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ABSTRACT

The cytokine release syndrome (CRS) is described as a collection of potentially life-threatening
symptoms associated with a plethora of infections, such as haemorrhagic fever and other viruses, most
recently COVID-19. The ‘cytokine storm’, underlying CRS, has also been an unfortunate side effect of
highly promising cancer therapies including T cell engagers and chimeric antigen receptor (CAR) T cells.
The cytokine storm is intimately linked with an excessive, uncontrolled release of proinflammatory
mediators resulting in an overwhelming systemic inflammation and multi-organ failure, often fatal if left
untreated. The pro-inflammatory cytokines that are involved in the CRS have been well described and
often include interferon (IFN) -y, interleukin (IL) -6 and tumour necrosis factor (TNF) -a. Little is known,
however, about the hierarchy and orchestration of the cytokine storm or, importantly, if a key cytokine
controls cascade of inflammatory responses.

To advance the understanding to these unanswered questions underlying CRS, two syngeneic mouse
models of CRS were developed. The first, relies on potent in vivo T cell activation mediated by an anti-
CD3& monoclonal antibody (mAb). In parallel, a second model was developed to investigate CAR T cell-
induced CRS in mice transplanted with A20 B cell lymphoma cells. Both models reproduced clinical and
laboratory manifestations seen in patients afflicted with CRS, including hepatosplenomegaly, increased
vascular permeability, hemotoxicity and hyper-cytokinemia. The kinetics of cytokine release to immune
stimulation in blood, spleen, lung, and liver were analysed, at protein or mRNA level, demonstrating a
hierarchy of production together with an organ-dependent mobilization of immune cells.

An important aim of the project was to address whether blockade of proinflammatory cytokines
impacted CRS in the above models. A cocktail of neutralizing mAbs to IFN-y, IL-6, IL-2 and TNF-a
transiently improved early clinical and laboratory features of CRS in the anti-CD3e mouse CRS model.
The mAb cocktail demonstrated a clear benefit over monotherapy mAb treatment. These studies were
extended to the CAR T model, where neutralisation of IFN-y or IL-6 was investigated. Interestingly, mice
administered anti-IFN-y or anti-IL-6R mAbs and treated with the CAR T cells therapy controlled A20
lymphoma tumour growth. Nonetheless, only anti-IL-6R treatment showed an improvement in some
CRS features, although not reaching significance.

In both models, benefit of anti-cytokine therapy in disease management was demonstrated, thus
offering a potential opportunity to consider additional options for patients. Moreover, these models
shed new light on the mechanisms underlying CRS and must be useful as predictive tools in the context

of new anti-cytokine strategies to manage human CRS.



RESUME

Le syndrome de libération de cytokines (SRC) est décrit comme un ensemble de symptomes
potentiellement mortels associés aux fievres hémorragiques et a d'autres virus, le plus récent étant
COVID-19. La «tempéte de cytokines », sous-jacente au SRC, est également un effet secondaire
dramatiques de certaines thérapies anticancéreuses trés prometteuses, notamment les inhibiteurs de
cellules T et les cellules T a récepteur antigénique chimérique (CAR T). La tempéte de cytokines est liée a
une libération excessive et incontrélée de médiateurs pro-inflammatoires entrainant une accablante
inflammation systémique et une défaillance multiviscérale, souvent fatale si laissée sans traitement. Les
cytokines pro-inflammatoires impliquées dans le SRC ont été bien décrites et comprennent souvent
I'interféron (IFN) -y, l'interleukine (IL) -6 et le facteur de nécrose tumorale (TNF) -a. Cependant, peu de
choses sont connues concernant la hiérarchie et I'orchestration de la tempéte de cytokines ou si une
cytokine en particulier contréle la cascade de réponses inflammatoires.

Pour faire progresser la compréhension de ces questions sans réponse, deux modeles murins
syngéniques de SRC ont été développés. Le premier repose sur une puissante activation in vivo des
cellules T médiée par un anticorps monoclonal (AcM) anti-CD3e. En paralléle, un deuxiéme modeéle a été
développé pour étudier le SRC induit par les cellules CAR T dans des souris transplantées avec des
cellules de lymphome B (cellules A20). Les deux modeéles ont reproduit des manifestations cliniques et
biologiques observées chez des patients atteints de SRC, notamment une hépatosplénomégalie, une
importante perméabilité vasculaire, une hémotoxicité et une hypercytokinémie. La cinétique de la
libération de cytokines dans le sang, la rate, les poumons et le foie a été analysée, au niveau des
protéines ou de I'ARNm, démontrant une hiérarchie de production ainsi qu'une mobilisation des cellules
immunitaires dépendante des organes.

Un objectif important du projet était de déterminer si le blocage des cytokines pro-inflammatoires avait
un impact sur le SRC dans les modeles ci-dessus. Un cocktail d'AcM neutralisants I'lFN-y, I'IL-6, I'IL-2 et le
TNF-a a amélioré de maniere transitoire les caractéristiques cliniques et biologiques précoces du SRC
dans le modéle de SRC murin induit par I'anti-CD3¢. Le cocktail d'AcM a démontré un avantage évident
par rapport au traitement d'AcM en monothérapie. Ces études ont été étendues au modele CAR T, dans
lequel la neutralisation de I'lFN-y ou de I'lL-6 a été étudiée. De fagon intéressante, les souris ayant été
administrées avec I'anti-IFN-y ou anti-IL-6R et traitées avec les cellules CAR T, ont contrdlé la croissance
tumorale du lymphome A20. Néanmoins, seul le traitement avec I'anti-IL-6R a montré une amélioration

de certaines caractéristiques du SRC, bien que n’étant pas statistiquement significatif.



