevented clinical evaluation; the
eves were harvested for flow cytometric analyses (Fig, 6).
Figure GA illustrates the typical appearance of the tumor with
and without anti-hCD20 therapy, The kinetics of tumor growth
wits also examined in mice that were or were not treated with
20 pg of ublituximab (Fig. 6); tumor burden slowed after
therapy, becoming significantly lower at day 15, Irrelevant
glycoengineered mAbs of the same isotype as ublituximab
were used as controls, and these groups Ganti-D and anti-P24
mAbs) did not differ significantly from the PBS negative control
group (Fig. 7).

A dose-response analysis was done with several concentra-
tions of ublituximab (1, 4, and 20 pge2 ul; Fig. 7). When
ublituximab was injected at 4 pgs2 L, the absolute number of
umor cells decreased significantly in comparison o the PBS
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1X group (P =0.04), In contrast, ublituximab injected at 1 pg/2
pL did not display significant efficacy,

Simultaneously, we sought to determine i the antitumor
effect of ublituximab was superior 1o that of rituximab in the
PIOL model, as it was in the PCL model, when these mAbs
weere administered ar the same dose (20 pgd2 pLy. Comparison
of the absolute number of tumor cells 8 days after trearment
showed it had decreased significantly in the ublituximalb-

p = 0.037
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Fioure 7. Analysis of the dose-response antitumor effect of anti-
hCD20 ublituximab on PIOL Tumaor burden analysis by flow cytometry
o day & of PIOL eves injected at day 4 in the tumor with 2 pL of PBS
{oontrol group): anti-D mAb (20 pgy; anti-P24 maAb (20 pg); rituximab
(200 pgy; or antihCD2I0 ublituximaby (1, 4. or 200 pg), Statistical test:
Mann-Whitney.
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Representative bioluminescence images and histopathological analysis comparing ublituximab treatment with PBS injection in PIOL

murine model. (A) Representative bioluminescence images of PBS control PIOL mice (upper panel) and ublituximab-reated PIOL mice (fower
panel). The mice were injected with 10 A20.HA-GFP-hCD20-uc2 cells on day 0 via the intravitrcous route. The ublituximab treatments were
administered in situ at day 7. (B) Representative histological aspect of PBS control PIOL mice (feft panels) and ublituximab-treated PIOL mice (right
panels). The mice were injected with 107 A20.1IA-GFP-hCD20-uc2 cells on day O via the intravitreal route. The ublituximab treatments were
administered in situ at day 7 and sacrificed at day 21, (a, ¢) Magnification X10 and bars represent 250 pm. (b, d) Magnification x20 and bars

represent SO pm.

treated mice (P = 0.027) but not in those treated with
rituximab (Fig. 7). The difference between the ublituximab and
the rituximab-treated groups was highly significant (P =
0.0014) and confirmed the superiority of ublituximab in these
conditions.

In bioluminescence assays, unlike in the PCL murine model,
the effect of ublituximab in the PIOL model appeared later: a
decrease of the tumor burden was visible at day 17 ¢i.e. 10 days
after treatment; Fig. 8A). After 24 days, the representative PBS
control mouse had a bioluminescence signal more than 200
times stronger than the ublituximab-treated mouse. In some
cases (20%), histological analysis has revealed that no tumor
mass could be detectable at day 21 in ublituximab-treated mice
in contrast with control mice (Fig, 8B). Interestingly, some
control mice had cervical lymph node metastasis, with 1 X 10°
ph/s/fem?/sr luminescence signal (Fig. 8A, Rol 1 in the upper
panel), whereas the ublituximab-treated representative mouse
had 2.6 X 10" ph/s/cm?/sr in the right cervical lymph node
(Fig. 8A, Rol 1 in the lower panel). Interestingly, anti-
lymphoma antibodies were not detected in the control mice
at day 19 (Supplementary Fig. 2B).

DISCUSSION

Most PCNSLs belong to the diffuse large B-cell lymphoma
family. Although their incidence is low, it has nevertheless
tripled over the past 10 years, for unknown reasons.'® The
main treatment against these tumors has been radiation
coupled with chemotherapy.'” As B-cell lymphomas express
a wellcharacterized antigen, monoclonal antibodies are a
promising therapy. Rituximab is a chimeric mAb directed

against the human CD20 antigen shared by all B-cells, including
B tumor cells. This antibody has shown its efficacy against
systemic B-cell lymphomas,'®!'” and it has now been used for
PCNSL2Y In this study, we analyzed the efficacy of a
glycoengineered anti-human CD20 monoclonal antibody de-
veloped by LFB for PIOL and PCL models and compared it with
the efficacy of rituximab.

Until now, most preclinical evaluations of new therapics
have used immunodeficient animals implanted with human
tumors, These models are uscful for assessing the direct
cfficacy of the treatment but cannot evaluate the immune
system's influence on the therapeutic response. Syngencic
models can be useful for this purpose, but for an antigen-
specific therapy, they must express the target antigen.*! For
this reason, we chose to work with two models based on the
implantation of tumor cells transfected with the human CD20
gene, in the eye for the PIOL model'>22 and in the brain for the
PCL model?? of adult syngeneic mice.

A significant increase in survival time without clinical signs
was observed after a single injection of the new antibody into
the brain of PCL-bearing mice, and half of the mice receiving
the highest dose rejected their tumor. An interesting next step
might be to multiply the number of therapeutic injections
However, repetitive injections into the brain are unlikely to be
practical except if a delivery pump is implanted in the patient.
Another possibility is to administer the therapeutic antibody
intrathecally, which would allow its distribution throughout
the entire CNS. This method has already been used clinically
with rituximab with promising results,**** and is currently
under evaluation for ublituximab.
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In our study and our conditions, rituximab was clearly less
effective than ublituximab at the same therapeutic dose; only
10% of the rituximab-treated mice survived. The efficacy of
rituximab against Bcell lymphoma in the brain has already
been tested with the same general strategy we are using, and
the anthors reported a tumor rejection rate exceeding 500
after a single therapeutic injection of 25 pg* However, they
used a different mouse model and, more importantly, they
applied the treatment very early (day 1) after tumor injection,
This difference might explain the discrepancy with the resulis
presented here.

Because we used immunocompetent mice, it was possible
o determinge the consequences of this therapy on the
recruitment of cffector immune cclls, Our results clearly
showed that afier ublituximab therapy, CDS" T cells were
recruited in the brain of PCL-bearing mice, These results are in
line with recent studies showing that mAb therapy can create a
memory response to a peripheral CD200 twumor™ or to a
subcutanecusly implanted Neu® twmor?” This could be
assessed in our model by rechallenging surviving mice with
mmaor cells.

It is interesting to note that results obrined on the PIOL
model were less impressive. Tumor growth was delayed but
not inhibited by the therapy with the optimized antibody, Eyes
are often considered an extension of the CNS and they are thus
thought o involve the same kind of immunoprivileged
environment, Our results here suggest that eyes cannot
respond as well as the brain w a Bcell lvmphoma. One
specific feature of the eye is its ability to suppress immune
reactions even in inflammatory conditions. ™ More specifically,
potential ocular antigen-presenting cells are maintained uncder
a tolerogenic form, due to the high concentration of
immunosuppressive factors in this site.®” Ublituximab was
developed to increase capacity to activate the ADCC pathway,
compared with rituximab, It also induces the CDOC pathway
cffcctively. It is thus concelvable that the ocular environment
decreases the capacity of the therapeutic antibodies to activate
the ADCC effectively, whereas the brain cnvironment is more
permissive. Rituximab's lesser efficacy in inducing ADCC,
compared with ublituximab, might also explain the difference
in the results obtained with the two antibodies.

In this study, we demonstrated the efficacy of ublituximab
in eliminating a B-cell lymphoma growing in two specific CNS
Ilocations, after a single therapeutic injection. Although the
therapy did not cure all the animals, the results obained in our
study conditions were very encouraging and superior to those
for rituximab, the reference mAb currently used. The new
ublituximalb mAb is thus a candidate for phase /11 studies of
PIOL and PCL
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Conclusion on Article #1

In this work, not only the effects of Ublituximab on PCNSL mouse models were investigated. The
study is indeed a comparative study between a gold standard (Rituximab) and Ublituximab.
Rituximab and Ublituximab are targeted therapy, belonging to immunotherapy. These mAbs are
targeting only tumor cells; and as preliminary results showed that Rituximab was not that efficient
for treating PCNSL, we studied the effects of a glycoengineered mAb, which was designed to have

improved effects on tumor cells.

We showed in this article that Ublituximab has a more pronounced anti-tumor effect at the same
dose than Rituximab. The reduction in cell number was accompanied with a substantial increase of

effector cytotoxic CD8" T-cells. Interestingly, Ublituximab also prevents metastases apparition.

Ublituximab is supposed to target only tumor cells. However, an other strategy involving a compound
that activates immune system and induces cell death could lead to improved effects on the tumors.
It turns out that Ron Levy’s team has shown that CpG, an immunostimulatory molecule have these
very effects on A20 cells subcutaneously engrafted. We then wanted to know if those effects are still

significant in PCNSL.
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ARTICLE # 2

Lymphoma B-Cell responsiveness to CpG-DNA depends on the
tumor microenvironment

Rym Ben Abdelwahed, Jeremie Cosette, Sabrina Donnou, Lucile Crozet, Hanane

Ouakrim, Wolf Herman Fridman, Catherine Sautes-Fridman, Aouni Mahjoub
and Sylvain Fisson
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2. CPG-ODN treatments of PIOL PCL and SCL

As previously explained, PIOL and PCL are very aggressive diseases with a poor survival rate even
with treatment. We explored new therapeutic approaches; first with the anti-hCD20 antibody, and
here, we used a TLR-9 agonist, CPG-ODN. This 20-bases-long single strand DNA molecule is an

activator of immune cells through TLR-9.
TLR agonists are currently being used in tumor treatments, and show very satisfactory results.

We investigated the effects of CpG on PIOL, PCL and SCL on mouse models. Mice were injected with
tumor cells in the brain, in the eye, or subcutaneously, and as for Ublituximab, the treatment was

administered in situ.

As for previous article, in this work | participated in the elaboration of new cell lines, and in
performing bioluminescence imaging. The available cell line at the laboratory were not suitable with
CpG-CFSE internalization assay, | thus developed A20.IIA-mKate (expressing mKate, a red fluorescent
protein). In this work BLI was used as a tool to localize and to produce representative images of

responding or non-responding animals.
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Lymphoma B-cell responsiveness to CpG-DNA
depends on the tumor microenvironment
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. Abstract

Background: Toll-like receptor (TLR) agonists have important properties that can be exploited for immunotherapy
against wmaors. Locally injected immunostimulatony oligodecxynuclectides comtaining CpG morifs (CoG-ODNs),
which are TLRD agorists, have shown promise in cancer models. Several studies have demonstrated that these
motifs have immunclogic effects similar to thase of bacterial DMA and can stimulate monocytes, macrophages,
dendritic, and B cells, which then produce several proinflammatony cytokines, However, these CpG-0ODMs appear to
produce cpposite effects on tumor B cells,

Methods: In this study, we investigated the direct effects of a murine class 8 CpG (1826) ODNs on lymphoma
B cells in vitro and in wiva, using mouse models of non-Hodgkin B lymphomas developing in immunoprivileged
sites, specifically the brain and the eye, and in subcutaneous sites.

Results: in vitro, Cpa-00Ns produced antiproliferative and proapoptotic effects on lvmphoma B cells. in vivo, it had
an antitumnaor effect when injected into tumors in murine models of subcutanecus ymphoma (SCLY and primary
cerebral lymphoma (PCLY. However, its intravitreal administration into a primary intraccular lymphoma (PICL) mouse
model did not produce an antitummor effect, In vitro experiments using supernatant from mouse PIOL samples
dermanstrated that the PIOL molecular microervironment inhibits the antiproliferative effect of CpG-ODMNs on
lyrmphoma B-cells,

Conclusions: Responsiveness to CpG stimulation differs in subcutaneous, cerebral, and ocular tumors, according to
the tumoral and rmolecular microenvironment, and this should be considered for further therapeutic approaches.

Keywords: TLR, CpG-DNA, Non-Hadgkin B-cell lymphama, Subcutaneous lymphoma, Primary cerebral lymphoma,
Primary intraocular lmphoma, Tumor microenvironmernt

Background which are TLRY agonists, have shown promise against
Taoll-like receptors (TLRs) are pattern recognition receptors  several types of tumors, including renal cell carcinoma,
that trigger innate and adaptive immune responses. Trig-  glioblastoma, melanoma, cutaneous T-cell lymphoma, and
gering TLRs activates a set of common preinflimmatory  non-Hodgkin  lymphoma [3]. Unmethylated CpG-DNA
genes and leads to the expression of antimicrobial effector  motifs have immunologic effects similar to those of bacter-
cells and to production of inflammatory cytokines [1].  ial DNA and can stimulate monocytes, macrophages, and
Agonists for TLRs have been identified and are being  dendritic and B cells; these then produce several Thl-type
developed as new drugs and vaccine adjuvants to treat can-  cytokines [4].

cer, allergies, and infectious diseases [2]. In particular At least 3 structurally distinet classes of synthetic CpG-
oligodeoxynucleotides containing CpG motifs (CpG-0ODN),  ODNs have been described, all capable of stimulating cells
that express TLRY [56]. CpG-B (also known as class-B
CpG or K-type CpG) ODNs encode multiple CpG motifs
¥ Comespondence: syivainfissonguniy-evy & o on a phosphorothivate backbone and trigger the differen-
L:T;;';;;??f'?‘?l.dﬁmS:Jrlle_ﬂ.m - EN}T.LT ”Fc“f "NEE”]', tiation of antigen-presenting cells and the proliferation
ol , Centre de Recherche des Cordeliers, Paris F-75006, France

Université Fierre et Marie Curie-Paris 6, UMRS 872, Paris F-75006, France
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and activation of B cells [3]. Although the CpG-B motif is
an established immunostimulatory agent, its direct effect
on normal and tumor B cells seems to differ: CpG-0ODNs
stimulate proliferation of healthy B cells, activate their
production of polyreactive immunoglobulins, and protect
them from apoptosis [6-8]. On the other hand, these
ODNs predominantly activate malignant B cells and then
increase the rate of cell death, thus reducing survival of
malignant B cells over time [9-11].

Different types of non-Hodgkin B-cell lymphomas differ
in their responsiveness to CpG-DNA, and only limited in-
formation is available [9] about the sensitivity of malignant
B cells to this DNA motif according to their in vive micro-
environment, particularly in immune sanctuaries such as
the brain and eyes. Unlike systemic lymphoma, primary
cerebral lymphoma (PCL) and primary intraocular lymph-
oma (PIOL) are subsets of primary central nervous system
lymphoma (PCNSL), and they affect immunoclogically
privileged organs. Both usually appear as a diffuse large
B-cell non-Hodgkin lymphoma in which malignant
lymphoid cell types not normally present in the brain or
eye are detected [12]. The internal tissues of the brain and
eve are usually protected from the inflammatory processes
mediated by the immune system.

In this study, we compare the effect of CpG-ODNs on
cerebral and ocular diffuse large B-cell lymphoma and on
subcutaneous lymphomas (SCL). We show that A20.01A
murine B-cell lymphoma expressed high levels of en-
dogenous TLRY protein that produced an antiproliferative
effect when stimulated ién wifre by CpG-ODNs. A
proapoptotic effect accompanied this reduced prolifera-
tion. fn wivo local administration had a similar antitumor
effect on subcutaneous and cerebral lymphomas. How-
ever, local administration of CpG-0ODNs in a PIOL mouse
model did not produce an antitumor effect. fn vitro exper-
iments with supernatant from ocular lymphoma samples
demonstrated that the molecular microenvironment of
PIOL counteracts the direct antiproliferative effect of
CpG-0ODNs on lymphoma B-cells. These findings show
that cerebral and ocular tumor cells differ in their respon-
siveness to CpG stimulation according to the tumor envir-
onment. The microenvironment of the eye must be
turther characterized to identify the negative regulators.