Dans les deux modeles, le bénéfice des thérapies neutralisant des cytokines a été démontré, offrant
ainsi de nouvelles options thérapeutiques pour les patients. De plus, ces modeles ont permis
d’approfondir les connaissances sur les mécanismes sous-jacents au SRC et peuvent étre utiles en tant
gu’outils prédictifs pour étudier I'efficacité de nouvelles stratégies, tels que les anti-cytokines, pour

gérer le SRC humain.
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CHAPTER I: INTRODUCTION

The immune system protects the body from foreign, pathogens or from host cells that have become
malignant. Sometimes, however, the immune response is exaggerated and uncontrolled, leading to
hyperresponsive immune cells inducing potentially fatal collateral damage. The cytokine release
syndrome (CRS), underpinned by a ‘Cytokine storm’, is one such example. CRS is characterized by the
production of excessive inflammatory cytokines, leading to multiple organ dysfunction and even death if
left untreated.

The term cytokine storm was used for the first time in 1993 to describe graft-versus host disease®™®.
From as early as the 1918 influenza pandemic caused by the HIN1 influenza A (Spanish flu) infecting
over 500 million people, the cytokine storm phenomena is seen across multiple infectious diseases
including cytomegalovirus®, Epstein-Bar virus-associated hemophagocytic lymphohistiocytis®, group A

289 variola virus®, dengue!?, Lassa fever®, Ebolal4, Coronavirus and,

streptococcus’, influenza virus
more recently, in the recent COVID-19 outbreak>!¢, Additionally, the toxicity driven by excess cytokine
release was observed as a major hurdle to the treatment of patients with the anti-T-cell antibody (Ab)
muromonab-CD3 (OKT3) (often call in this setting an infusion reaction), for solid organ
transplantation”28, The 2006 healthy subject trial disaster with TGN1412, an agonistic CD28 monoclonal
antibody (mAb), infamously popularized the cytokine storm term in modern day clinical practice?.
Indeed, CRS also is now on the warning label of multiple approved drugs, such as rituximab®,
obinutuzumab?!, alemtuzumab??, brentuximab?, dacetuzumab?*, and nivolumab?. More recently, the
cytokine storm was also considered as the major side effect of the highly promising T-cell-engaging
immunotherapies, including the CD19-directed CD3 bispecific blinatumomab??’ and CAR-T cell

therapy?®3°, In 2017, five patients, for example, succumbed to cerebral oedema brought on by CAR-T

cell induced CRS3.



1 CLINICAL AND LABORATORY FEATURES OF CRS

1.1 CLINICAL MANIFESTATIONS

CRS can vary from a febrile “flu-like’ illness to life-threatening syndrome requiring intensive supportive
care settings. Onset of CRS typically occurs within the first 14 days post treatment or infection, and can
last several days, depending on the severity of syndrome and the trigger®*. CRS encompasses a
collection of symptoms (Figure 1), including systemic inflammation, hemodynamic instability and
multiple organ dysfunction, categorized into four grades depending on the severity (Figure 2) 33334121,

Patients with grade 1 CRS, which is the mildest non-life-threatening form, presents weakness, fever,
headache, skin rash, arthralgia, and myalgia. Moderate cases of CRS (grade 2) results in hemodynamic
instability, including hypotension, change in blood clotting, haemorrhages, vasodilatory shock, together
with respiratory symptoms. The most severe forms of CRS, corresponding to grade 3 and 4, are
characterized by a high-grade fever, vascular leakage, multiple organ dysfunction such as renal, heart
and liver failure, and development of acute respiratory distress syndrome (ARDS) (Figure 1). In the
settings of T cell engaging therapy, patients with severe forms of CRS can also develop immune effector
cell-associated neurotoxicity syndrome (ICANS). It corresponds to severe neurotoxicities, such as
aphasia, seizures, paresis, and coma, occurring several days after the onset of the cytokine storm. As it is
specific to therapy-induced CRS, and occurs post-CRS, considering ICANS as a symptom of CRS or as a

syndrome as such is still disputed®*.
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1.2 LABORATORY FEATURES

The severe forms of CRS are also associated with laboratory disorders (Table 1), such as increase in

markers of acute inflammation, exacerbated cytokine release and cytopenia, which underly the clinical

observations3336:40,

Table 1: Comparison laboratory features reported in different trigger-induced CRS. CRS was observed following viral infection,
such as COVID-19, H1N1 influenza, or after treatment infusion, such as CAR T cell therapy, or in patients with hemophagocytic
lymphohistiocytosis (HLH) and macrophage activation syndrome (MAS). +, ++, +++: few, moderately, strongly over-observed.
Adapted from Morris et al.*°

Abnormality COVID-19 HiN1 CART cells CRS HLH/MAS
Elevated CRP +++ ++ +++ +
Hyperferritinemia ++ ++ +++ ++
High D-Dimer levels ++ ++ ++ ++

DIC ++ ++ No evidence ++
Hypercoagulative state +++ ++ +4++ ++
High neutrophil to Lymphocyte ratio ++ ++ No evidence No evidence
Activated macrophages +++ + +++ +4++
Endotheliopathy +++ +++ +++ No evidence
Elevated IL-6 +++ ++ +++ ++
Elevated IL-1 +++ ++ ++ ++
Elevated IFN-y + + +++ 4
Elevated TNF-a + + 4 +

1.2.1 Non-specific markers of inflammation

CRP, LDH and ferritin, indicators of chronic tissues damage

One of the most reliable markers of inflammation is C-reactive protein (CRP). This acute phase protein is
produced by the liver in response to inflammation, infection, or tissue injury®. Lactate dehydrogenase
(LDH), often associated with hepatic injury, is also representative of systemic tissue damage induced by
cytokines. CRP and/or LDH is often observed in patients with CRS, including induced by infectious
disease, such as Ebola®, Dengue®?, influenza®® and coronavirus***, as well as by T-cell engaging
therapies'®?4¢49 Moreover, in several studies, CRP and LDH was strongly correlated with disease

severity and poor prognosis, especially in the context of COVID-194+3%51,



Ferritin is one of the main regulators of iron metabolism, sequestering it into cells. Since iron is an
essential nutrient for both cells and pathogens serving as a redox catalyst, a host defence mechanism
against infection consists of up-regulate cellular ferritin to limit the availability of iron to pathogens®.
Moreover, ferritin is critical for avoiding iron overload and subsequent cellular toxicity. Indeed, in
excess, iron can generate free radicals, via Fenton redox reaction, which is responsible of cellular
oxidative stress and damage on DNA, lipids and proteins®®°, Serum ferritin is commonly recognized as
an acute-phase reactant, i.e. non-specifically enhanced under systemic inflammatory conditions. Indeed,
when cells are damaged, ferritin leaks into the serum and, therefore, serves as an important biomarker.
In the context of CRS, hyperferritinemia was often reported in infectious- and CAR T therapy-induced
CRS patients?®4>°15354 and cited as one of the indicators of mortality in COVID-19 patients®®*3, Clinical
observations of hemophagocytic lymphohistiocytosis (HLH) and macrophage activation syndrome

(MAS), two forms of CRS induced by genetic disorders?, also reported elevated ferritin levels’®",

D-dimer and Angiopoietin 2, markers of coagulation defects and endothelial activation

Coagulation dysfunctions occur in almost all settings of CRS and include disseminated intravascular
coagulation (DIC), which can be further exacerbated in thrombosis and haemorrhage in the severe cases
of CRS*>*%f, D-dimer is released as a product of degeneration of cross-linked fibrin and hence, is a
sensitive biomarker of coagulation dysfunctions. D-dimer was shown to be consistently elevated and
predictive of mortality in patients suffering from CRS induced by COVID-19%451%0 influenza®® or
Ebola*®®7 infectious and following T cell-engagers immunotherapy!®47:51%8,

Angiopoietin (Ang) -2, a marker of endothelial activation, is increased in patients with sepsis or ARDS”?
and is also predictive of mortality in ARDS patients’®. Patients suffering from COVID-19-, haemorrhagic
fevers- and CAR T cell- induced CRS, showed significantly elevated Ang-2 levels>®®474,

Across CRS settings, the common observation of the increased level of D-dimers, associated with the
increased Ang-2 level, suggests that endothelial dysfunction drives the coagulation dysfunction. The

pathogenic role of endothelial cells in CRS induced by infections is being increasingly studied >4,



1.2.2 Serum cytokine levels

In all settings of CRS, a panel of cytokines, including interleukin (IL) -1, IL-6, tumour necrosis factor (TNF)
-a and interferon (IFN) -y, are consistently elevated in serum of patients®1%27,283337.405665 The
relationship between these key cytokines and characteristic clinical features of CRS are shown in Table 2
(non-exhaustive list). Other cytokines, including IL-2, IL-8, IL-10, monocyte chemoattractant protein-1
(MCP-1, also called CCL2), granulocyte-macrophage colony-stimulating factor (GM-CSF) and IFN-y

chemokines-induced CXCL9 and CXCL10 are also consistently elevated.

Table 2: Relationship between key cytokines and clinical features of cytokine release syndrome. Adapted from Yildizhan et
al.”>and Brisse et al.1%!

Key cytokines IFN-y TNF-a IL-1B IL-6
Fever
Fever
Fever Decline of
hematopoiesis Acute phase proteins
Decline of Fever
hematopoiesis Hypertriglyceridemia Decline of
hematopoiesis Acute phase proteins
Clinical Hemophagocytosis Liver injury
Hyperferritinemia Anaemia
manifestations Macrophage DIC
activation ARDS Acute kidney Injury

Hypoalbuminemia
DIC Neurotocixity NK cell dysfunction
Hyperferritinemia
Endothelial cell
Endothelial cell activation

activation

Hypoalbuminemia

1.2.3 Blood cells count

Variation in blood cell count is a common abnormality observed in various setting of CRS and include
leukopenia, lymphopenia, anaemia and thrombocytopenia®****°. The latter likely takes part to
coagulation dysfunctions and anaemia strongly supports bleeding and/or haemolysis. Cytopenia may
result from alteration of hematopoiesis and/or other hemophagocytosic mechanisms.
Hemophagocytosis is the phagocytosis of red blood cells (RBC), lymphocytes or other hematopoietic
precursors by histiocytes or macrophages’®. Typically, this process is a hallmark of hemophagocytic

lymphohistiocytosis (HLH) and macrophage activation syndrome (MAS), both considered as CRS°,

Since CRS can vary from a febrile ‘flu-like’ iliness to life-threatening syndrome, evaluating patients who
may develop severe CRS is critical. Assessment of laboratory disorders, along with their clinical features,

can help to determine which clinical course to take and thus prevent the severe development of CRS.