Methods

Reagents

Nuclease-stable phosphorothioate-modified CpG 1826
{CpG) with 5_-TCCATGACGTTCCTGACGTT (the nu-
cleotides in bold represent the immunostimulatory CpG
sequences), fluorescein isothiocyanate (FITC)-conjugated
CpG 1826 ODNs, and control 1826 ODN with 5_-TCC
ATGAGCTTCCTGAGCTT were purchased from InviveGen
{Cayla, France).

——
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Cells

A20IIA is an FeyR-negative clone originating from the
A20-2 | Becell lymphoma line [13]. For in vive experi-
ments, A20.IIA cells were transfected by an electropor-
ation systemn with the green fluorescent protein (GFP)
gene. These cells, hereafter referred to as A20.ILA or A20.
HA-GFP cells as appropriate, were maintained at 37°C, 5%
C0Oy in complete Roswell Park Memorial Institute (RPMI)
1640 Medium Glutamax plus (RPMI; Gibco-Invitrogen,
France) supplemented with 10% fetal calf serum (FCS;
PAA Laboratories, Germany), 100 pg/mL penicillin and
100 pg/mL streptomycin (both from Eurobio, France),
10 mM sodium pyruvate (Gibco-Invitrogen), and 50 ph
2-mercaptoethanol (Gibco-Invitrogen). The A20.ILA-GFP
cell culture was also supplemented with 0.5 mg/mL
neomycin (G418; Gibco-Invitrogen). To obtain the A20.
HA-fuc? cell line, A20.IIA cells were transtected with
pGLAS0[luc2/CMV /hygro] (Promega), in the AMAXA
Mucleofector Il device (Lonza, Switzerland) and were cul-
tured in 0.75 mg/mL hygromycin B (Gibco-Invitrogen)
medinm.

Proliferation assay

A20IA cells at a concentration of 10%cells/mL were in-
cubated with serial dilutions of CpG 1826 or control
1826 ODNs at concentrations ranging from 0.0003 to
B0 pg/mL or with complete RFMI mediom alone. After
3 days, ['H] thymidine (GE Healthcare} was added for
the last 4 h. Cells were harvested onto fiber filters and
[*H] thymidine incorporation was measured in a scintil-
lation counter (Microbeta, Perkin Elmer).

Apoptosis assay

A20IIA cells (10%) were cultured in complete RPMI
medium in 96-well plates in the presence or absence of
3 pg/mL or 30 pg/mL of CpG or control ODNs, Staining
with Annexin Viallophycocyanin (APC) and propidium
iodide (PI) (BD Biosciences, France) was performed 72 h
later and then analyvzed by flow eytometry. Apoptotic cells
were defined as those positive for Annexin V and PL

Mice

Female BALB/c mice (H-2%) were obtained from Charles
River Laboratories (L'Arbresle, France) and used between
6 and 8 weeks of age. They were provided with sterile
food and water ad libitum and kept on a 12-hour light—
dark cycle. All procedures involving mice conformed
with European Union guidelines, French regulations for
animal experimentation {Ministry of Agriculture Act No.
2001-464, May 2001), and the guidelines of the Institut
MNational de la Santé et de la Recherche Médicale Commit-
tee on Animal Research, and were approved by the rele-
vant local committees (Charles Darwin Ethics Committee
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for Animal Experiments, Paris, France; Permit Number:

p3/2009/004),

Tumor implantation

Mice were first anesthetized by intraperitoneal injection
of a mixture containing 120 mg/kg of ketamine (Virbac,
France) and 6 mg'kg of xylazine {(Rompun 2%; Bayer
Healthcare). To obtain a subcutaneous lymphoma (SCL)
murine model, BALB/c mice were inoculated subcutane-
ously with 5= 10" A20.1IA-GFP tumor cells in a final
volume of 50 pL of RPMI, at 2 different sites: the right
and left abdomen. For the intracerebral tumor implant-
ation, anesthetized mice were immobilized on a stereo-
taxic frame (David Kopf Instruments, Tujunga, CA,
USA). Tumor cells (5x 10" in a final volume of 2 pL
EPMI) were injected into the specific cerebral location
{right striatum), located 2 mm to the right of the medial
suture and 0.4 mm in front of the bregma, through a
Hamilton syringe attached to a penetrating depth con-
troller. The penetrating depth of the syringe was 2.5 mm
from the surface of the brain. Each injection delivered
the solution slowly, and the syringe was held in place for
an additional minute to reduce backfilling of tumor cells.
For the intravitreal tumor implantation, we used a 32-
gauge needle attached to a syringe to inject 10* cells in a
final volume of 2 pL. of RPMI into the vitreous under a
dissecting microscope. Lacrinorm 2%  (Bauch&Lomb)
drops were instilled after intravitreal injection. For each
tumor model, control mice received either 1= phosphate-
buffered saline (pH7.4; PBS) or control 1826 ODNs
instead of CpG 1826 ODNs,

Treatment injections

Tumor growth in the SCL model was monitored by cali-
per measurements 3 times a week. Treatment began
when the longest tumor diameter reached 0.5 to 0.7 cm.
The mice then received daily intratumor injections of
CpG-0ODNs for 5 days (100 pg per injection in a final
volume of 50 pL. RPMI) in the right tumor only; the left
tumer served as an untreated control tumor. Mice were
killed one week after the last treatment injection.
Lymphomas established in the brain and eye were
treated 7 days after tumor inoculation, by a single local in-
jection of 60 pg (brain) or 20 pg (eye) CpG-ODMs in 2 plL
of RPMI (treatment groups) or 2 pL of PBS (control
groups). Tumor burden was analyzed in the sacrificed
mice one week after treatment administration.

Isolation of brain, ocular and subcutaneous lymphomas

The tumor-injected brains and eves and the subcutane-
ous tumors were harvested one week after treatment in-
jection, minced with surgical scissors, incubated for
30 minutes in RPMI containing 0.1 mg/mL DNAse [
{Roche Diagnostics, Meylan, France) and 1.67 Winch
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U/mL Liberase (Roche), and filtered through a 70-pm
membrane (BD Falcon). Mononuclear cells were sepa-
rated from myelin with a Percoll cell density gradient.

In vive tumor growth assay

The A20.I1A (1 = IIEI-"} cells expressing luciferase (luc2 gene)
were injected via subcutaneous, intracerebral or intravitreal
routes into immunocompetent 7-week-old BALB/c mice.
Cps or control ODNs were administered in situ for each
lymphoma model according to the same experimental de-
sign and at the time points and doses described above. The
tumor burden was thereafter monitored by biclumines-
cence imaging. Mice were injected intraperitoneally with
150 mg/kg of D-luciferin potassium salt (Interchim) and
underwent imaging within the next 10 minutes with the
IVIS LUMINA II {Caliper LS) imaging system. The ex-
posure time was set to optimize the signal and obtain
the best signal-to-noise ratio. The bioluminescence sig-
nal is expressed in photons per second.

Supernatant harvesting

Mice were implanted with tumor cells in the brain (PCL),
eve (PIOL) or flank (SCL) or injected with PBES in the eye
(PIE). Either 14 days later (brain and eye) or when tumor
diameter reached 0.5 to 0.7 cm (SCL), the relevant cells
were isolated and cultured for 36 h in complete RPMI
medium in 96-well (10" cells per well) plates. Supernatant
was then harvested from each well.

Flow cytometry

To analyze TLRY expression on A20.IIA cells, these
cells underwent intracellular staining with the Fixation/
Permeabilization solution kit (BD Biosciences) and an
anti-TLRS/PE mAb (BD Biosciences).

Tumor burden was analyzed according to the following
protocol: Fo receptors were saturated for 20 min with
10 pg/mL of anti-CD16/CD32 mAb (clone 2.4.G2), and
then the cells were incubated for 20 min with either rat
IgG2a anti-CD19/APC mAb, or the corresponding isotypic
mAb control (all from BD Biosciences). The living cells
were defined with side scatter (S5C) and forward scatter
(FSC) after autofluorescent cells were excluded. Cell phe-
notypes were analyzed with the LSRII cytometer and Diva
software (BD Biosciences).

Statistical analysis

Comparisons used Students t-test, performed with
GraphPad Prism (GraphPad Software, La Jolla, CA,
UISA). Statistical significance was defined by p values less
than 0.05.
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Results

CpG-ODNs inhibit cell proliferation and induce apoptosis
of malignant A20.IA B cells in vitro

TLRY is an intracellular receptor that recognizes CpG-
DMA. Cell stimulation by CpG motifs requires that they
bind to TLR9. We therefore began by confirming with
flow cytometry that A20IA B lymphoma cells express
TLE? (Figure 1A).

We next evaluated the direct effect of CpG-ODNs on
the proliferation of A20.IA lymphoma in vitro. Based on
our study of its proliferation kinetics (data not shown),
tumor cells were incubated for 72 h with CpG 1826 ODNs
at concentrations ranging from 0.0003 to 30 pg/mL. Cell
proliferation was measured with the [*H] thymidine in-
corporation assay. The CpG-ODNs inhibited A20.11A [*H]
thymidine incorporation in a dose-dependent manner,
whereas control ODNs had no effect on cell proliferation
{Figure 1B). The maximum inhibitory effect was obtained
from (.3 to 30 pg/mL of CpG-ODNs.

Based on these results, we analyzed the induction of
apoptosis of AZ00IA cells by CpG- ODNs and found
that they induced apoptosis of about 30 to 35% of the
cells (that is, 30-35% stained positive for Annexin V and
PI), compared with 5% for RMPI Medium and 5-10%
with the control ODNs (Figure 1C).

Page 4 of 9

Lymphoma cell responsiveness to CpG sequences differs
according to their tissue microenvironment

After showing that the CpG motif has a direct
antiproliferative and proapoptotic effect on A20.IA
lymphoma cells, we sought to explore its effects in vive
when injected intratumeorally, by comparing the 3 types
of murine models of lymphoma: SCL, PCL and PIOL.
A20ILA-GFP cells were implanted on the left and right
flank of the mice for the SCL model. Tumor size was
measured by a caliper 3 times a week. When the tumors
reached 5-7 mm in diameter, the left site was treated by
local injections of CpG- QODNs, while the right one was
used as an untreated control tumor. As described by
Houot & Levy in 2009 [14] mice did or did not receive
daily intratumoral injections of 100 pg/50pL CpG-ODNs
for 5 days. Tumor size was then measured daily until
sacrifice, one week after the last treatment injection. The
tumor burden of mice treated with CpG and control
ODNs was compared with a bioluminescence imaging
system that assessed total photon influx. The CpG-
ODNs inhibited tumor growth very soon after treatment
in this 5CL model. On day 7 after treatment, the un-
treated tumor was more than 100 times brighter than
the CpG-treated one, and on day 20, 120 times brighter
(Figure 2A). Flow cytometric analysis of CD19"GFP'
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Figure 1 CpG inhibits cell proliferation and induces apoptotic death of A20JIA lymphoma cells in witre, (A} Flow cytometric 2nalysis of
TLRS expression by AZ0IA cells after anti-TLRS Ab staining {filled histogram), overlaid with isotype control (gray line). (B) CpG inhibits the
proliferation of AZ00A cells in witre, 10° A200A cells were stimulated far 72 haurs with variaus concentrations of CpG or contral ODNs ranging
from Q0003 to 3dugdml or with medium alone. The incomporation of the [*H] thymidine was measured by a scintillation counter, *F = 0.05;

402 001, The data shown are regresentative of 1 of 3 experiments. (€ CpG induces apoptotic cell death af A20014 cell line. Cells were incubated
for 72 hours with CpG or cantrol ODMs at 3 and 30 pgdml, or medium alane, The percentage of AnnVyPl positive cells was determined by flow
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cells confirmed that tumor cells decreased significantly  nodes at day 21; this timing was nonetheless later than in the
more in the treated than the untreated tumors control group (Figure 2C - Example 1). Some mice did re-
(Figure 2B). spond to the treatment; the tumor grew from day 0 to day 7
We next addressed the question of whether CpG motifs  after treatment, and then decreased until it was undetectable
have the same antitumor effect in cerebral lymphomas. Im-  (Figure 2C — Example 2). We also examined the percentage
aging analysis showed two different profiles. Some mice did  of CD19'GFP" cells in the group treated by CpG-ODNS,
not respond to in situ CpG-ODN treatment, and the lymph-  compared it with the control group and observed a signifi-
oma developed in the brain and even developed in lymph  cant decrease in the proportion of tumor cells (Figure 2D).
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Next we investigated the antitumor effect of CpG-
ODNs on PIOL mice that had a tumor implanted in the
right eye only and were then treated with CpG-ODNs
{20 pg/2pl) or control ODNs (20 pg/pl). As shown in
Figure 2E, CpG-ODNs seem to have had no detectable
effects on the primary eye tumor. Nevertheless, they
appeared to prevent lymph node invasion at day 27
(Figure 2E). Flow cytometric analysis showed no signifi-
cant difference in tumor growth between CpG ODN-
treated and control (PB5 1X) treated eyes (Figure 2F).

These results suggest that the behavior of tumors in
the eve is different from that of systemic lymphomas,
but also from that of cerebral lymphoma, and thus, that
tumnor cells responsiveness to CpG-DMNA depend on the
tissue microenvironment.

Soluble molecules from the PIOL microenvironment
counteract the antiproliferative effect of CpG-ODNs on
malignant B-cells in a dose-dependent-manner

As described above, in vive experiments showed that the
responsiveness of lvmphoma B cells to CpG-ODN ad-
ministration was tissue-dependent. To confirm that the
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blockade of CpG-ODN antitumor effects was due to the
PIOL molecular microenvironment, we tested whether
supernatant from PIOL could counteract the inhibitory
effect of CpG-0ODNs on the proliferation of A20.1IA cells
in vitro. A |"H| thymidine incorporation assay was
performed as described above, with the addition of super-
natant obtained from PES-injected eyes (PIE) (as control),
or from the mouse model SCL, PCL, and PIOL. As shown
in Figure 3, the addition of PIE (Figure 3A) and 5CL
(Figure 3B) supernatants did not modify the ability of
CpG-ODN treatment to inhibit tumor growth. PCL super-
natant (Figure 3C) increased proliferation, but CpG-
ODMNs were still active at doses of 30 and 60 pg/mL. In
contrast, CpG-ODNs were unable to inhibit tumor cell
proliferation after incubation with PIOL supernatant
(Figure 3D) and to induce apoptosis (data not shown).
Moreover, their antiproliferative effect was recovered
upon dilution of the PIOL supernatant (Figure 4). These
data confirm our in vive results and show that a soluble
factor, released in eye tumors but not in normal eyves, was
able to counteract the antiproliferative effect of CpG
muotifs,
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The PIOL microenvironment did not modify either TLR9
expression or the internalization of CpG-ODNs by tumor
cells
To investigate the possibility that the loss of the CpG-
ODNs antitumor action was associated with modulation
of TLRY expression, we used flow cytometry to compare
TLR9 expression on A20IIA cells after incubation with
supernatant from medium alone, PIOL or PIE. No differ-
ences were found between these conditions (Figure 5A).
Next we examined whether the PIOL molecular
microenvironment  inhibited internalization of CpG
ODNs by tumor cells. FITC-labelled CpG 1826 ODNs
were added for 24 hours at a concentration of 3 pg/mL
to AZ00IA lymphoma cells in the presence of PIOL or
PIE supernatant. Flow cytometric analysis indicated that
FITC expression by tumor cells with PIOL supernatant
was similar to that incubated with PIE supernatant
(Figure 5B).These findings show that the addition of
PIOL supernatant does not modify CpG internalization
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by lymphoma B-cells, even in vive in our three model
{data not shown).

Discussion
The ultimate goal of cancer immunotherapy is to eradicate
tumors through vaccine strategies. Recent studies have
demonstrated that synthetic CpG-ODNs induce regression
of highly immunogenic tumors by engaging both the in-
nate and the adaptive immune systems. CpG-ODNs are
currently being tested in clinical trials for the treatment of
non-Hodgkin B-cell lymphoma, which expresses TLR9
[15]. However, only limited information is currently avail-
able about the sensitivity to CpG-ODNs of primary malig-
nant B-cells of different non-Hodgkin lymphoma entities.
Understanding their direct effect on malignant B-cells is
important as we consider how this potent class of agents
might be used in the immunotherapy of lymphoma.

Here, we found that A20.1A malignant murine
cells, related to diffuse large B cells, express TLRY and
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are sensitive to CpG-B ODN stimulation in vitre. As
reported previously, CpG-ODNs induce a dose-dependent
antiproliferative effect [16] and increase apoptotic cell
death [17]. This apoptosis has been described as caspase-
dependent and is accompanied by up-regulation of CD95/
Fas and its ligand [9]. Another group demonstrated that
TLR® signaling by CpG-B ODNs leads to NF-kB-dependent
production of autocrine [L-10, which then activates JAK/
STAT  pathway-dependent tyrosine phosphorylation  of
STAT1 proteins and thereby engenders an apoptotic path-
way in human chronic lymphocytic leukemia B-cells [10].
Comparing primary B-cell lymphomas from patient sam-
ples, other authors have showed that cell responsiveness to
CpG-ODNs varies, with different degrees of activation and
apoptosis induction [9]. Several studies have reported that
CpG-ODNs induce activation of normal B-cells and block
apoptosis [7]. Although the maolecular mechanisms of
these effects remain unclear, it has been suggested that
reactive oxygen species (ROS) and NFKB activation may
play a role [18].

An important question is whether the in vitro re-
sponses to CpG motifs that have been observed could
produce an in vive antitumor effect on DLBCL lymph-
oma mouse models, We used 3 mouse models to begin
to answer this question: a primary systemic lymphoma
model {subcutaneous lymphoma) and 2 primary central
nervous system lymphoma subtypes (cerebral and ocular
lymphoma mouse models). The brain and eyes, consid-
ered to be immune sanctuaries, are relatively isolated
from the systemic immune system by anatomic and
physiologic barriers that maintain a local immune toler-
ance to protect neuronal cells from inflammation [19].
The use of these different models allowed us to compare
the responsiveness to CpG-ODNs of the same tumor
cells located in different immune microenvironments,
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Thus, we demonstrated that local administration of
CpG-0ODNs into subcutaneous lymphoma decreased the
tumor burden. This effect is probably attributable to im-
mune cell activation of NK cells and DCs, which acti-
vates innate and adaptive immunity, In addition, the
CpG-ODNs inhibited proliferation and induced apop-
tosis of TLRS-positive tumor cell lines i vitro. Interest-
ingly, intratumor administration of CpG-0ODNs induced
tumor regression of cerebral but not intraocular lymph-
oma, The similarity in origin and classification of PCL
and PIOL, which are related subsets sharing the particu-
larity of developing in different immune-privileged sites,
makes these results especially striking,

In addition, PIOL supernatant selectively abrogated the
inhibitory effects of CpG-ODNs in vitro, in contrast to
supernatant from nonmalignant eyes (PBS-injected eye)
or SCL, PCL supernatant, on the other hand, had an inter-
mediate inhibitory effect on the in vitro antiproliferative
action of CpG-ODNs. Together, these data suggest that
soluble factors are produced in the PIOL microenviron-
ment, to a lesser degree in the PCL microenvironment,
and not at all in subcutaneous microenvironment, These
factors can inhibit the effect of this TLRY agonist on
lymphoma  B-cells. This inhibition was not due to
downregulation of TLRY expression or to a blockade of
CpG internalization by tumor cells. Further investigation
is needed to characterize TLR9-mediated signaling and
molecular mechanisms that might differ in the PIOL
microenvironment.

Conclusions

In conclusion, we showed here that, in addition to their
immune-enhancing effects, CpG-ODNs inhibit lymph-
oma B cell proliferation and induce apoptotic cell death
in vitro. They also reduced tumor growth in systemic
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and cerebral lymphomas in vive. These findings support
the wvalue of developing TLR9-targeted therapy with
CpG-B ODNs as a therapeutic agent for primary non-
Hodgkin B-cell lymphoma. Further investigation should
seek to identify and characterize the soluble factors from
the PIOL microenvironment that inhibit the effects of
CpG-0ODNs and enable us to understand the potential
immunosuppressive effect on host immune response
that the ocular lymphoma microenvironment appears to
produce.
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Conclusion on article #2

This work investigated the effects of CpG on PCNSL. The in situ administration of CpG had been

previously shown to be very efficient in subcutaneous lymphomas.

We showed that CPG-ODN produced an anti-tumor effect, in the case of PCL and SCL but is no
significant effects were observed on PIOL. In vitro, PIOL cells supernatant inhibited the anti-tumor

effects of CpG.

Conclusion on Bioluminescence for treatments monitoring

In relation to my PhD work, these two articles show evidences that bioluminescence imaging

is suitable for non-invasive and longitudinal studies of treatment responses. BLI allows locating

primary tumors (eye and brain in our models) and also metastases (lymph nodes). On top of that, BLI

can serve as an injection control (at day 0); survival curve, histology and cytometry analysis does not

actually provide evidences that tumor cells were correctly injected. BLI provides these evidences as

can be seen on the articles figures were dO is shown. Finally, BLI allows to early identify responding

animal and to clearly distinguish responding from non-responding animals. This might be very

important for adapting protocols and gathering more information.

The location of metastases remains however qualitative and requires an autopsy. Here we
stated about the location, but we have knowledge of our model and after many analyses, we know

that tumor cell often invade lymph nodes.

It turns out that there are not so much protocols about bioluminescence quantification
available. They often require complex algorithms to be computed or custom made devices.
Bioluminescence images contain more information than only qualitative location of tumor sites
(primary and metastases). Using one of the most used bioluminescence imaging device and software,

we tried in the next part of my work to find a way to fully use bioluminescence images information.
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Bioluminescence-based tumor quantification method for
monitoring tumor progression and treatment effects in mouse
lymphoma models.
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2. Tumor Burden Quantification by Bioluminescence Imaging

After studying the Ublituximab and CpG effects on PCNSL mouse models, one thing came to
us. We performed bioluminescence imaging on these tumors, but we did not use the full potential of
the technique as it was used only for localization, and identification of metastases. We realized that
there was no consensus in the analysis of bioluminescence data. Moreover more that 80% of
published papers using bioluminescence in tumors are done with the same device IVIS (/n vivo
Imaging System) from Caliper (which has been recently bought by Perkin Elmer). The units used are

also different among teams that own the same device.

We tried to fulfill this lack of consensus by proposing a reproducible acquiring and processing

method, which removes user-dependence, and allow comparisons between different experiments.

The method is based on three main features:

e The choice of the correct unit
e The choice of a correct region of interest

e The systematic acquisition of two images (front and back)

This method leads to the attribution of a “luminoscore” to a mouse, which is a value that can be

compared from an animal to another or from an experiment to another.

1 Jeremie Cosette PhD Thesis — 11" of July 2014

97

——



Flow cytometry

o T T mm e mm mm m e e e,

BLI for treatment
monitoring
Articles #1 and #2

|
|
|
|
|
| Bioluminescence
|
|
|
\

N\

Problems:
- Quantification?
- Reproductibility ?

= o e e

- Native fluorescence noise

Imaging (BLI)
Quantification method
Histology Article #3
/, H
— A Observations
Effects of Ublituximab and ~ _—_——e—e—e— e e —_E—E——EE_ Y QL
CpGon PCNSL
Survival '
I
H Excitation light modulation
! : (in vitro)
: In vivo Flow Article #4
: Cytometry (IVFC) y §
I B
3H-Thymidine '
incorporation H
I
I
: Problem:
I
1

Rym Ben Abdelwahed
PhDwork

1
: Jérémie Cosette |
1 PhDwork 1
L |

Understanding

This article still corresponds to “observation” part of our approach. The problem of quantification of
bioluminescence images was identified during the writing of both articles #1 and #2. We then proposed this
article #3 to address the question of reproducibility and statistical significance of bioluminescence data

sets.
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ABSTRACT

Although bioluminescence imaging (BLI) shows promise for monitoring tumor burden in animal
models of cancer, these analyses remain mostly qualitative. Here we describe a quantitative method
for estimating tumor burden, mainly based on calculation of a “luminoscore”, a value that can be
compared between two animals from the same experiment or from different experiments. One of
the most frequently used BLI instruments (IVIS lumina Il — caliper) enables this luminoscore to be
calculated, after optimizing three factors: the unit of measurement used, the acquisition of images
from the animal’s front and back, and the drawing of an appropriate region of interest (ROI). We
validated this method by studying the effect of in situ cancer treatment (CpG-DNA) of a mouse model
of subcutaneous lymphoma. We underline that an incorrect choice of the unit or the ROl increases
the result’s user-dependence, thus decreasing its reproducibility. Applied to a group of CpG-DNA-
treated and untreated mice, this method enabled a statistical analysis in which the p-value declined
from 0.0952 with the automatic quantification method to 0.0079 with the luminoscore method and
was thus able to identify statistically significant results. We recommend this method for early

estimates of treatment response in preclinical small-animal studies.
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INTRODUCTION

Early tumor cell detection remains a challenge and is crucial to increasing treatment efficacy.
Different techniques are now available for the early detection of tumor cells in small animals, but
almost all of these techniques are qualitative.
In vivo bioluminescence imaging (BLI) is a very sensitive noninvasive optical technique, widely used
for monitoring tumors in small animals; it often uses a pre-engineered cell line that expresses firefly
luciferase [1,2]. This enzyme is an oxygenase that oxidizes its substrate, D-luciferin, with molecular
oxygen [3]. Unlike renilla luciferase, the firefly enzyme requires two cofactors to do this: Mg2+ and
adenosine triphosphate (ATP). On the other hand, its quantum vyield is higher than for renilla
luciferase [4], so that it is suitable for in vivo imaging, unlike renilla luciferase, which is more

appropriate for ex vivo experiments.

The oxidized substrate — oxyluciferin — is in an excited state and spontaneously emits a photon to
return to its fundamental state. Once it has done so, it becomes inactive. The light spectrum emitted
has a maximum around 530 nm. A high-sensitivity camera can detect the luminescence photons from

the inside of a small animal and provides images that make it possible to locate tumor cells.

The ability to quantify tumor burden accurately by photon counts could increase the reliability of
experiments about tumor growth, treatment, and survival. It could also serve as a powerful and
sensitive tool for quantifying treatment efficacy. This sensitivity could make it possible to determine

the exact moment at which a treatment becomes effective, for its effects can be detected sooner.

Many study results are illustrated by images acquired on a single side of the mouse, at a given time
point after a D-luciferin injection. As we show hereafter, however, single-side image acquisition may
not reveal all the tumor sites. One way to quantify the tumor burden is to use the automated image
acquisition and processing software tool to create a region of interest around the tumor location that

is displayed. This technique may involve some uncertainty, because the software automatically
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excludes some low signal points from the region of interest that might nonetheless be significant for
analyzing results. Moreover, the user can change the display, which thus changes the reference for
the automatic detection of tumor cells and results in a different value for the same tumor at the

same time point.

Here we describe a method for quantifying tumor burden through a bioluminescence signal. This
method relies on different aspects of the imaging procedure to optimize fidelity, reproducibility, non-
user dependence and statistical significance. A bioluminescence quantification value (BQV) is

attributed to the mouse; this value can be compared between animals and between experiments.

We applied different methods to quantify tumor burden in B-cell lymphoma models [5] and
determined which method was most accurate. Images were acquired at a given time point, according
to the recommendations of Inoue et al. [6]. To assess the effectiveness of the methods, we
monitored the effects of CpG in situ therapy, previously been shown to be effective [7,8], on a
subcutaneous B-cell lymphoma. CpG is an oligonucleotide sequence and a ligand of TLR-9, which in
turn is an intracellular receptor, expressed by numerous cells of the immune system, including
dendritic cells, B lymphocytes, monocytes, and natural killer cells. TLR-9 recognizes the CpG motif,
widely present in bacterial DNA but very rare in the mammal genome. When TLR9 is engaged in the
murine lymphoma we are studying, apoptosis is induced and the immune system is activated [9],

thereby significantly reducing tumor burden [8,10].

The manual markup method, where a region of interest (ROI) is drawn closely around the mouse,
eliminates user-dependence and can identify statistical significance in results that automatic

guantification does not find to be significant.
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MATERIALS AND METHODS

Cells

A20.IIA is an FcyR-negative clone derived from the A20-2J B-cell lymphoma line. A20.I1A cells were
transfected with pGL4.50[luc2/CMV/hygro] (Promega) in the AMAXA Nucleofector Il device (Lonza,
Switzerland), as described previously [10]. These cells, referred to hereafter as A20.11A-luc2 cells,
were maintained at 37°C, 5% CO, in complete Roswell Park Memorial Institute (RPMI) 1640 Medium
Glutamax plus (RPMI; Gibco-Invitrogen, France) supplemented with 10% fetal calf serum (FCS; PAA
Laboratories, Germany), 100 pg/mL penicillin, and 100 pg/mL streptomycin (both from Eurobio,
France), 10 mM sodium pyruvate (Gibco-Invitrogen), 50 uM 2-mercaptoethanol (Gibco-Invitrogen),

and 0.50 mg/mL hygromycinB (Gibco-Invitrogen).

Mice

Female BALB/c mice (H-Zd) were obtained from Charles River Laboratories (L'Arbresle, France) and
used between 6 and 8 weeks of age. They were provided with sterile food and water ad libitum and
kept on a 12-hour light-dark cycle. All procedures involving mice conformed with European Union
guidelines, French regulations for animal experimentation (Ministry of Agriculture Act No. 2001-464,
May 2001), and the guidelines of the Institut National de la Santé et de la Recherche Médicale
(INSERM) Committee on Animal Research, and were approved by the relevant local committee (the
Charles Darwin Ethics Committee for Animal Experiments, Paris, France; Permit Number:

p3/2009/004).

Reagents

Nuclease-stable phosphorotioate-modified CpG 1826 (CpG) with 5_-TCCATGACGTTCCTGACGTT (the
bold and underlined nucleotides represent the immunostimulatory CpG sequences) and control ODN

1826 (ODN ctrl) with 5_-TCCATGAGCTTCCTGAGCTT were provided by InvivoGen (Cayla, France).
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CpG is a ligand for TLR-9, a receptor present in the endosomes of different immune cell populations.

This receptor recognizes single-strand DNA patterns from pathogenic microorganisms.

Tumor inoculation

Mice were first anesthetized by intraperitoneal injection of a mixture of 120 mg/kg of ketamine

(Virbac, France) and 6 mg/kg of xylazine (Rompun 2%; Bayer Healthcare).

Systemic lymphoma model: To obtain a systemic (sys.) murine model, 5.10° A20.lIA-luc2 cells in a
final volume of 150 uL were inoculated intravenously in the tail vein. These mice were not treated,

and the tumor growth was monitored by BLI.

Subcutaneous lymphoma model (SCL): To obtain a SCL murine model, BALB/c mice were inoculated
subcutaneously with 5x10° A20.11A-/luc2 tumor cells in a final volume of 50 pL of PBS, at two different
sites: right and left abdomen. For this model, control mice received either 1X phosphate-buffered

saline (pH7.4; PBS) or the ODN 1826 control, rather than CpG 1826 (Fig.6A) [10].

Primary intracerebral lymphoma model (PCL): To obtain a PCL model, BALB/c mice were anesthetized
and immobilized on a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). Tumor cells
(5.10% in a final volume of 2 pL RPMI) were injected into the specific cerebral location (right striatum),
located 2 mm to the right of the medial suture and 0.4 mm in front of the bregma, through a

Hamilton syringe attached to a penetrating depth controller [10].

Treatment injections

Tumor growth in the SCL model was monitored with calipers, and treatment started when the tumor
reached 0.5 to 0.7 cm in its largest diameter. Mice then received daily injections of intratumoral CpG
for 5 days (100 pg per injection in a final volume of 50 puL PBS) or ODN 1826 control in the right

tumor; the left tumor served as a PBS control.