2 PATHOLOGY OF CRS

CRS can be induced by different triggers, including therapy (cytokine storm due to CAR T-cell therapy or
T-cell engaging antibodies), pathogens (haemorrhagic fever, respiratory viruses, or parasites) or genetic
disorders (hemophagocytic lymphohistiocytosis; HLH) (Table 3). In each of these states, CRS results
from the uninterrupted amplification of the immune response, associated with a failure of negative
feedback mechanisms, which normally prevents hyperinflammation and overproduction of
inflammatory cytokines and soluble mediators.

Here, a focus on the pathophysiology associated with three different conditions leading to a CRS (CAR T-
cell therapy, COVID-19, and HLH) will be done. These three entities are, so far, the best studied and/or

topical.

Table 3: Different cytokine release syndrome, its cause, and pathologic drivers. From Fajgenbaum and June3.

Type of Cytokine Storm
and Trigger

latrogenic

CAR T-cell therapy
Blinatumomab

Pathogen-induced

Bacterial sepsis
EBV-associated HLH

HHV-8-associated MCD

Covid-19
Monogenic and autoim-

mune

Primary HLH

Secondary HLH, or MAS

Autoinflammatory dis-
orders

Idiopathic MCD

Cause

Infusion of CAR T cells

Infusion of CD19- and CD3-specific
T-cell receptor—engaging antibody

Hematogenous bacterial infection

EBV infection in patient with genetic
susceptibility

HHV-8 infection in patient with HIV
coinfection, genetic susceptibility,
or both

SARS-CoV-2 infection, potentially in a
susceptible person

Germline mutation in genes regulating
granule-mediated cytotoxicity

Viral cause (EBV or CMV), autoim-
mune disorder (rheumatoid arthri-
tis or adult-onset Still’s disease), or
neoplastic disorder in patient with
genetic susceptibility (lymphoma)

Germline mutations in genes regulat-
ing the innate immune system and
inflammasome activation

Unknown cause

Pathologic Cellular or Cytokine
Driver

Macrophages, CAR T cells, inter-
leukin-6, interleukin-18

Activated T cells, macrophages,
interleukin-6

Heterogeneous and multifacto-
rial drivers

Interferon-y, TNF, CD8+ T cells

Viral interleukin-6, interleukin-6

Unknown driver

CD8+ T cells, interferon-y

CD8+ T cells, interferon-y,
interleukin-13, myeloid-cell
autoinflammation

Innate cells, TNF, interleukin-18

Interleukin-6, activated T cells,
mTOR
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Figure 3: Mechanisms underpinning CRS induced by CAR T cells. CAR T cells are strongly activated via the recognition of the
target antigen by the CAR, leading to a massive production of TNF-a and IFN-y. Monocytes and macrophages are in turn
activated and release a large amount of TNF-a, IL-1, IL-6 and nitric oxide (NO). These cytokines activate endothelial cells
which then increase the production of IL-1, TNF-a and IL-6, amplifying the inflammatory cascade activation of the

coagulation cascade. Adapted from Morris et al.”®
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CRS is the most common toxicity observed after CAR T cell infusion, which has been reported to occur in
54% to 100%’° of patients, including severe CRS in 8.3% to 43%°. Immune effector cell-associated
neurotoxicity syndrome (ICANS) is the second main toxicity arising from CAR T cells and occur in 32% to
64% of patients®. Importantly, CRS and neurotoxicity is not restricted to CAR T cells targeting CD193184,

Both toxicities were documented with CAR T cell therapies targeting other hematological antigens, such

Epidemiology and risk factors of CRS

as molecule B cell maturation antigen (BCMA)®, CD20%% or CD228*.

CRS onsets often occur within hours or days following injection of the CAR T cells, and typically resolve
within 7-8 days, which is correlated with the proliferation of the cellular therapy®®®>. Neurotoxicity is

often delayed and developed 5-7 days after CAR-T cell infusion, that is, near the end or just proceeding

CRS onsets!®. Generally, the severity of neurotoxicity correlates with the severity of CRS.



Several factors can increase the risk to develop severe CRS, such as elevated disease burden?®2¢, type of
lymphodepletion prior CAR T cells infusion!®, high number of injected CAR T cell and composition of the
CAR construct®. Other patient-specific factors such as pre-existent state of inflammation (baseline
serum ferritin) and baseline endothelial activation (thrombocytopenia) appear to be predictive of higher
grade CRS®7:8,

Costimulatory signal domains (such as CD28 or 4-1BB) can significantly impact CAR-T cell proliferation
and expansion®, two characteristics that correlate with CRS and neurotoxicity severity. CARs with the
CD28 costimulatory domain induce a sharp proliferative response and vigorous activation of effector
functions whereas the 4-1BB costimulatory domain promotes longer persistence®. In two randomized
trials, the incidence of CRS was reported at 93% and 57% in patients treated with a CD28-containing CAR
and a 4-1BB-containing CAR T cells®>?, respectively. Similarly in two other clinical studies, 42% of
patients experienced severe neurotoxicity when treated with CD28-containing CAR%, whereas 30% of
patients treated with a 4-1BB-containing CAR T cells developed neurotoxicity®*1%. In addition, in the two
latter studies, patients treated with CD28- or 4-1BB-containing CAR that developed neurotoxicity, 72%
versus 29% experienced severe neurological disorders like seizures, respectively. Conversely, in a
preclinical study investigating CD44-CAR T cell for treating AML and multiple myeloma, aggravation of

severe toxicities was found in case of a 4-1BB design, rather than a CD28 design®®®.