In vivo tumor growth assay

Jeremie Cosette PhD Thesis — 11" of July 2014

( ]
| 105 |



Mice were anesthetized as for tumor inoculation and then were injected intraperitoneally with 150
mg/kg of D-luciferin potassium salt (Interchim). They underwent imaging 10 minutes afterwards with
the IVIS LUMINA Il (Caliper LS) imaging system for the acquisition of a bioluminescence image, which
is actually the overlay of two images: one taken with a short exposure time and white light and
displayed in grayscale, and the second with a longer exposure time and set to optimize the signal and

use the CCD camera’s entire dynamic range.

Software

The statistical analysis used Mann Whitney t-tests and linear regressions, performed with GraphPad
Prism (GraphPad Software, La Jolla, CA, USA). Image processing, ROl drawing, and quantification

were performed with Living Image software (Caliper LS).

Quantification method

The tumor quantification method relies on three main points: (i) the choice of the most appropriate
unit of measurement for quantifying cell luminescence; (ii) the systematic acquisition of two images
of each mouse (a front image is first acquired, and then a back image); (iii) the drawing of an

appropriate region of interest (ROI).

These three factors combined make it possible to estimate a bioluminescence quantification value
(BQV), a value associated with each mouse at a given time and corresponding to an accurate

estimation of tumor burden.
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RESULTS

Photon flux does not introduce bias in the in vitro BQV

For this study we analyzed more than 340 papers published from 2003 through 2013 that described
BLI experiments to detect or quantify tumor burden. We focused on the units of measurement that

these papers used to quantify tumor burden according to the luminescence information.

Most experiments are described by the photon flux (i.e., photons per second) or average radiance
(i.e., photons per second per square centimeter per steradian) (Fig. 1A). Both those units can be
obtained with Living Image software, a widely used program, especially for making comparisons
between different experiments (Fig. 1B). Other analyses have used relative luminescence units (RLU)
or bioluminescence intensity (BLI); relative units are not suitable for comparing experiments but they
might be adaptable for use in certain cases. The utility of some other units might also depend on the

instrument or software used.

These in vitro experiments allowed us to choose the best unit for quantifying tumor burden in
relation to the number of cells inoculated or present at the time of image acquisition. To choose the
most appropriate unit, we used a fixed number of bioluminescent cells and analyzed the photon flux

and the radiance from those cells to calibrate the method.

The same number of tumor cells was put in wells of two different plates: a 96-well plate and 24-well
plate differing by well volume and therefore by their surface. We analyzed the difference between
the photon flux and the average radiance (Fig. 1C-1D) by drawing a round ROI that covered the entire
surface of the studied well. Then we varied the number of cells from 10* to 10° in these two plates.
Both photon flux (Fig. 1C) and average radiance (Fig. 1D) were proportional to the number of cells (r?
< 0.93). However, the photon flux did not change according to the plate used (Fig. 1C), whereas the
radiance value in the 96-well place was divided by 4 in the 24-well plate (Fig. 1D), as suggested by the

definition of radiance: the photon flux divided by the surface of the ROl and by the solid angle with

( 107 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



which the CCD camera views the sample. The surface of the ROl quadruples from the 96-well to the
24-well plate. For different ROI surface and the same number of cells, radiance yields different
values, whereas photon flux gives the same value. This means that if a ROl were drawn around two
mice of different sizes, the BQV would differ according to average radiance, and the analysis would

thus be biased. For this reason, we recommend using the photon flux for in vivo quantification.

Front and back in vivo acquisition are required for the detection of all metastases

Most tumor cells accumulate in the lungs in the systemic model (Fig. 2B), as also shown previously
[12,13]. Tumors cells (2.5x10° A20.11A-luc2 initially inoculated) injected intravenously can be detected
there after several days. Tumor cells invade the inguinal lymph node and even the popliteal lymph
node 18 days after tumor inoculation (Fig. 2A and B). The inguinal lymph node tumor can be seen
clearly only on the front view. The back view in this case provides little information about
metastases; there is only a diffuse signal that corresponds to the other side of the inguinal lymph
node tumor. Using only the back image to infer the tumor burden of the mouse is wrong. Moreover,

the small popliteal lymph node tumor can only be seen on the front view.

Eighteen days after intra-striatal injection of lymphoma cells (5.0x10* A20.I1A-luc2), front and back
images were acquired. The back image appears to be the best choice to evaluate the primary tumor
burden (Fig. 2C). However, it turns out that in this model, tumor cells metastasize in the brain-
draining deep cervical lymph nodes. The front view is required to detect those metastases.
Moreover, the bioluminescence signal from the lymph nodes is not negligible compared to the signal
from the primary tumor (Fig. 2D). In this case, more than in the previous one, performing
quantitative analysis of the whole tumor burden (primary site and metastases) by analyzing only the
back image produces misleading or inaccurate results, because a large part of the bioluminescent

signal (from the lymph nodes) is not taken into account in the BQV.
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Finally, it is the combination of the back and front view that makes it possible to determine the

tumor’s location more precisely and estimate its burden more accurately.

Rectangle and manual markup ROI systematically includes all metastases in the BQV

A region of interest can be drawn in different ways. First of all, there is an automatic drawing, by a
tool available in the Living Image™ software. The software has also a free-draw feature for drawing a
ROI in different shapes (round, square, or free ROI). Here we describe and compare different ways to
draw the ROI (Fig. 3). This experiment was done with a mouse from the systemic lymphoma model

on day 18.

The automatic drawing tool (Fig. 3A, B, and C) in the software automatically searches for the area
where signals appear and draws a ROl around it, based on a user-settable threshold. We compared
the automatic method for 3 thresholds: 5%, 15%, and 25%. For the 5% threshold, for instance, the
ROI limit is set when the pixel value equals 5% of the maximum value in the ROLI. In Fig. 3, the three
first images are the automatic ROl drawing; according to the threshold, different ROI are
automatically drawn, and the photon flux is plotted on the bar chart of the lower panel. The photon
flux depends on the threshold: the lower the threshold, the higher the photon flux. The Automatic
5% ROl and the Automatic 15% ROI do not take the popliteal metastasis into account whereas the

Automatic 25% ROI does.

Secondly, the rectangle drawing (Fig. 3D) is a user-made manual drawing of a rectangle around the
mouse. The rectangle is then copied and pasted for each mouse at the different time points of the
experiment to ensure the same ROI for the entire analysis. We highly recommend drawing the
rectangle on the last day of the experiment; if drawn at the beginning, the tumor might grow and

might become bigger than the rectangle.
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Thirdly, the manual markup (Fig. 3E) involves the user free-drawing a ROl around the mouse,
following the mouse’s contour very closely. This free drawing must be done for each mouse, for each
acquisition.

The rectangle and the manual markup ROl drawing give a photon flux which is higher than the
automatic methods, but takes into account all the metastases that are in the mouse, even if they are
not displayed by the software (Fig. 3F).

However, the photon flux in the rectangle ROl is slightly higher than the photon flux in the manual
markup ROI. The rectangle ROI integrates the photon flux in areas that are not the mouse (around
the mouse) and thus includes more background noise into the signal than the manual markup ROL.
On this representative example (Fig. 3D, E and F), the difference between the two fluxes is 1.1x106
ph/s, which corresponds to 1.09% of the manual markup ROI photon flux. A comparison analysis was
performed on 20 mice; the mean background noise was 1.19% of the manual markup ROI photon
flux and ranged from 0.02% to 17%.

Processing time is very fast for the automatic ROl drawings and the rectangle ROl drawing: it is about
10 seconds per image. However, the manual markup ROl drawing requires more precision, and

therefore more time to be processed — about 45 seconds per image.

Qualitative location of metastases and operator effects on the signal

The method should be robust and reproducible and should not depend on the user. The automatic
ROI draw is based on the displayed image. If it does not show metastases, the signal from any
metastases it misses will not be taken into account in the BQV (Fig. 4). Using only this method can

therefore result in missing tumor sites and underestimating the tumor burden.

We study bioluminescence images, which are actually an overlay of a “bright field” image and a “raw
bioluminescence” image. When the animal is put in the IVIS system, a black and white picture is

taken under white light: it is called the bright field image. Then, the light is turned off and a picture
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acquired: it is the raw bioluminescence image. All the pixels from the raw bioluminescence image are
not displayed; if they were, the bright field image would no longer be visible, and co-localization
would no longer be possible. The display settings are the lowest and the highest values set to display
the raw bioluminescence image over the bright field image. The display settings are either automatic
or user-tunable. Images from a systemic lymphoma mouse were studied; the display settings were
modified from the auto (default setting after acquisition) to the manual setting and revealed a
metastasis in the left inguinal lymph node of the mouse (Fig. 4A-4B). Similarly, images from a PCL-
bearing mouse revealed a cervical lymph node metastasis when the display settings were modified

from auto to manual (Fig. 4C-4D).

Thus, we recommend that a manual setting always be used to locate all metastases. The rectangle
and the manual markup methods integrate the photon flux over the entire surface of the mouse.
Thus, even metastases that are not displayed on screen are taken into account and included in the

guantification.

Subcutaneous model

To further study and validate the different aspects of the BQV methods, we monitored a second
group of tumor bearing mice. As described in the methods, each mouse was grafted with 5.10°
A20.1IA-luc2 cells subcutaneously on each side of the abdomen, so that there were two tumors per
mice. One side was treated with either CpG-DNA or ODN-control, and the other side with PBS (Fig.

5A).

The BQV is calculated by summing the front photon flux and the back photon flux. For this
experiment, which had two separate controls, we calculated two BQV per animal: one for the CpG-
DNA/ODN-control treated side, and one for the PBS side (Fig. 5B). In such a case, we calculate a ratio
defined by the BQV of the CpG-DNA/ODN-control treated side over the BQV of the PBS side. This

ratio was set at 1 at day O (day of treatment), and the difference between day 0 and day 13 was
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calculated for each animal; a decline in the ratio indicates a difference between the CpG-DNA/ODN-

control treated side and the PBS side, and the larger the difference, the greater the decline.

A representative view of a mouse from each group shows that the CpG-DNA-treated tumor clearly
tended to be resorbed (Fig. 6). Using the automatic method did not show that this resorption was
statistically significant (Fig. 7) according to the 25% (default) threshold (p = 0.0952). For the 15%
threshold, the result was significant (p<0.01). Surprisingly, when the threshold was lowered to 5%,
the results appeared to be less significant, with p < 0.05 (Fig. 7). The rectangle method and the
manual markup both yielded statistically significant results (p = 0.0079) whereas the automatic 25%
threshold method, as mentioned above, did not. Moreover, the automatic methods seem to suggest
the presence of two groups in the ODN control group (fig.7 — automatic 5% and 15%), which is not
the case for the rectangle or manual markup methods. This might be due to the strong operator-
dependence of the automatic method. This dependence might explain why this method does not to

allow us, in some cases, to separate two different groups that are nonetheless statistically different.

With the appropriate method, non-user-dependent and reproducible, we can conclude that the

intratumor injection of CPG strongly inhibited tumor progression.
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Discussion

One limitation of imaging is that it is often hard to extract quantitative information from the images.
Microscopy provides a great deal of information, but it remains mostly qualitative. Almost all the
papers, among the 340 reviewed for Figure 1, described bioluminescence as a tool for localization, or
for relative analysis concerning only one in vivo bioluminescence assay. Numerous parameters that
have an influence on the bioluminescence signal must be taken into account, including but not
limited to emission wavelength, tissue absorption, scattering, and skin pigmentation of the mouse

[14].

Quantitative bioluminescence analyses are described and often require (for 2D BLI and 3D
bioluminescence tomography) complex calculations to get close to absolute quantification [15,16].
These calculations, however, are difficult to include in routine protocols of bioluminescence analysis

in a biology laboratory.

Here we describe a robust method to quantify tumor burden that is aimed at standardizing the
acquisition protocol for comparing different assays done in different places at different times and

that requires no calculations.

The back and front acquisition are required to collect all the photons that come from the tumor site.
The photons from the back of the tumor might indeed not be detected by only the front acquisition.
The two-sided acquisition provides qualitative depth localization as well. When the signal is stronger,
on the front side than the back, as in Fig. 2A and B, we can conclude that the tumor site is more likely
to be located on the front than on the back side (and vice versa): the inguinal lymph node produces a
signal on the front and on the back view, but the signal is much stronger on the front view. Based on
previous findings in this lymphoma model [5,10,11] — a high propensity to metastasize in the lymph

nodes — and the two-sided acquisition, we can deduce that the bioluminescent signal comes from an
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inguinal lymph node tumor, which is indeed located on the front side of the mouse. Because we used

the same protocol on each mouse, the results can be compared.

We tested different ROl drawing methods: the three-threshold automatic, the manual markup, and
the rectangle. The automatic method has the clear advantage of speed of execution, but lacks
precision. The manual markup method is very precise but more time-consuming. The rectangle
method could be a satisfactory compromise, with adequate speed and acceptable precision (Table 1).
The rectangle ROI includes the background noise that comes from around the mouse into the BQV
(Fig. 3). The manual markup ROI, close to the edges of the mouse, focusing on the effective surface,

offers a better signal-to-noise ratio (SNR) and therefore increased precision.

The automatic 25% ROI drawing method does not take into account a large part of the signal and
thus produces great variability, especially in the control group (Fig. 7), as well as overlap between the
CPG-treated and the ODN-control group. The automatic 15% and 5% ROl drawing methods yield
quite similar results: they are significant but seem to separate two subgroups of animals in the
control group (empty circles, Fig. 7), which suggest that the ODN-control treated tumor is growing 10
to 100 times faster than the non-treated tumor. Surprisingly, those two subgroups disappear in the
rectangle and the manual markup ROl drawing methods. The empty circles (which represent the
ratio for ODN over PBS side) for those two methods are very close to each other and close to the
value ‘1’, which means, as expected and observed, that the growth of the ODN-control tumor is
similar to that of the non-treated tumor (PBS-injected). The subgroups might be due to the operator-
dependence of the automatic methods or to the fact that the automatic method does not take all
metastases into account. For subcutaneous lymphomas, the signal from metastases must not be
neglected in comparison to the primary tumor signal. These automatic ROl drawing could lead to

over- or under-estimation of the tumor burden, and thus variability
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The automatic 25% ROI drawing yields differences that are not statistically significant, whereas the
automatic 15% is significant at p<0.01 and the automatic 5% is significant at p<0.05. One would
expect that lowering the threshold would increase the statistical significance; unexpectedly, it does

not do so here.

The rectangle and manual markup ROl drawing methods can statistically separate 2 groups of
animals where the automatic method produces too much variability in terms of statistical

significance.

For all these reasons, we recommend using the photon flux as the unit, acquiring both the front and

back views, and applying the manual markup method to draw the ROI.

Based on these results, we laid out a reproducible protocol to calculate a bioluminescence
guantification value, which can be compared between animals and experiments and which is not

operator-dependent. We named this value the luminoscore. The luminoscore is obtained as follows:

i) The mouse is anesthetized;

ii) 150 mg/kg D-luciferin is injected intraperitoneally, and a 10-minute interval passes;
iii) Back and front images are acquired;

iv) Manual markup ROI drawing are made;

v) The photon flux from the back and the front are added together.

The value thus obtained is this mouse’s luminoscore in this experiment (Fig. 8).

Accuracy is essential in determining the treatment effect and may be crucial in reaching the correct
conclusion about the experiment. The increase in the SNR of the manual markup makes it an
excellent method when accuracy is crucial. However, to monitor tumor growth for the establishment
of a murine cancer model, speed of execution might be needed for faster results. In that case, the
rectangle method could lead to significant time savings. The rectangle method and the manual
markup method yield quite similar results, so that the rectangle method is very satisfactory at a very

good speed; A detailed analysis that requires the calculation of the luminoscore can be performed

( 115 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



retrospectively (it is the analysis and not the acquisition that is time-consuming). We also
recommend changing the image settings for each mouse manually to locate potentially hidden

metastases qualitatively (Fig. 8).

As described here with the subcutaneous lymphoma model, the luminoscore method can be
adapted to fit the specific design of an experiment. By splitting the mouse and analyzing
two luminoscores per mouse, we established a protocol that corresponds to this particular
experiment. This method is reproducible and non-user-dependent; it enables comparisons between

experiments and offers flexibility and adaptability to specific experimental needs.

Conclusion

We describe here the luminoscore method, a method for accurately estimating the tumor burden of
a mouse with bioluminescence imaging. This method might not only increase the accuracy of the
measurements, but it could also allow experiments to be compared and statistical significance
assessed. The luminoscore method does not require new equipment or complex algorithms and
calculations that might not be compatible with routine bioluminescence assays. The method is based

on a reproducible and simple protocol that can be easily be set in an animal facility.

The standardization of this method, applied to several bioluminescence imaging experiments,
enabled us to compare the luminoscores of animals from different experiments and thus provided us
with a powerful tool for statistical compilations of bioluminescence data that can, for example, be

used for retrospective analyses.

( 116 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



Acknowledgment

We thank the staff of the animal facility (CEF) of the Cordelier Research Center. This research was
supported by the INSERM, the Paris Descartes University and the Pierre & Marie Curie University. J.C
was supported by the Frontiers in Life Science doctoral school and by a fellowship from the INCA

(Institut National du Cancer).

We thank Jean-Claude Jeanny for helpful discussions, and Jo Ann Cahn for her careful reading of the

manuscript.

Conflict of interests

The author(s) declare(s) that there is no conflict of interests regarding the publication of this article.

( 117 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



REFERENCES

[1] Rehemtulla, Alnawaz, Lauren D. Stegman, Shaun J. Cardozo, et al.

2000 Rapid and Quantitative Assessment of Cancer Treatment Response Using In Vivo

Bioluminescence Imaging. Neoplasia (New York, N.Y.) 2(6): 491.

[2] Edinger, M., Y.-a. Cao, Y.S. Hornig, et al.

2002 Advancing Animal Models of Neoplasia through in Vivo Bioluminescence Imaging. European

Journal of Cancer 38(16): 2128-2136.

[3] Hastings, J. Woodland, and Quentin H. Gibson

1967 The Role of Oxygen in the Photoexcited Luminescence of Bacterial Luciferase. Journal of

Biological Chemistry 242(4): 720-726.

[4] Inouye, Satoshi, and Osamu Shimomura

1997 The Use of Renilla Luciferase, Oplophorus Luciferase, and Apoaequorin as Bioluminescent
Reporter Proteins in the Presence of Coelenterazine Analogues as Substrate. Biochemical and

Biophysical Research Communications 233(2): 349-353.

[5] Donnou, Sabrina, Claire Galand, Valérie Touitou, et al.

2012 Murine Models of B-Cell Lymphomas: Promising Tools for Designing Cancer Therapies.

Advances in Hematology 2012: 1-13.

[6] Inoue, Yusuke, Shigeru Kiryu, Makoto Watanabe, Arinobu Tojo, and Kuni Ohtomo
2010 Timing of Imaging after D-luciferin Injection Affects the Longitudinal Assessment of Tumor
Growth Using in Vivo Bioluminescence Imaging. International Journal of Biomedical Imaging 2010:

471408.

( 118 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



[7] Qi, Xu-Feng, Li Zheng, Cheol-Su Kim, et al.

2013 CpG Oligodeoxynucleotide Induces Apoptosis and Cell Cycle Arrest in A20 Lymphoma Cells via

TLR9-mediated Pathways. Molecular Immunology 54(3-4): 327-337.

[8] Houot R, Levy R.

2009 T-cell modulation combined with intratumoral CpG cures lymphoma in a mouse model without

the need for chemotherapy. Blood 113(15):3546-52.

[9] Krieg, A. M.

2008 Toll-like Receptor 9 (TLR9) Agonists in the Treatment of Cancer. Oncogene 27(2): 161-167.

[10] Ben Abdelwahed, Rym, Jérémie Cosette, Sabrina Donnou, et al.

2013 Lymphoma B-cell Responsiveness to CpG-DNA Depends on the Tumor Microenvironment.

Journal of Experimental & Clinical Cancer Research: CR 32: 18.

[11] Ben Abdelwahed, Rym, Sabrina Donnou, Hanane Ouakrim, et al.

2013 Preclinical Study of Ublituximab, a Glycoengineered Anti-human CD20 Antibody, in Murine
Models of Primary Cerebral and Intraocular B-cell Lymphomas. Investigative Ophthalmology & Visual

Science 54(5): 3657-3665.

[12] Miretti, Silvia, llaria Roato, Riccardo Taulli, et al.

2008 A Mouse Model of Pulmonary Metastasis from Spontaneous Osteosarcoma Monitored In

Vivo by Luciferase Imaging. PLoS ONE 3(3): e1828.

[13] Mailloux, Adam W., Anna-Maria A. Clark, and M. Rita . Young
2010 NK Depletion Results in Increased CCL22 Secretion and Treg Levels in Lewis Lung Carcinoma

via the Accumulation of CCL22-secreting CD11b+CD11c+ Cells. International Journal of Cancer

( 119 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



127(11): 2598-2611.

[14] S. Lerondel and A. Lepape

2013 Bioluminescence Imaging in Rodents: When Light llluminates Cancer Research. Current

Molecular Imaging, 2, 18-29.

[15] S. Pesnel, A. Pillon, L. Créancier, N. Guilbaud, C. Bailly, A. Kruczynski, S. Lerondel and A. Lepape

2010 Quantification in Bioluminescence Imaging by Correction of Tissue Absorption for

Experimental Oncology. Molecular Imaging and Biology. 13: 646-652

[16] C. Darne, Y. Lu and E. Sevick-Muraca.

2014 Small animal fluorescence and bioluminescence tomography: a review of approaches,

algorithms and technology update. Physics in Medicine and Biology. 59: R1- R64

( 120 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



FIGURE LEGENDS

Figure 1: Compilation of currently used units and bioluminescence devices and in vitro study of the

impact of the number of cells and the size of wells on photon flux and on average radiance

Over 340 papers from 2003 to 2013 describing experiments using BLI on tumor cells were analyzed.
Photon flux (ph/s) and radiance (ph/s/cm?/sr) were the units used most frequently (A). The

instrument used most often was the Caliper imaging system — IVIS (B).

In vitro luminescence test: different numbers of A20.l1I1A-/uc2 cells (in 300 uL PBS) were put in two
plates (24 wells and 96 wells) that differed only by their surface. D-luciferin was added at the same
concentration (7.1 g/L) in the wells of the two plates. Photon influx and radiance were proportional
to the number of cells (C-D). Measurement of photon flux (C): regardless of the plate, the photon flux
measured on the entire well surface remained the same for a given number of cells. Measurement of
radiance (D): the well surface modified the value. The signal from the 96-well plate was four times

higher as the signal on the 24-well plate. This experiment was repeated 4 times.

Figure 2: Interest of the systematic acquisition of back and front views of the animal

A — Back view and B — front view of a mouse, 18 days after i.v. tumor inoculation. The tumor was
apparently in the lungs and reached the lymph nodes — inguinal and popliteal (B). The acquisition
lasted for one minute and was performed 10 minutes after the D-luciferin intraperitoneal injection.
The red circle shows a signal from the inguinal lymph node. The front view was required to locate this
metastasis. The front view also revealed the presence of a metastasis in the popliteal lymph node,

which was not detected with the back view (red arrows).
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C — Back view and D — front view of a mouse, 27 days after intracerebral tumor inoculation. The
acquisition settings were the same as above. The back view gave the best view of the primary tumor,
which was in the right striatum ( maximum signal). The lymph node metastases were still not
detected by the back view. The front view revealed two significant metastases in the cervical lymph
nodes (red arrows — D). Quantifying the tumor burden with only the back view yields incorrect results

in such a case.

Figure 3: The different possible regions of interest

The BQV (Bioluminescence Quantification Value) of a mouse relies on the drawing of the region of

interest (ROI).

There are 3 main ways to draw a ROI: (i) the automatic ROI, which is set by the software at different
thresholds 25% - A, 15% - B, 5% - C; (ii) the rectangle ROI, which is a basic rectangle all around the
mouse - D; (iii) the manual markup ROI, which is a free-drawn line that follows the contour of the
mouse - E. This mouse is a representative mouse inoculated intravenously with 5.10° A20.11A-luc2
cells. The image was acquired on day 18 after tumor cell inoculation. The bar chart in the lower panel
(F) is the photon flux of the same mouse in the same conditions, but integrated on different surfaces
according to the different ROl drawing methods. For the automatic methods where different ROI

were detected, the value on this chart was the sum of all detected areas.

Figure 4: Example of user dependence in the display of the luminescence signal and the detection

of metastases

Front view of a systemic lymphoma-bearing mouse (A-B) and of a PCL-bearing mouse (C-D). A.
Automatic display of the image after the acquisition. The lung tumor and the inguinal lymph node

tumor can be clearly seen. The popliteal lymph node tumor can also be seen. B. The display settings
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(minimum and maximum displayed values of the bioluminescent raw image) were modified manually
(red arrows and rectangles). These modifications reveal more background noise and an unexpected

contralateral inguinal lymph node tumor.

C. Automatic display of the image after acquisition. The brain tumor can be seen on the top of the

mouse. By manually modifying the display settings, a cervical lymph node metastasis is revealed.

Figure 5: Experimental scheme of CpG-DNA treatment experiment and ROI drawing

A. Experimental scheme of subcutaneous model. Each mouse was grafted with 2 tumors. On the left
side, the tumor was treated with PBS. On the right side, the tumor was treated with either CpG-DNA
or ODN-control. B. The ROIs were drawn for each side of the animal, and 2 BQV were calculated, one
for each side of the mouse. The ratio between the BQV from the right side and the left side was

calculated and is representative of the relative resorption of the treated tumor.

Figure 6: Representative mice from the treated and untreated groups

Bioluminescence images of two representative mice from the ODN-control and the CPG-treated
group. The ROIs were drawn on half the animal, using both the front and back views. The effect of
CPG was clear on day 13. The CPG-treated group no longer had any detectable tumor on the treated

side (red arrows) whereas the ODN-treated mouse still had two tumors.

Figure 7: Quantitative analysis of the effect of the treatment by calculating the photon flux ratio,

depending on the ROI drawn

The ratio of the treated-to-untreated side was plotted and considered equal to 1 on the first day of

CPG or ODN treatment. The ratio of the subsequent decreases was calculated in relation to that

( 123 1 Jeremie Cosette PhD Thesis — 11" of July 2014
L



value. On day 13, the ratios calculated for the different methods used for quantification were
compared. Regardless of the method, there was a trend. The automatic method at a 25% threshold
did not yield significant results. The automatic method at 5% yielded a significant result at p < 0.05.
The automatic method at a 15% threshold, the rectangle method, and the manual markup method
all yielded statistically significant results at p < 0.01 (ns: p > 0.05, *: p < 0.05, **: p < 0.01). The p
value dropped from 0.0952 for the 25%-threshold automatic method to 0.0079 for the manual

markup method.

Figure 8: A guide for luminoscore methods

Each step of the method is highlighted here. From the mouse anesthesia to the back and front
acquisition, the protocol is exactly like a normal bioluminescence assay. At this point, two analyses
are possible. The quantitative analysis can be performed by measuring the photon flux of the back
and front acquisition with the manual markup ROl drawing. The values are then added to produce
the animal’s luminoscore. The qualitative analysis simply locates the metastases by modifying the
display settings; the qualitative analysis also provides the coarse location of the depth of a tumor site

by comparing the photon fluxes from the front and the back views.

Table 1: Advantages and disadvantages of the different ROl drawing

Method User dependance Speed of execution Precision
Theoretically ideal — 4+ +++
Automati
utomatic it 4+ -
Rectangle — ++ +
Manual markup — - +++
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Cosette et al.
Figure 8
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Conclusion on article #3

This article showed that optimizing different parameters to limit user-dependence can lead to reveal

statistical significance in the same data set.

The method relies on the calculation of the luminoscore, which is a value corresponding to the tumor
burden of the mouse. It is obvious that this quantification method is not absolute. There are many
reasons why an absolute quantification is not possible even if we would possess a device that could
detect every single photon emitted by tumor cells; one of those reasons is that cells have different

levels of expression of luciferase, as any reporter gene among a cell population.

To summarize, we showed that the use of the luminoscore reduces user-dependence by revealing

statistical significance on results that were not statistically significant with an automatic analysis.

The main aim of this thesis is to evaluate the effects of different treatments of lymphomas, but also
to try to understand the mechanisms of these very effects. Locating the primary tumor site and
metastases remains qualitative, and with this paper we provide a tool for quantifying these effects, a

first step toward understanding.

The link between metastases and primary tumor is getting clearer and clearer as the CTCs are being
investigated. As it was explained in the Introduction, CTCs are a bad prognosis for a patient, but it is
not correlated to the number of metastases. However, CTCs are the first step of tumor
dissemination.

We wanted to investigate CTCs in our models and understand what would be the effect of these
treatments on CTCs. Targeting CTCs could allow to limit metastases and to prevent PIOL patients
from lethal metastases. This is why the next parts of the results in the manuscript will deal with non-
invasive techniques for in vivo quantification of CTCs: 2-photons microscopy, IVFC, and an

improvement of IVFC using excitation laser modulation, which has been validated in vitro.
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2-photons microscopy for detecting CTCs

Design of IVFC device for CTCs detection

2-photons microscopy is a very relevant technique for in vivo imaging. Its infra-red excitation light
limits tissues absorption and provides good penetration depth. As it had been described for in vivo

imaging and for circulating cells imaging; we wanted to try this approach.
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3. 2-photon microscopy for CTCs detection

2-photons microscopy is actually very efficient for imaging living tissues. The infra-red excitation light

(960 nm) penetrates deeper in the tissues than conventional excitation for GFP (488 nm).

We collaborated with the Institut Biomedical des Armées (Biomedical Institute of the Army) in
Grenoble. The team of Jean-Nicolas Tournier and Daniel Fiole was working on intravital microscopy
of immune cells in the lungs of transgenic mice (Fiole et al., 2014). Their knowledge in intravital

imaging was really useful to us to perform images of circulating tumor cells.

4.1. Materials and Methods

The cells used were the A20.IIA-GFP, a mouse lymphoma cell line.

The mice are BALB\c, 6 weeks-years old. The mice were injected with either 2.10° cells intravenously

in the retro-orbital sinus or 5.10° cells in the spleen.

The microscope is a ZEISS LSM 710, with a wavelength tunable femtosecond pulsed laser set at 960

nm. The objective is a water immersion ZEISS neofluar 40X 1.1 NA.

Before image acquisition, the mouse is intravenously injected with a rhodamine-dextran (70kDa)
solution. The rhodamine allows locating blood vessels as dextran is a macromolecule which prevents
rhodamine from diffusing in the tissues through epithelial cells. Collagen is imaged with second

harmonic generation.

In summary, the collagen is imaged in blue, the rhodamine (blood vessels) is red, and the cells of

interest (tumor cells) are green due to GFP.

The mouse is anaesthetized with a mix of Ketamine and Xylazine as described on paragraph 3.4 and
the mouse’s ear is covered with aqueous gel and placed between a microscope slide and cover slip. A

drop of aqueous gel is laid on the cover slip, and the images are recorded.
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4.2. Results

We obtained images of the blood vessel showing that the cells were indeed detectable with this

technique.

tg+ 390 ms

A

to+ 130 ms ty + 650 ms

A

to + 260 ms to + 845 ms

Figure 21: Representative images of ear blood vessesl analyzed by 2-phtons microscopy (ZEISS LSM
710, 960 nm). 5.10° A20.lIA-GFP cells (green) and Rhodamine-Dextran (red) were i.v. injected.
Collagen was imaged by second harmonic generation (blue). Representative "B" cell is shown to be
attached to the inner surface of the blood vessel while "A" cell flows in the vessel, almost rolling on
the side of the blood vessel. The "B" cell remained at the same location for 7 minutes whereas the
"A" cell made 210um in about 910ms (velocity of 0.23 mm.s™).