2.1.2 Pathogenesis of CRS

Traditional concept

CAR T cell-induced CRS was traditionally viewed as a T cell-mediated syndrome, initiated by on target
effect. Basically, injected CAR T cells migrate to the bone marrow, lymph nodes and tissues where they
recognize their cognate antigen on the malignant cells and undergo a rapid activation, proliferation and

expansion®*9¢

. The result is a massive release of cytokines, including IFN-y and TNF-a, which
subsequently, activate bystander immune and non-immune cells, such as monocytes, macrophages,
dendritic cells, and endothelial cells, that become activated and release a significant amount of

cytokines (Figure 3).



Role of monocytes/macrophages

Recent studies suggest that activated macrophages and monocytes play a central role in CRS severity,
through production of IL-6, IL-1, and nitric oxide (NO)'*>1®, In the afore mentioned studies, macrophage
depletion, or selective modulation of macrophage activity with either CD40 ligand (CD40L) or inducible
nitric oxide synthases (iNOS) inhibitors or anakinra, an IL-1 receptor antagonist (IL-1RA), abrogated CRS
development. Consistently, in patients experiencing CRS, serum levels of cytokines characteristic of
activated macrophages and monocytes, including IL-10, IL-12, TNF-a, IL-6 IFN-a,, MCP-1 and MIP-1q, are
often among the highest®*9%°,

While macrophages are usually activated by T cells through CD40-CD40L binding, the requirement of the
CAR T cell-macrophage contacts for their activation in CRS remains unclear. Indeed, in a humanized
mouse model of CRS induced by CAR T cells, Giavridis and colleagues reported that CRS was more severe
when non-obese diabetic (NOD) severe combined immunodeficiency (SCID) gamma mice (also called
NSG mice) were infused with murine CD40L-expressing human CAR T cells'®®>, which reproduce the
CD40L-CDA40 interaction since hCD40L cannot directly interact with mCD40, On the other hand, in the
same study, the occurrence of CRS was still observed with ‘classic’ human CAR T cells, suggesting CAR T
cells could activate myeloid cells through a variety of other pathways, likely cytokines, other cell
contact—dependent pathways and Toll-like receptor stimulation'®. For instance, CAR T-produced GM-
CSF was shown to be able to stimulate and enhance the mobilization and proliferation of monocyte-
macrophage lineage!® (Figure 4). Catecholamines were also suggested as a possible macrophage
activator in CRS. Consistently, an elevated concentration of catecholamine is reported during CRS in a

103

pre-clinical study In addition, since macrophages can also secrete catecholamines, elevated

catecholamines interacting with macrophages induce a self-amplification loop in macrophages®,

ultimately enhance inflammatory injury during CRS (Figure 4).
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Figure 4: The role of macrophage in CRS. Once activated, CAR T cells produce GM-CSF to stimulate and enhance the
mobilization and proliferation of monocyte-macrophage lineage. Recruited macrophages turn to activation status likely
through the CD40-CD40L interaction with CAR T cells, and sensing of cytokines produced by CAR T cells. Activated
macrophage release in turn proinflammatory cytokines, and ultimately participate in the CRS. Adapted from Hao et a/.192

Role of endothelial cells

Endothelial cell (EC) activation and/or dysfunction appear to play a crucial role in the pathogenesis of
CRS®1% which is highlighted by elevated levels of Ang-2 and von Willebrand factor in the serum of
patients with CRS®%. Ang-1 and Ang-2 regulate blood vessel remodelling through their binding on Tie2
receptor expressed on endothelial cells. Under normal conditions, the serum concentration of Ang-1
exceeds that of Ang-2 and, therefore, preferentially binds the Tie-2 receptor, which favours endothelial
guiescence and vascular stability. In severe CRS, elevated amount of Ang-2 can then displace Ang-1 from
the receptor, leading to endothelial activation and may explain the vascular instability, capillary leakage,
and hypercoagulability?®1%, Moreover, studies performed from one patient who succumbed to CRS
revealed that endothelial cells seem to be an important source of IL-6 in severe CRS'%, suggesting that
the cells play a crucial role in the maintenance and exacerbation of CRS. Moreover, the pathogenic role
of endothelial cells is further evident since patients with pre-existing endothelial inflammation and/or

activation showed higher risk of developing higher grade of CRS and neurotoxicity®”8,



Activation of ECs, and the resulting vascular dysfunction, is closely correlated with the occurrence of
neurological disorders'® (Figure 5). A histological analysis documents that patient with ICANS have
increased levels of protein, CD4*, CD8* and CAR T cells in the cerebral spinal fluid (CSF), which indicates
blood brain barrier disruption®. Consistently, CAR T cells and host T cells are accumulated in the CSF and
brain parenchyma of rhesus macaque infused with CD20-CAR T cell and experiencing neurotoxicity®’.

Nonetheless, whether T cells are bystanders or active contributors to the development and
maintenance of neurotoxicity remains an unanswered question®. Autopsy studies after cases of fatal
neurotoxicity gave variable findings including infrequent non—CAR T cells in the brain parenchyma and

CSF, macrophage infiltration, microglial'® and endothelial activation®,
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Figure 5: Pathophysiology of immune effector cell-associated neurotoxicity syndrome (ICANS). The activation of CAR T cells
and bystander immune cells, such as macrophages, results in the production of inflammatory cytokines and chemokines,
such as IL-1B, IL-6, INF-y, TNF-a, CXCL8, CCL2, and GM-CSF. Those cytokines diffuse into the bloodstream and could favour
the disruption of the blood—brain barrier, leading to an accumulation of cytokines and CAR T cells in the central nervous
system and an activation of resident microglial cells. Adapted from Morris et al.7®

2.1.3 The key role of IL-6

Sources of IL-6

The key role of IL-6 in CRS was rapidly suggested since its serum concentration was consistently up-
regulated in patients with CRS and is often correlated with disease severity. Consistently, the US Food
and Drug Administration (FDA) approved the use of tocilizumab®, an anti-IL6R, for managing CRS
induced by CD19-CAR Ts cells.