For each mouse, we counted the number of detected CTCs (Figure 21), and we measured the cell
mobilization in tissues (Figure 22). Actually, it has been described that there is an exponential
decrease of the number of circulating cells after intravenous cell inoculation (Georgakoudi et al.,

2004). This is consistent with what we observed.
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Figure 22: Cell mobilization in the tissues. Data obtained on three mice.

After 13 minutes, there are less than half as many CTCs as 4 minutes after injection.
This decrease follow an exponential law
N(t)=No*e ™"
where t is the characteristic time: t=11min 45s.

For t=1, N(t)= No*e ™ ~0.37*N,

After 11min 45s, 63% of the injected cells are mobilized in the tissues.
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Figure 23: 2-photons microscopy acquisition of mouse ear images. On this frame, a cell can be
seen, flowing from two 50um-sized microvessel through a smaller vessel. However, the cell cannot
be seen on all images. Actually, the cell sometimes goes out of focus, and then come back on the
focus plane. This technique is very accurate for detecting cells in the focus plane, but some of them
can be missed because the depth of field is very small, around 2um.

tp+1.350s

t,+ 2.700s

t,+ 3.090s

to+ 7.250s

ty+ 9.850s

t,+ 15.050s

t,+ 19.340s

Figure 24: On this frame, another cell at the same location can be observed. On a 20 second
follow-up, the cell can be tracked in the blood vessels. It takes about 200ms to acquire an image
with the microscope we used. The frequency is thus 5 images per second. We have a 20 seconds
acquisition of 100 images; and this cell cannot be detected on more that 50% of the images

because of loss of focus.
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I Optical focus plane

Figure 25: Scheme showing the problem of confocal microscopy (whether it would be single
photons or 2-photons) for the detection of CTCs. The focus plane being thin, the explored volume is
very low and the probability to miss cells is too high for accurate counting of CTCs.

Optical sectioning allows very good resolution, and is moreover inherent to 2-photons microscopy
excitation light. However it remains a problem for us, because cells can be unfocused and thus not

detected. The explored volume is, on top that, dramatically reduced (Figure 23,24 and 25).

Conclusion:

2-photons microscopy was tested as a method to quantify CTCs. However it happened that in spite of
the very high spatial resolution, the time resolution and the very thin depth of field make 2-photons

a technique not optimized for CTCs quantification in vivo leading to develop another approach, IVFC.

To solve the problem of optical sectioning, we designed the in vivo flow cytometry device by

carefully adapting the depth of field in order to minimize the number of missed cells.
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4, In vivo Flow Cytometry experiments

In vivo flow cytometry was designed to detect circulating cells (tumor or not). We reproduced the in
vivo flow cytometer and adapted it to our scientific topic: oculo-cerebral migration in a mouse model

of PIOL. The aim was to avoid missing cells as we saw it could happen in 2-photons microscopy.

5.1. Material and Methods

Optic:

Our device is close to the initial device described by Georgakoudi et al.: one laser, one color, one
detector. We shaped the laser into a slit of light with an anamorphic prisms duet and a cylindrical
lens. The spherical lens coupled with the cylindrical lens allows widening and adapting the beam in
order to lead it in the entrance pupil of the objective. The objective is a ZEISS NEOFLUAR air 40X 0.75
N.A.; and after being filtered by the dichroic beam splitter, the fluorescence photons coming from
the objective are gathered by a collection lens, and finally filtered with a BandPass Filter. The

photons are detected by a Photomultiplier Tube (PMT) and sent to the measurment electronic.

For this technique, the sample, i.e. the blood vessel of the mouse ear should be placed in the focus

plane of the objective; the slit is designed to be 100um * 6um at the focal plane (Figure 26).

- Fluorescence 2” - — . -
Band Pass Filter , Dichroic mirror Air 0.75NA
collection lens o
530+ 10 nm 50% trans 510nm Objective x40
. 200 mm focal

= )
P

abVIEN Spherical (=200 mm) & '\

; | cylindrical (f=75 mm) lenses \ -

’ 0 ) «—>

1. «—>

III'I-:'.— Anamorphic 100 pm
Analvcic P Prisms

Laser 488 nm ratio 3:1 <
6 um
O :
b 45° mirror

Figure 26: Experimental set up of IVFC. The laser beam is shaped into a slit by an anamorphic prism
duet and by a cylindrical lens. Fluorescence is gathered with a dichroic mirror and with a 2”
fluorescence collection lense. A bandpass filter select the light propagating to the detector.
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The detector is a PMT. It is a light sensor that converts photons into electrons (Figure 27). Photons
impact a photocathode, which emits an electron. The dynodes are electrodes put at high potential up
to 2000V. When an electron impacts a dynode, new electrons are emitted from the dynode itself.
This phenomenon is repeated as long as there are dynodes. The number of electrons is thus
amplified and sufficient electrons are collected on the last dynode (called the anode) to create a

detectable current. PMT are very sensitive and are still used in microscopy or cytometry.

photoelectron dynodes
Radiation \ secondary
h : : 1
v """"-—-..._____.__ | : electrons
P ; ; > Figure 27: Scheme of a
Photoemissive cathode anode Photomultiplier Tube. A
; ; to PMT is very sensitive
high voltage (-) WW- 5 _| current-to-voltage (photon counting) light
500-2000V F/\M amplifier sensor.
g | e

Measuring electronic:

The signal from the PMT is acquired and digitalized on 14 bits with an analog to digital converter
(National Instruments DAQ-USB 6009). The frequency of acquisition is 8 000 sample/second. Based
on what has been described and our observations, we decided to use acquisition frequency to fulfill
the conditions of Shanon-Nyquist theorem: “The acquisition frequency should be at least twice as
higher as the frequency of the most frequent periodic event to be detected”. If the Shanon-Nyquist
theorem is not respected, spectrum overlapping can occurs, inducing errors in signal processing. We
are trying to detect cells, whose frequencies are quite low (from 1Hz to 100Hz). By taking 8 000

sample/second, we will have no problem of spectral overlapping.

On the other hand, we also wanted to have enough samples corresponding to a cell to be able to
correctly process it. According to the physiological velocities in small blood vessels (x 1 mm.s™), the
time taken for a cell to flow under our laser slit (= 10um) is around 10ms. The ideal would be to have
around 80-100 samples for one cell, which means an acquisition frequency of 8 000 to 10 000
samples/second. The maximum sampling frequency allowed by the DAS-USB 6009 is 8 000 Hz, and it

actually fits our expectations.

The signal is measured and real-time processed by a simple high pass filter to eliminate the
continuous component by LabVIEW software (Figure 28). Here is the graphic program that allows the

measurement of fluorescence signal.
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Figure 28: LabVIEW graphic program of measuring electronic and data acquisition. 1- Graphic
program. The signal is acquired by a data acquisition function (red arrow) and is recorded in a data
file (red box). Other features were developed such as peak detection and Fourier Transform (green
box), but they were not used for data recording as signal processing was performed later on
another software. A B C D are functions for user monitoring of the device
2- User view of the software. The user can monitor parameters. A is the PMT voltage, from 1 to
1000V. B is the PMT gain, linked to voltage through an exponential relation. C is real time bar
chart of PMT gain, and D is the output PMT signal monitored with a running graph.
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5.2. Results
In vitro

We validated this device for use in vitro before we used it in vivo.

We detected cells, and tried to link the number of circulating cells to the number of detected cells.

To do so we realized a silicon phantom of blood vessel. The phantom is a tube embedded in a PDMS

matrix. The channel is 120um diameter.

& o

Figure 29: IVFC in vitro validation. Silicon vessel phantom. 120um diameter tubes are embedded in

a silicon matrix. The slit of light intercepts the vessel phantom and fluorescence of circulating cells
is analyzed

We introduce in a syringe pump a cell suspension (A20.11A-GFP) at different concentrations. The

number of events per minutes is counted and represented here.
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There is a linear link between the number of events detected and the concentration of cells,

indicating that what we detect are fluorescent cells and no artifacts (Figure 30).

The device allows detection of fluorescent cells, in close conditions to in vivo; we could then start in

vivo experiment.
In vivo:

For in vivo experiments, we injected intravenously different amounts of cells A20.IIA-GFP or CFSE

labeled A20.1IA-NT, in the tail vein of a BALB/c mouse. The ear of the mouse was put in the between

slide and cover slip and positioned in front of the microscope objective (Figure 31).

Figure 31: IVFC laser position monitoring picture. The mouse is anaesthetized with a mix of
ketamine / xylazine. Its ear is put between slide and cover slip and the stand his moved until the
laser spot is at the correct location. The picture is taken with the monitoring CMOS camera placed
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We then analyzed the signal from the fluorescent cells.

We actually were not able to distinguish the cell signal from the native fluorescence signal.

The data files recorded are analyzed and displayed with MATLAB software.

This is a representative signal of our in vivo experiment. We obtained signals almost identical to this

one each time in vivo experiments were performed.

1.05

0.9 | 11 B b “ | Il

Fluorescence Intensity (A.U)
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0 5 10 15 20 25 30
Time in seconds

Figure 32: Representative signal of IVFC experiments. The signal is very noisy, and tends to
decrease. Signal processing does not eliminate noise in a sufficient way to identify cell signal. Each
time we performed this experiment, we observed the same.

We can see that the signal is very noisy. We also observed that the fluorescence signal tends to

decrease with time, suggesting the photobleaching of native fluorescence.

It turns out that even using temporal or spatial signal processing methods we were not able to
extract the cell signal in this noise. We had to solve the problem of autofluorescence, tissue

absorption and cell signal extraction.
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Noise reduction:

To get rid of noise we had two parallel approaches. First, we changed the fluorescent protein. A new
cell line was engineered expressing mKate protein. mKate is a fluorescent protein whose maximum
excitation is around 590 nm and maximum emission is around 635 nm. The fluorescence photons
emitted by this red fluorescent protein are less absorbed by tissues. Moreover the 590 nm excitation
light penetrates deeper in the tissues (we used a 594 nm orange Laser): less absorption and better
penetration. We first validated our new cell line on the vitro dispositive. The results are very
promising. The cells are easily detectable as can be seen on the figure, without signal processing

(Figure 33 is raw data). There is less autofluorescence of the PDMS phantom.

Fluorescence Intensity (A.U)

0 [

Time in seconds

Figure 33: In vitro acquisition of fluorescence signal from A20.1IA-mKate cells. The peaks are easily
identifiable without the need of signal processing.

The second approach is based on shaping excitation light accordingly with a signal processing
method. It is always difficult to extract from noise a signal that has no signature. There is no way to
differentiate it from the noise. However, if we could design the signal from a cell to have a unique
shape, we could be able to isolate this cell signature from the noise. To do so, we designed a unique
excitation pattern, which will give the circulating cell a unique fluorescence pattern, easily extractible

from autofluorescence noise. This is described in the next section.
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Conclusion on Results

In the results chapter, we had two different approaches to characterize (“observation” part) tumor

sites and to understand metastatic dissemination in the case of PCSNL, with or without treatments.

-
/ \
[ Articles #1 and #2: Problems: \
I BLI for treatment - Quantification? 1
I monlltorlng - Reproductibility? I
I |
I |
[ Bioluminescence I
| Imaging (BLI) |
I Article #3: |
| Quantification method |
\ , I
— Observations /
Effects of Ublituximab and N e e e e e e e e e e e e

CpG on PCNSL

Article #4:
Excitation light modulation
(in vitro)

Problem:
- Native fluorescence noise

Understanding

We compared two treatments (Ublituximab and CpG) using BLI. This technique allowed us to:
localize primary tumors, localize metastases, control tumor inoculation and identify responding

and non-responding animals.

Localization remains qualitative and BLI images are not fully used. We then developed a method to
quantify bioluminescence data set with increased statistical significance, reproducibility and

decreased user-dependence.

Finally, we wanted to investigate the effects of treatments on CTCs using IVFC, however, the native
fluorescence noise revealed that the initial set up was not optimized. We then developed a laser
modulation device, which attributes a unique signature to a cell for accurate detection. We detected
the cells, measured their velocity, and localized the circulating cells inside the vessel phantom (in

vitro).
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DISCUSSION
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PCNSL are aggressive disease with a poor prognosis; so far, there is no efficient targeted
therapeutic strategy. We aimed to explore two therapeutic approaches with animal models of

lymphomas and innovative imaging or detection modalities.

To investigate the role of circulating cells that are rare events, we used the model of blood
lymphomas where cells are injected intravenously. The circulating cells are no more rare events in

that case (Georgakoudi et al., 2004) and the study of the detection system is facilitated.

1. Treatments effects on lymphoma cells : CPG and Ublituximab

The brain and the eye are immune sanctuaries. This means that no immune cells are supposed to be
in these organs, except for resident antigen presenting cells (APC) such as microglias. Before studying
the effects of treatments on tumor cells, the models were developed and characterized. The immune
infiltrate was studied and as eye and brain are immune sanctuary, the immune infiltrate is only due
to tumor cells. Such analyses provide very precious information about the relationship between the
tumor infiltrating immune cells and the microenvironment whether it would be a proinflammatory or

a immunosuppressive microenvironment.

1.1. Oligo DeoxyNucleotide - CpG (CpG-ODN) : TLR-9 Agonist

The CpG-ODN activates the immune system through the stimulation of TLR-9. The unmethylated CpG
DNA sequences undergo endocytosis, and the motif is recognized inside the cell. TLR-9 is expressed
by different innate immune cells such as macrophages (resident in tissues), monocytes (macrophages
that entered in the blood circulation) and dendritic cells (belonging to the family of Antigen
Presenting Cells). However, it has been shown that TLR-9 was expressed by epithelial cells of
different tissues, for instance: gingival epithelial cells (Bahri et al., 2010); intestinal epithelial cells
(Gopal et al., 2008), airway epithelial cells (Yong et al., 2012). In the eye, the TLR-9 ligand can be
found in the cornea and retina, but is colocalized with CD68" retinal macrophages and microglia
(Chinnery et al., 2012). Another study showed that retina epithelial cells express TLR-9 and secrete IL-

8 when stimulated with CpG-ODN. IL-8 is a chemokine that allows recruitment of phagocytic cells.

We showed in the article #2 that CpG-DNA induces in vitro apoptosis of lymphoma cells. It turns out
that A20.lIIA lymphoma cells express TLR-9. This would mean, at first sight, that the engagement of
TLR-9 is sufficient to induce apoptosis. This cell death should be observed in epithelial cells and in
infiltrating immune cells. This is not the case, suggesting that the intracellular signalization pathway

triggered by TLR-9 engagement might be different between lymphoma cells and healthy cells.
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Another interesting fact is the efficacy of CpG-ODN. It has been described to induce apoptosis in A20
lymphoma cell lines (Qi et al., 2013). It turns out, as we showed, that there is a difference of efficacy
according to the localization of the lymphoma. The treatment not only reduces tumor burden in
subcutaneous lymphoma (as previously shown), but reduces tumor burden in primary cerebral
lymphoma bearing mice. Surprisingly, CpG-ODN effects are inhibited in the case of Primary Intra
Ocular Lymphoma bearing mice. A compound present in the PIOL microenvironment seems to have
an effect on CpG-ODN efficacy. This compound has been identified by our team, after proteomic
analysis, as a protein, whose molecular weight is between 30kDa and 50kDa. However, this protein
has not yet been identified. This protein does not inhibit the CoG-ODN internalization in the cells as it
was shown in article #2. There are then several hypothesis that can be done; i) the protein interacts
with inner cell signalization proteins in the pathway of apoptosis; ii) the protein triggers a down-
regulation of the TLR-9; iii) the protein can bind to TLR-9 and blocks the inner cell signalization; iv)
the protein neutralizes the CpG-ODN. Of course those hypotheses are speculative but they are tracks

for future investigation.

Efficacy of treatments in PIOL and PCL

These mechanism suggestions are based on the fact that the unidentified compound interacts with
the cells or with the CpG molecule. However, in spite of the induction of apoptosis of the lymphoma
cells, the strategy of administering CpG-ODN was based on the activation of the immune system in
organs where there are no immune cells in physiological conditions. The activation of the immune
system means the mobilization of cytotoxic or phagocytic cells in the concerned tissue. These

immune cells have to get in contact with the tumor cells to fulfill their tasks.