IL-6 is secreted in response to stimulation, by several types of immune cells, such as T lymphocytes,
monocytes/macrophages, dendritic cells, and non-immune cells, such as endothelial cells, mesenchymal
cells, and fibroblasts!®. In the context of CRS, IL-6 appears to be predominantly produced by monocytes

macrophages and endothelial cells'%51%,



IL-6 signalling pathways

IL-6 is a pleiotropic cytokine and exerts its biological functions via two major pathways: “classical
signalling” and “trans-signalling” pathways (Figure 6A and B). In classical signalling, the signal
transduction is mediated by binding of IL-6 to the membrane IL-6 receptor (mIL-6R) which leads to
dimerization of the membrane protein gp130 (Figure 6A). In trans-signalling, IL-6 binds to a soluble form
of the IL-6R (sIL-6R), generated by either cleavage of mIL-6R or alternative IL-6R mRNA splicing. The
formed IL-6/sIL-6R soluble complex can then bind to gp130 on the cell surface!'*!!2 (Figure 6B). A third
IL-6 signalling pathway has recently been identified, termed IL-6 trans-presentation. This mechanism is
mediated by the binding of IL-6 to mIL-6R on a “transmitting cell,” which then presents the IL-6/IL-6R
complex to gp130 expressed at the membrane surface of another cells!*® (Figure 6C).

Under healthy conditions, serum IL-6 is almost undetectable: IL-6 binds either to mIL-6R and activates
the classical signalling, or to sIL-6R and the complex is inhibited by sgp130 which hampers trans-
signalling (Figure 6D). However, under inflammatory conditions, IL-6 concentration increases, together
with the serum sIL-6R concentration, whereas sgp130 level remains comparable, leading to the
activation of the IL-6 trans-signalling. IL-6R is expressed at the membrane surface of a restricted number
of cell-subtypes, including leukocytes, epithelial cells, and hepatocytes, whereas gp130 is ubiquitously
expressed. Therefore, IL-6 trans-signalling is potentially able to stimulate all cells of the body, including
osteoclasts, synoviocytes, endothelial cells, and neural cells 1'°. Concerning the IL-6 trans-presentation
pathway, it involves specialized dendritic cells (expressing the mlIL-6R), which have been shown to be

required for priming of pathogenic T helper 17 (Th17) cells®®.

A Classic signalling B Trans signalling C Trans-presentation D Inhibition of trans signalling
‘ sgp130
\’é Figure 6: IL-6 signalling
@ s ! pathways and

constitutive inhibition.
Adapted from Kang et
al. 13 and Lee et al.114
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IL-6 roles in the development of severe CRS features

During CRS, IL-6 plays an important role in the development of many clinical symptoms of CRS?. For
instance, during the acute phase of inflammation, IL-6 acts on hepatocytes in the liver, inducing the
expression of acute-phase proteins, such as CRP, serum amyloid A, both hallmarks of severe CRS!™.

High IL-6 levels may also participate to the activation of endothelial cells and the coagulation cascade,
which subsequently induce vascular leakage and DIC!%1Y7 (Figure 7), one of the severest CRS clinical
symptoms. Upon exposure to IL-6, endothelial integrity can be impaired due to both VE—cadherin
disassembly and increased C5a receptor expression on vascular endothelial cells (Figure 7), resulting in
vascular leakage.

Activation of the coagulation cascade can be also trigger by IL-6, which induces upregulation of tissue
factors from ECs'!® and on monocytes®. Tissue factors subsequently promote thrombin activation,
involved in the terminal steps of the coagulation cascade, and fibrin clot formation, favouring
thrombosis events (Figure 7). High level of D-dimer quantified in severe CRS mirrors the high amount
fibrin clot. Furthermore, IL-6 induces directly (via trans-signalling pathway) and indirectly (via induction
of tissue factors production) the production of cytokines from the immune cells and ECs, further fuelling

the CRS!2%12! (Figure 7).

While the primacy role of IL-6 in CRS appears obvious, a growing amount of evidence suggests that other
cytokines, such as IFN-y, TNF-a, IL-1 and GM-CSF may also play a central role in the pathophysiology of
the CRS.
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Figure 7: IL-6 roles in the development of CRS features. High level of IL-6 in the liver can promote the production of acute-
phase proteins in the liver, such as CRP, serum amyloid A, antitrypsin, hepcidin, fibrinogen, thrombopoietin, and
complement 3. IL-6 in blood circulation can also interact with endothelial cells, leading to vascular permeability and/or
production of proinflammatory cytokines. IL-6 can also trigger the expression of tissue factor on circulating monocytes,
resulting in an increase formation of fibrin clot. The thrombin released during this process can also induce the production of
proinflammatory by vascular endothelial cells. Adapted from Kang and Kishimoto.16

2.1.4 What about the other cytokines; IFN-y, IL-1, TNF-a and GM-CSF in the foreground

@ IFN-y
TNF-a

Proinflammatory
Cytokines Release IL-6, IL-8, IL-10, IL-2, IL-5,
IFN-y, TNF-a, MCP-1, GM-CSF

Figure 8: Cytokines involved in the CRS. The activation of T cells or CAR T cells induces the release of IFN-y and TNF-a, which
in turn activate other immune cells, subsequently amplifying the cytokines production. Adapted from Cosenza et al.””

In mouse models of CRS induced by another potent activation of T-cell, i.e. using anti-CD3 mAbs, a
detailed description of the kinetic of cytokine production in the first hours post injection reveals that

TNF-a and IFN-y peaked within 1-2 hours and preceded the increase of IL-6'%2. In the context of CAR T



cells, the recognition of the tumours antigens by the CAR likely induces the IFN-y and TNF-a production
by CAR T cells (Figure 8). Both pro-inflammatory cytokines in turn activate other immune cells, such as
macrophages®®, which produce in turn excessive quantities of cytokines®®!23, including IL-1, IL-6, TNF-q,
and IL-10, further intensifying the CRS (Figure 8). Moreover, similarly to IL-6, TNF-a and IL-1, can activate
endothelial cells®>!?* leading to release of procoagulant particles by ECs and production of tissue factors
by ECs® and monocytes!?® (Figure 9). Furthermore, IL-6 and TNF-a may engage in autocrine signalling
121,126,127

with STAT-3 and NFkB, respectively, resulting in self-amplifying and self-sustaining inflammation

ultimately resulting in a cytokine storm (Figure 8).
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Figure 9: Role of cytokines in endothelial cell dysfunctions and resulting disorders. (a) Endothelial cells can be stimulated
by pro-inflammatory cytokines to secrete pro-coagulant factors such as Weibel-Palade (W-P) body, reorganize its
cytoskeletons to expose the highly coagulant collagen, and downregulate the expression of anticoagulant protein, such as
the endothelial protein C receptors (EPCR) and ADAMTS-13. (c) Pro-inflammatory cytokines, such as IL-1, IL-6, and TNF-a can
triggered the expression of tissue factor by endothelial cells and circulating monocytes. Adapted from Wang and Doran.>>

The importance of IL-1 as a central cytokine in the CRS was recently suggested in studies recapitulating
the CRS features induced by CAR T cells’®%, |L-1 was shown to increase earlier than IL-6 and its
blockade abrogated the CRS. Most importantly, mice treated with anakinra, an IL-1RA, did not develop
neurotoxicity, whereas IL-6 blockade failed to do so. Like the cellular mechanisms, the molecular
mechanism underpinning the neurotoxicity is poorly understood, mainly because CRS and neurotoxicity
is often present simultaneously, making it difficult to identify the neurotoxicity-specific cytokines®. So
far, patients with severe ICANS (and also severe CRS) were found to have elevated concentrations of
MCP-1, CXCL10 (an IFN-y inducible chemokine), IL-6, IL-8, GFAP (a marker of astroglial cell injury*?®), and
S100b (a marker of astrocyte activation'?®), in the CSF, suggesting CNS-specific production by activated

myeloid, astrocyte, and/or endothelial cells’®%.



Overall, other cytokines were also found to be elevated during the course of CRS, including IL-2, IL-8, IL-
5, MCP-1, and GM-CSF, implicated in the disease manifestation (Figure 8).

Among the afore-mentioned cytokines, GM-CSF is a potent activator of myeloid cells promoting their
maturation, which in turn produce cytokines and chemokines, such as IL-1, IL-6, TNF-a, CCL2 (MCP-1), IL-
8 and CCL17%9%13%, GM-CSF can also recruit immature myeloid cells from the circulation and aid in their
terminal differentiation. In addition, GM-CSF can induce dendritic cells to prime the adaptive immune
response. In mouse models of CRS induced by CAR T cells, the blockade of GM-CSF resulted in a
significant reduction of cytokine levels, such as IL-6, MCP-1, IL-8a IL-2, and IL-1RA, without impacting the

level of key T-cell-cytokines IFN-y and TNF-q!311%2

. Moreover, microglia, brain macrophages, and
astrocytes express high levels of GM-CSF receptor'®3, Therefore, GM-CSF may be involved in the
neurotoxicity associated with CAR T cell therapy, which is supported by the decreased brain
inflammation, observed by brain MRIs, in xenograft mouse model of CRS induced by CAR T cells and

treated with an anti-GM-CSF*3?.

2.2 THE CYTOKINE STORM OF COVID-19

2.2.1 Immunopathological abnormalities
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Figure 10: Immunopathological manifestations of severe COVID-19. Adapted from Yang et al.13*

Exaggerated cytokine levels

While patients with COVID-19 showed elevated levels IL-1, IL-4, IL-7, IL-8, IL-9, G-CSF, MCP-1, GM-CSF,
and IFN-y in comparison to healthy controls, the particular high concentrations of slL-2Ra, IL-6, IL-10,
CXCL8 and TNF-a allowed to distinguish severe cases, that require intensive care and ventilation for

oxygen support, from non-severe cases*13>13¢,



Leukocytes trafficking to the lung

Patients with severe COVID-19 commonly presented drastic lymphopenia, including depletion of CD4* T
cells, CD8* T cells, B cells, and natural killer cells*®13+137.138 (Figyre 10). In addition, expression makers of
lymphocyte exhaustion, such as programmed cell death protein 1 (PD-1), natural killer cell receptor
NKG2A, and T cell immunoglobulin mucin 3 (TIM-3) were significantly up-regulated in the peripheral
blood of COVID-19 patients compared to healthy subjects*®. The occurrence of lymphopenia can be
explained by several mechanisms. 1) severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infects cells via angiotensin-converting enzyme 2 (ACE2) receptor expressed at the membrane surface.
Since T cells expressed ACE2'%, the straight infection of T cells by SARS-CoV-2 may lead to cell death 34,
2) ACE2 is broadly expressed on secondary lymphoid tissues, such as spleen and lymph nodes. Virus
infection can cause damage on such tissues, which is supported by the observations of splenic atrophy
and lymph node necrosis '*!. 3) Cytokine-mediated depletion and exhaustion of T cells can also occur. 4)
T cells can also accumulate in the airways and the lung parenchyma in response to combinations of

distinct trafficking signals expressed by airway and alveolar blood vessel endothelial cells.