The position of cells in Intra Ocular Lymphoma has been well described (Touitou et al., 2008): the
cells are diffuse in the vitreous and cause vision troubles, and they finally lay on the bottom of the
eye because of sedimentation. This means that the tumor cells are not in contact with deeper layers
of retina (like in uvea melanoma) in the early disease — of course the metastases observed in the PIOL
are evidences that the tumor cells leave the vitreous. The immune cells, mobilized at the tumor site
are attracted there by chemokines and come from the periphery. To get in contact with tumor cells,
the immune cells have to cross the blood-retinal barrier, and to leave the upper layer of the retina to
diffuse in the vitreous and find their target. In this environment (vitreous), their motility might be

uncontrolled, reducing the number of efficient contacts with tumor cells.

In the brain, CpG-DNA exhibits good efficacy. Unlike vitreous, which is liquid and diffuse, brain is an

organ containing a high density of cells; even though the brain is surrounded by the Cerebro-Spinal
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Fluid (CSF). The density of cells makes the brain a location where immune cells can move easier, and

where efficient contact with tumor cells might be more frequent than in the vitreous.

According to this suggestion, the number of contact between tumor and immune cells is low because
tumor cells lay in the vitreous (in the case of PIOL). The tumor cells then accumulate and are not
properly killed by the immune cells. Immune cells induce cell apoptosis, which is a proper death for a
cell: vesicles appear and are correctly eliminated by macrophages. When the cell does not enter in
apoptosis, it may explodes, and spread the intra cellular medium. The neighbor cells detect the inner
molecules of the exploded cell and can either undergo the same cell death or trigger inflammatory

molecules secretion. This phenomenon called necrosis can lead to a highly inflammatory context.

In PIOL mice, after several days, necrotic lesions are observed. This is consistent with the hypothesis
of low numbers of contacts between tumor cells and immune cells. In the case of PCL, the skull

contains the tumor and mice death could be attributed to high intracranial pressure.

1.2. Ublituximab : Engineered (low fucose) anti-humanCD20 monoclonal antibody

Activation of immune system

Antibodies play different roles in the immune response. The target of the antibody can be either
living (bacteria, tumor cell, virus etc.) or non-living (toxins, proteins etc.). In the case of non-living
targets, a toxin for instance; the antibody recognizes the epitope, neutralizes the toxin and acts like a
flag; the toxin is, on one hand, no longer effective because it cannot bind to its receptor anymore,
and on the other hand, the complex toxin-antibody is very well recognized by the innate immune
cells (phagocytic cells). In the case of a living target, the antibody binds to the target and either kills it
by itself or recruits immune cells, which will phagocytize the target (e.g. bacteria); if the target is too
large, the effector cell injects cytotoxic proteins inside the target’s cytoplasm to trigger apoptosis.

The apoptotic vesicles of the target will be then phagocytized.

On top of that let me remind that the complement molecules recognize the Fc part of the antibody
and plays an important role in pathogen clearance. Whatever would be what recognizes the antibody
(complement molecules, APC or effector cells), the process will lead to an activation of the immune

system.

Induce or break tolerance?

The phagocytosis is indeed a key point in activation of the immune system. After digesting the target
cell, APC have the ability to present peptides from the target cell at their surface. They then migrate

to the lymph node to present those peptides to B-cells and T-cells. Briefly, the presentation of the
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antigen will lead to the clonal expansion of B-cells that are specific for this target (Xu et al., 2014).
Those ex-B-cells are called plasma cells; they migrate in the periphery and secrete antibodies against

the specific antigen. The process lasts for several days.

Usually, the antigen presenting phenomenon does not happen a lot if the reaction has been initiated
by an antibody. If an antibody has bound to a target, it means indeed that there are already plasma
cells specific for this antigen. Selecting new B-cells is not necessary. This phenomenon is very well-

known by obstetricians.

Postpartum administration of anti-Rhesus Immunoglobulin (anti-Rh Ig) is recommended when a
Rhesus negative mother delivers a Rhesus positive infant. The rhesus is determined by a protein at
red blood cells surface: if the protein is here the rhesus is positive if not, the rhesus is negative. At
the delivery, some red blood cells from the baby enter the vascular system of the mother. If the baby
is Rh* and the mother Rh’, the mother’s immune system will develop anti-Rhesus antibodies. If the
mother had a second Rh* child, the immune system of the mother could “reject” the baby causing the
hemolytic disease of newborn. The aim of administration of anti-Rh Ig is to neutralize the red blood

cells of the baby before the mother’s adaptive immunity triggers (Sibéryl et al., 2006).

In the case of the hemolytic disease of newborns, the aim is to induce tolerance of the antigen. And

indeed the risk that a negative mother can be immunized by a positive foetus is reduced from 16% to

0.1% with a proper anti-Rh Ig administration.

This is very close to what is done in immunotherapy. However, in immunotherapy, the administration

of the antibody is done to break tolerance of the antigen, and precisely to induce adaptive immunity,

in the hope that the mouse will create its own anti-humanCD20 antibodies (in our case). That is why

inducing memory response after injection of monoclonal antibodies remains a challenge.

Long-lasting response

In spite of the example of hemolytic disease in newborns, it turns out that the administration of anti-
hCD20 in PCL bearing mice induced in our model a long-lasting response. Ublituximab has been
engineered to activate ADCC, and the number of CD8+ (cytotoxic) T-cells in the brain is indeed
increased in PCL bearing mice treated with Ublituximab. Another team in the laboratory is working
on a T-cell precursor lymphoma model treated with an anti-hCD20 antibody; they showed (Abés et
al., 2010) that not only is there a long-lasting response, but 60% of surviving mice survive a second
administration of tumor cells, which would mean that the tolerance has been broken creating then a

memory response (Abés et al., 2011).
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We also showed that unlike CpG-ODN, Ublituximab keeps its efficacy in PIOL mice. There is indeed an
inhibition of tumor cell proliferation, and the mAb treatment prevents metastases from developing
in the eye-draining lymph node. The effects on both intra-ocular and cerebral tumor are long-lasting,
and Ublituximab has better anti-tumor effects than rituximab (a widely used anti-humanCD20
antibody). Ublituximab has been engineered to enhance ADCC. However, in the eye, Ublituximab
may suffer the same problem than CpG. The cells are indeed diffuse in the vitreous, and mobilized
effector cells still have to get in contact with opsonized (covered with antibodies) tumor cells. If this
hypothesis is validated, it would mean that Ublituximab can induce cell death more efficiently than
CpG-ODN by itself; or it would mean that the protein that inhibits CpG-ODN effects does not alter
Ublituximab effects or does not interfere with Ublituximab mediated cell death signalization

pathway.

We cannot forget either than in our model, the human CD20 is expressed by tumor cells. This antigen
is non-murine, and could trigger by itself an immune response. When targeted by an anti-body,
human CD20 peptides can be presented by mouse APC to lymphocytes. An adaptive immune
response could appear specific for the human CD20. The long lasting response could be due to the

humanCD20 immunization of mouse.

Adverse events

The use of monoclonal antibodies in therapeutics has totally changed the approaches to cure cancer
disease. As explained before, the aim of immunotherapy is to break tolerance. In the case of CD20,
which is a transmembrane receptor expressed in B-cells whether they are cancer cells or healthy
cells, breaking the tolerance could lead to serious side effects such as autoimmunity or
hypogammaglobulinemia (Marco et al., 2014). The target protein of an immunotherapy must not be
expressed by healthy cells. This is one of the big challenges of researchers in immunotherapy, who
have to find the good target for antibodies. Actually, CD20 is not expressed on B-cells precursors and
on plasma cells (mature B cells secreting antibodies). A DLBCL patient that received anti-CD20
antibodies will have all his B-cells depleted. This depletion only lasts for a while. After both healthy B-

cells and lymphoma B-cells are depleted, healthy B-cells can reappear from precursors.

Chimeric antibody: human Fc, murine FcoR

In our mouse model, we did not observe the phenomenon of autoimmunity because the antigen is a
humanCD20. As no cell in the mouse naturally expresses humanCD20, there is no chance that
autoimmunity occurs in this case. However in spite of being a human Ig, Ublituximab still seems to
activate the immune system of the mouse, suggesting cross-reaction between mouse Fcy receptors

and human Ig Fc part.
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Immune context

In both cases Ublituximab or CpG, the immune microenvironment was analyzed.

PIOL: In spite of the effector CD8" T-cells, there are many regulatory T-cells (CD25" foxp3*) invading
the eye. A high proportion of Th17 cells were also detected, but their role in the pro-tumoral / anti-

tumoral balance remains unclear (Galand et al., 2011).

PCL: The analysis of the immune microenvironment in the brain revealed the important role of
antigen presenting cells. Identified as CD11b" cells, they are mostly dendritic cells, even though some
macrophages and microglia can express CD11b". The high number of APC in the brain could be one of

the reasons why CpG is more efficient in the brain than in the eye.

The regulatory T-cell induction has been widely studied and some studies suggest that intratumoral
immunization can occur after mAb treatment (Marabelle et al., 2014), and even immune regulation

with TLR agonists (Lu et al., 2014).

1.3. Limits of the models

Like every model, mouse models have their limits.

Using a mouse models means extrapolating results obtained in a mouse to somehow predict what
happens in humans. However, even if mouse models are powerful models, it is well known that there
are slight differences between mouse’s immune system and a human’s immune system. In the case
of cancer and immunotherapy these differences might be critical. The use of humanized mice
(Chargui J et. al, 1995) — mice in which a human immune system is recreated after human

hematopoietic stem cells graft — would be very relevant for future studies.

In the model of Ublituximab treatment, the tumor cells express humanCD20. It is fairly conceivable
that the mouse can develop antibodies against humanCD20 because humanCD20 is obviously not a

mouse protein. This fact could help in breaking the tolerance.

Finally, the way cells are introduced could play a non-negligible role. Cells are introduced in the eye
and in the brain through a hole. In these organs it might be different than in subcutaneous injections,
where elasticity of tissues fills the hole once the needle is out of the skin. In the case of PIOL or PCL,
the hole is not filled instantaneously, the hole is actually used a second time for treatment
administration. It is conceivable that some cells go out the primary location by this hole, facilitating
the metastasizing process. However, injection is the standard approach. Ublituximab and CpG in
certain cases prevent metastases from appearing, and even if the mechanisms of action might

remain unclear, the treatments had measurable effects.
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In physics, in mathematics, in biology and in any science, a model is a tool that allows understanding
mechanisms that are too complicated to be investigated at the same time. These models have limits,
and this is an intrinsic property of models. The knowledge of these limits is crucial and is required to

draw correct conclusions from any model.
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2. Bioluminescence quantification method

We described a standardized method for quantification of tumor burden. A mouse is attributed a

luminoscore, which is value calculated according to the protocol we described.

Standardizing the method

Actually, the idea of the luminoscore came from the fact that there is no consensus about both the
unit and the way to acquire images in bioluminescence imaging. Everybody has their own method
and sometimes, the bioluminescence images are far from being fully exploited. A quick look at
Figurel of the article #3 is generally enough to realize two facts: two different units are widely used
to quantify the same thing, and almost everybody uses the same bioluminescence imager (IVIS—
Xenogen, Perkin ElImer). We then propose a method, suitable (and developed) with the IVIS software
which is standardized, and associated to a protocol that allows comparisons not only between mice,

but between experiments.

The method attributes a value to a mouse: the luminoscore. This value is calculated from images
always acquired the same way, making it a good and comparable indicator for tumor burden. The
luminoscore can also be compared between different tumor sites. This can give information about
the virulence of the cells in the different tissues where they are localized. Otherwise the luminoscore

allows comparisons between different cells in the same location.

Absolute quantification

The signal gathered from the high sensitivity camera is directly linked to the quantity of luciferase.
However, the expression of luciferase can change (up to 10 fold) from one cell to another within a
cell population. This can be seen for example in conventional cytometry, where a cell population can
be a decade wide in terms of fluorescence intensity. The histogram in figure 35 represents the
expression of mKate during the clonal selection process to establish the A20.IIA-mKate cell line. The
signal is more than one decade wide, yet these are cells all originating from the same single mother
cell. This is well known in cytometry, and basically a cell that would correspond to the black arrow on

the histogram has 10 times as much fluorescent protein as a cell corresponding to the blue arrow.

Spacimen_001-10E9 Fiqure 35: Representative

5

#E:E flow cytometry histogram
gz_f . P of an A20.lIA-mKate clone.
c“-‘n—é _‘W_J,J"V{ \L‘x f As can be seen,
ST "':AQ T ""mI:I R "'H_{ T "L:Dls ' fluorescence intensity
YG-600-620-A covers more than one

decade.
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For bioluminescence imaging, this effect is quite difficult to measure; however, the phenomenon is
the same. For this reason, there is no possibility to achieve an absolute quantification linked to the

number of cells.

The luminoscore method is not an absolute quantification method; it gives a standardized estimator

of the tumor burden.

User dependance

A key point of the method is to get rid of threshold-dependent effects linked to automatic region of
interest (ROI) drawing. The threshold in the automatic ROl drawing is selected manually. A low
threshold can make a ROI not significant because some photons that come from noise region might
be integrated in the signal. That is why our method is based on a reproducible drawing of the ROI.
Two types of ROI give good results: the rectangle draw and the manual mark up. Nevertheless, it is
the manual mark up that provides less noise in the signal that has been chosen in the luminoscore
method. The analysis using different ROl selection techniques demonstrated that statistical

significance can be hidden by user-dependent and setting-dependent factors.

This work considers only 2D imaging. Tomographic 3D-bioluminscence systems are coupled with 3D
reconstruction algorithms that provide more precise results. However those devices are very
expensive and not widely available. Bioluminescence tomography provides on top of that very
accurate information about location of tumor sites. In cancer research, 2D imagers are widely used
but provide less specific information concerning precise metastasis and tumor location. However, the
position of metastases can be inferred based on a good knowledge of the mouse model. The exact
location can only been known by autopsy and histology. Therefore bioluminescence imaging remains
a qualitative method for localization of tumor sites, and should be complemented by autopsy
whenever autopsy is possible. However, new imaging devices are coupling micro CT-scan and

bioluminescence providing very precise information on position of tumor or metastases.

Uncertainty in 2D bioluminescence imaging tecnigues

There are different limits of bioluminescence 2D-imaging techniques. Those limits are inherent to all

bioluminescence-based imaging techniques.

As a matter of fact, our model and in most of tumor burden following models, luciferase is expressed
constitutively after transfection of transduction of the corresponding cDNA. The luciferase gene
(luc2) is often controlled by a high-expression promoter like SV40 or CMV promoters. Yet, luciferase
is not a protein that has a vital function for the cell. Even if a clonal population has been selected

with 100% positive cells at the moment when the tumor cells are inoculated, the loss of luciferase
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expression is a phenomenon that can occur. In that case, non-expressing luciferase tumor cells are no
longer detectable, and can lead to an under-estimation of tumor burden. Unfortunately, this

phenomenon is quasi-uncontrollable and this bias is present in every bioluminescence assay.

Another limit to that technique is that the molar absorption coefficient (MAC) is considered as the
same in the whole mouse. The MAC corresponds to the amount of photons that a compound can
absorb in a given distance. A mouse is composed with 80% water, so very often, the MAC of the
mouse’s tissues is assimilated with water’s. In the described standardization method, only the
photon flux is measured, but the assessment of linking the tumor burden with the photon flux
implies the acceptance of the hypothesis on the mouse’s tissue MAC. It is well known that some
organs are more critical than others in terms of absorption; liver and pigmented skin are perfect
examples of this. Obviously, a black mouse and an albino mouse won’t have the same tissue
absorption. The models established in the laboratory were done with albino mice, which was
favorable for bioluminescence imaging. Currently, whatever the bioluminescence system is chosen,
the problem of “dark tissues” absorption remains. This limit has to be borne in mind when designing

animal models for studies including BLI follow-up.

We proposed in our protocol two acquisitions: front and back. Nevertheless, to optimize signal
detection, position the mouse according to tumor site location is often suggested. We chose to
explore the two natural positions of the mouse that covers the whole eventual metastases sites with
the front and back acquisition. These positions should minimize variability due to the placement of
the mouse from one day to the next but may not optimize signals originating from all anatomical

sites.

Oxygen for light

Finally, the choice of the luciferase protein can be very important in the analysis of images. Firefly
luciferase is most commonly used, because it has a good yield and provides a great number of
photons in a large spectrum (550 nm max intensity — green). However, to reduce its substrate,
luciferin, firefly luciferase needs magnesium, ATP, and oxygen. Therefore, an anoxic or necrotic
tumor will not be detected by the imaging system. Again, the knowledge of the model is crucial to
make the good choice. If the tumor does not present anoxia or necrosis, firefly luciferase is the best
choice. If the tumor present those properties, gaussia luciferase would be better. The gaussia
luciferase spectrum has its emission peak at 450nm (blue), and does not require molecular oxygen to
reduce its substrate, colenterazine. However, at this wavelength, tissue absorption is higher than

around 550nm.
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3. Invivo flow cytometry and 2-photons microscopy

In vivo flow cytometry has been well-described in the literature; however, very few tumor models
have been investigated. Very often, the models that have been considered were human tumor cell
lines xenografts in immunodeficient mice. In vivo flow cytometry provides an opportunity to gather
information on metastasizing processes through the study of circulating tumor cells. Our model is
syngeneic and as can be seen in table 1 that sum up the CTCs detection techniques, very few studies
have been made on syngeneic model. Actually, the detection of CTCs in mouse is different than in
humans where the CellSearch device can be used. As the immunocapture of cells is based on EpCam
antigen, which is a human protein, CellSearch is not suitable for mouse models. Some CTC detection
and capture devices based on filtration are very efficient; still, they require a blood sample. Even
though it is fairly possible to puncture blood in a mouse, this cannot be done very frequently and in a

non-invasive way.

Redshift

Thus, in vivo flow cytometry is the only device fitting our conditions that could help us answer our
qguestions. Performing longitudinal studies in a syngeneic mouse model requires developments of
specific fluorescent protein expressing cell lines. However, the most commonly used fluorescent
protein is GFP. GFP requires blue light (488 nm) to be excited, and emits fluorescence in the green
part of visible spectrum (530 nm). Blue light does not penetrate living tissues well, yet in our case its
use was feasible because we were studying blood vessel located just under the skin (100um). Blue
light excites many endogenous fluorophores creating native-fluorescence noise. On top of that, the
emitted fluorescence (530 nm) corresponds to the maximum absorbance of hemoglobin and living

tissues.

The problem of autofluorescence and tissue absorption can be addressed by shifting the excitation
and emission spectra toward the red and far-red wavelengths. Unfortunately, except for commonly
used fluorescent proteins (GFP, YFP, RFP, etc.), proteins are usually fluorescent in the U.V. domain of
electromagnetic waves spectrum. In our case, we need a constitutive protein, whose gene can be
transfected with the target cell. The fact that we perform longitudinal studies in a syngeneic model
does not permit the use of organic fluorophores, whose signal is divided for each cell division. It
remains very difficult to design fluorescent proteins in the infra-red domain of electromagnetic
waves; however, proteins are available in the far-red domain. This is the case of mKate (or Turbo FP-
635), which have its excitation peak at 590 nm and its emission peak at 635nm. This set of
wavelengths is more adapted for in vivo imaging as the living tissues absorption decreases as the

wavelength increases. We developed an mKate expressing cell line but we did not have the time to
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test it. We already had a GFP expressing cell line and the double-illumination strategy was the other
alternative to address the problem of noise and autofluorescence, without engineering a new cell

line.

Depth of field

Currently, 2-photons microscopy gives very good resolution images. The optical sectioning and the
explored volume remained nevertheless a significant limitation. We did not want to miss any cell in
the blood vessel, and this can occur if the depth of field is too thin. To overcome the problem of
autofluorescence, we could have used a high numerical aperture objective to gather more
fluorescence photons, and concentrate more excitation photons. But, this would have reduced the
depth of field of the device. We designed the device with a 0.75 NA air objective supplemented with
several cylindrical and spherical lenses to obtain a beam that was 600um long, 200um wide, and set
up the detector to obtain a 150um depth of field. That way, each cell whom GFP is excited is
detected, whatever would be its position in the blood vessel. On top of that, the explored volume is
optimized allowing a better statistical detection. We chose epifluorescence because the ear of the
mouse is placed between microscope slide and slip cover, and there is no place behind the ear to

position another objective of lens.

Blood lymphoma

Initially, we had concerns about PIOL and PCL, but we realized that those models were not adapted
for developing and testing the new IVFC device. We had no idea whether the cells disseminated in
the blood or not, as it was indeed our initial question. We then developed a new model of lymphoma
in which we were sure that there were circulating cells, at least for a while after injection. This model
is a systemic blood lymphoma model: we injected from 5.10° to 2.5.10° cells directly in the blood of
the mouse as described initially by l.Georgakoudi. We are however aware that this model is purely

artificial and is not adapted to study rare circulating tumor cells.

However, we are conscious that blood is not the only pathway that lymphoma cells use to migrate.
Tumor cells can migrate through lymph vessels; this could explain why we saw a lot of lymph node
metastases. On the other hand, we identified metastases on the inguinal lymph node. This could
suggest that the cells were in the blood at a given time, because if they had migrated only by lymph
vessels they would have been stopped in other lymph nodes before the inguinal one. The fact that
those cells are initially B-cells also have to be kept in mind: those cells might have a particular homing

for lymph node.
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4. Double-illumination to pattern excitation light

The double illumination system has been inspired by optical mouse. The optical mouse is based on
pattern recognition. The support is photographed several thousands of times per seconds and similar
patterns are looked for in the successive images to infer the movement of the mouse. Detection of
fluorescent cells is enhanced, and autofluorescence noise is dramatically decreased thanks to the
double illumination system. Moreover, spatial modulation of the excitation source allowed us to
calculate the time of flight and thus the relative velocity of the cells. This system was used with

A20.11A-GFP” cells.

Poiseuille flow hypothesis

The double illumination device had to be used and calibrated in vitro before it is used in vivo. That is
why we modeled the mouse’s blood vessel by a 120pum-wide silicon (PDMS) channel. The PDMS has
autofluorescence in the GFP channel, this property that mimics tissue autofluorescence helped us in

adapting the signal processing methods to be later applied in vivo.

We linked the time-of-flight and the velocity using well-known velocity profiles of Poiseuille flow.
This hypothesis is strong, but can be done in the case of sufficiently diluted medium. As for the in
vivo, this hypothesis is still correct in sufficient-sized vessels. In small vessels the effect of the cell size
cannot be neglected, including radial change in cell concentration, and therefore in fluid viscosity.
However, these effects are well-known and accurate models have been described linking cell velocity

and position in different sized vessel according to the flow rate (Quemada D, 1981).

Diapedesis

Finally, having the velocity and the position of cells on a blood vessel could be crucial to understand
the mechanisms of extravasation of tumor cells. A low-flowing cell can indeed be rolling on the inner-
surface of the blood vessel; when rolling, the velocity is low until the cell stops, and enters the
tissues, especially if they are hematopoietic-derived cells. The number of low-velocity rolling cells

could be an interesting parameter for evaluating the metastasizing dynamics.

However, immune cells and lymphoma cells can express integrins (adhesion molecules) at their
surface. Those integrins can bind to other adhesion molecules that are expressed by the endothelial
cells in the blood vessel. In physiological conditions, those adhesion molecules are expressed by
endothelial cells in case of local inflammation to recruit immune effector cells. This system can be
used by tumor cells to enter the tissues at an inflammation site. Actually, inflammation and cancer

are closely linked.
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Excitation modulation and Signal processing method

The fluorescence excitation source modulation, whether it would be spatial (Zharov et al), energetic
or temporal (Kiesel et al.) is a solution for an enhanced detection of fluorescence and velocity
measurement. Coupled with an appropriate signal processing, it could be implemented for real time
monitoring of circulating cells velocity. The Gaussian-shaped sliding mean (our method) is low
resource consuming. It is actually equivalent to a temporal bandpass filter. Very quick phenomena
are smoothen (noise fluctuations) as well as very low phenomenon. Finally only phenomena of the

expected duration are retained.

We used in this device a low aperture 10X objective. This dramatically reduces the amount of
gathered fluorescence photons. However, this is necessary to obtain two sufficiently spaced
excitation slits. A high aperture objective would have a high focusing capacity, and the slits would be
very close to each other, increasing the risk of overlapping of the signal coming from the different
slits. This would lead to uncertainty in the identification of the peak and thus to an error in the
velocity measurements. That would explain why the chosen objective is a 10X low aperture objective.
The amount of the fluorescence photons missed by the low aperture objective is, in a way,

overcompensated by the brightness of GFP, which is not the case for all fluorescent proteins.
Human after all

To conclude, the double illumination system is very efficient in detection of fluorescent events, and
in real time noise elimination. Unfortunately, during my PhD, | did not have sufficient time to go
through in vivo experiments. In vivo flow cytometry is very difficult to adapt for the human being.
Indeed, patients positive for CTCs are typically between 0.2 to 10 CTCs per mL, yet some patients can
have up to 200 CTCs per mL. The concentration of CTC is a key factor for detection. A mouse model in
which tumor cells are injected intravenously is artificial, and moreover mice have only around 1mL of
blood. The measures corresponding to humans don’t seem to be consistent for mice (this would
mean the mouse had only 1 to 10 CTC in whole blood). As we presented earlier, the whole blood
volume has to be analyzed 5 times to have a 5% error on the result. For a human being, with a blood
volume of 5L, the explored volume should be 25L. If the vessel is 100um wide, the explored volume is
around 0.0004 mL /s (based on a physiological velocity of 10mm.s™), and it would take 25000/0.0004
= 62 500 000s = 24 months (!) to be 95% sure there is no CTC in patient blood. The only way to
overcome this problem would be to increase the explored volume by increasing the size of the

vessel, but the tissue absorption will be increased accordingly.

This device is thus not suitable for the human being; however has been conceived and developed for

mice. The study of CTCs on mice models is however relevant for mechanistic investigations.

Jeremie Cosette PhD Thesis — 11" of July 2014

( ]
{ 159 J



CONCLUSIONS
AND

PERSPECTIVES

( 160 1 Jeremie Cosette PhD Thesis — 11" of July 2014
§ J




Since the 2000’s immunotherapy is, in certain cases, revolutionizing cancer treatments. We
investigated different treatments of immunotherapy in mouse lymphomas models. Those
treatments, CpG-ODN and Ublituximab, are based on two fundamental principles: kill the tumor cells
by themselves and activate the immune system. CpG-ODN activates better innate immune system

whereas Ublitiximab adaptive immunity through ADCC and Antigen Presenting Cells.

We showed that Ublituximab reduces the number of tumor cells in PIOL and in PCL while CpG-DNA
exhibited anti-tumor effects in SCL and PCL but not in PIOL. The tumor microenvironment of PIOL
indeed inhibits the anti-tumor effects of CPG. Proteomic analyses showed that it was a protein,
whose molecular weight is between 30 to 50 kDa. Further investigations on its identification are

ongoing.

In the studies of CpG and Ublituximab, cytometry and histology were used. Those techniques require
the sacrifice of the animal. However, we wanted to perform longitudinal studies to address different
guestions on metastatic dissemination mechanisms. We then develop different techniques and

methods of non-invasive exploration of tumor cell bearing mice.

We used bioluminescence imaging to localize tumor cells and to see the effects of the treatments on
not only the primary, but the metastases than are not detectable with palpation exams or autopsy
(infra-clinical). We showed that Ublituximab prevented the apparition of cervical lymph node

metastases in both case PIOL and PCL.

The use of bioluminescence allowed us to identify a lack in consensus on the use of bioluminescence
imaging data. We then described a quantification method for estimating tumor burden in
bioluminescence image. The method is easy to use, easy to adapt in an already settled environment,
does not require complex calculation and high resources computers, reduces user-dependence and

reveal statistical significance.

Bioluminescence imaging gives us information about localization of primary tumors and metastases
but what about the link between those? CTCs are the link. They leave the primary tumor and invade
other organs. We wanted to investigate the role of CTC in the PIOL and PCL metastases, but also the

effects of treatment on CTCs. To do so we set up an In Vivo Flow Cytometry device.

The in vivo flow cytometer was set up and was promising. It showed very good results in in vitro
models, but its limit, autofluorescence noise, did not allowed us to identify fluorescent circulating
tumor cells in living mice. The question of autofluorescence noise was addressed in parallel by the

engineering of a new cell line A20.IIA-mKate that showed promising results in vitro, and by the use of
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modulated excitation light. Energy modulation and beam shaping of the excitation light was the
solution to several problems. Not only fluorescence detection is enhanced, but the velocity of the
cells can be precisely determined. We then linked the velocity of the cell with its position in the
channel. Applied in vivo, this information could give interesting information about metastasizing

dynamics.

The final aim is to gather different types of information: quantify the tumor burden, locate of
metastases, measure the number of CTCs, and measure the velocity of CTCs (Figure 36). Put
together, such information could help to us understanding metastasis dissemination and effects of

innovative treatments on metastasizing mechanisms; effects, that so far remain unclear.

A concrete short term perspective would be the combination of all the methods described in this
work (bioluminescence imaging, modulated in vivo flow cytometry, conventional cytometry,
histology, etc.) to quantify the effects of treatments in regard of their administration route. The in
situ administration of treatment is very heavy for patients especially for PCL patients (in the brain).
The use of intra-venous treatments could be a significant help for patients. This could be done by co
administration of the treatment (e.g. Ublituximab) with an agent that temporally and reversibly
permeabilizes the blood brain barrier. In terms of fundamental research this kind of approach could
help understand the link between the metastasis and tumor cells by using double positive A20.IIA-

luc2-mKate cells.

We started from the topic of lymphomas and the detection of tumor cells and CTCs, nevertheless the
use of IVFC could not be restricted to CTCs. Any cell, fluorescently labeled could be detected with this
device. This could be applied in cell therapy for the detection of immune cells (autoreactive CD8 T-

cells) or hematopoietic stem cells (in the treatment of genetic immune disease).

Recent techniques aiming to kill circulating tumor cells with cold plasma could be coupled to the

velocity measurement system to trigger the shot of plasma.

To conclude, this work offers many perspectives. On top of that, we are the only team in France to
own an in vivo flow cytometry device. The opportunities could be great in different fields of biology
such as pharmacokinetics. Finally, this kind of interdisciplinary approach (Fig. 36) using biological and
physical tools give increased point of views on a fundamental question, thus leading to have better

knowledge on studied mechanisms.
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PERSONAL CONCLUSION

This PhD has been very enriching for me. | entered deep in the world of research and | liked it. This
interdisciplinary work strengthened my opinion on science. | am now deeply convinced that the

bridges created by interdisciplinarity are the foundation of even bigger Science edifications.

This project was really important to me. Actually, this project has a funny historic. | began this project
during my Master’s degree internship. | came from a discussion | had with Sylvain who had seen the
retinal flow cytometer in a congress. He asked me if | wanted to try to do the same. We quickly gave
up on the eye but we continued on the ear. | wanted to carry on the project for a PhD but all biology
doctoral school | contacted told me it was a Physic subject and vice versa. | finally discovered the
Frontiers in Life Science doctoral school; and my project fitted exactly with their scope. They gave me

the opportunity to make my projects come true.

At the end of the PhD, | may not have detected circulating tumor cells, yet | participated to a
preclinical study, and | developed a quantification method for bioluminescence. But my favorite
remains the multi illumination device. | had the idea of measuring cell velocity for a long time;
actually during my master’s degree internship. It was even, | can remember it, the perspective slide
of my master’s degree talk. This idea went from the concept to the prototype to a ready to be
submitted article. It is very rewarding to realize that my project is well underway while we started

from scratch.

Finally, | would like to thank you for reading my manuscript and for sharing 3 years of my scientific

life.
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