Other markers of the COVID-19 severity is neutrophilia (Figure 10), the resulting elevated neutrophil:
lymphocyte ratio in blood, and has been proposed as a predictive marker of mortality'*%. As part of the
first line of innate immune response, neutrophils have a protective role in infections through
phagocytosis, reactive oxygen species (ROS) generation, degranulation, neutrophil extracellular traps
(NET) formation and cytokine/ chemokine production'®®. However, the overactivation of neutrophils
and, particularly, NETs release was shown to activate the coagulation pathways and hence favour DIC**
145 (Figure 11b). Nevertheless, it is still poorly understood how the virus promotes neutrophil
recruitment in COVID-19. Among all the up-regulated cytokines, the level of G-CSF, a major promotor of
neutrophil development, and CXCL8 (IL-8), a potent attractant chemokine of neutrophils, were
consistently elevated in COVID-19 patients and may promote neutrophil mobilization from the bone
marrow to the inflamed lung*®. Overall, neutrophils likely transit in the blood to accumulate in the lung,
which is supported by the increased level of neutrophils observed in the bronchoalveolar lavage fluid
(BALF) of COVID-19 patients. Activated neutrophils, in their quest to fight lung infection, can promote
damage of the surrounding cells and tissues!¥. Particularly, NETosis, the process that aims at stopping

148

the viral dissemination by capturing it thanks to the released NETs**°, can aggravate damage to the

pulmonary endothelia and epithelia, and induce acute lung injury (ALl) and in its more severe form



ARDS', as it was also demonstrated in CRS induced by severe influenza®®. In addition, neutrophils can

produce a large amount of CCL2, a potent monocyte attractant, and further amplify the inflammation®..

Consistently, circulating blood monocytes are also abnormally elevated in CRS (Figure 10). In human,
circulating monocytes can be classified according to their CD14 or CD16 expression: classical CD14*
(more than 80%), intermediate CD14*CD16* (about 15%) and non-classical CD16* (less than 5%)
monocyte subsets'>2, The latter, also termed ‘patrolling monocytes’, maintain vascular homeostasis by
crawling along endothelial cells to detect signs of injury'®. In contrast, classic monocytes are recruited
from the bone marrow to inflamed tissue where they can differentiate into monocyte-derived DCs or
macrophages and initiate an inflammatory response®. In COVID-19 patients with severe CRS
symptoms®> (i.e. developing ARDS), classic monocytes were significantly increased, whereas non-
classical and intermediate monocytes were reduced (Figure 10). As neutrophils, an increased number of
inflammatory monocytes likely transit in the blood to infiltrate the inflamed lung, through a chemotactic
gradient. In severe influenza infection, it was shown that the mobilisation of the monocytes from the
bone marrow is mediated by the CCR2/CCL2%%®%, which was also reported in patients with severe COVID-
1983, Analysis of BALF and circulating monocyte—macrophages from a patient with a severe form of
COVID-19 revealed a phenotypic shift of monocytes from CD16* to CD14*, when moving from the blood
to the BALF™>>17 |n addition, activation markers on BALF macrophages®>”**8, such as CD64 and HLA-DR,
were highly expressed, as well as pro-inflammatory cytokines and chemokines characteristic of activated
macrophages'®® . Therefore, monocytes-macrophages are recruited into inflamed tissue to clear viral
infection. However, similarly to over-activated neutrophils, they can also contribute to pulmonary
damage by secreting elevated levels of inducible nitric oxide synthase, TNF, IL-6**4, which is supported
by clinical observations reported that systemic levels of IL-6 also appear to be directly correlated with

the severity of COVID-19.

Vascular dysfunction

Another complication of COVID-19 is the excessive coagulation, which often degenerates in DIC in the
most severe form. Analysis from the original outbreak in Wuhan reported that around 70% of people
who died following SARS-CoV-2 infection had all symptoms of DIC, whereas only in 1% of survivors **°,
Similarly with coagulation dysfunction observed in CRS induced by CAR T cells, activated leukocytes,
including monocytes and neutrophils, can damage capillary endothelium and disrupt the

thromboprotective state of endothelial cells (Figure 11b), resulting in the development of DIC.



Endothelial cells likely take part in the development of the disorder since severe COVID-19 is also
associated with systemic endotheliopathy, which is characterised by a severely damaged permeable

160 Moreover, while ECs can be activated by

vascular endothelial barrier and activated endothelial cells
cytokines, such as IL-6, IL-1, TNF-a>® (Figure 9), SARS-CoV-2 virus was shown to infect them (Figure 11a)

and induce vascular damage both in in vitro and in vivo studies, resulting in an increase ECs
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Figure 11: Activation of endothelial cells, neutrophils and blood monocytes in SARS-CoV-2 infection induces coagulation
dysfunction. A. SARS-CoV-2 infects endothelial cells through its binding to ACE2, inducing a downregulation of the receptor. The
decreased level of ACE2 dysregulates the renin—angiotensin—aldosterone system (RAAS), characterised by a reduction of
angiotensin | and Il cleavage, resulting in elevated vasoconstriction and increased vascular permeability. B. Infected endothelial
cells, and endothelial cells activated by the increased level of proinflammatory cytokines, upregulate the expression of adhesion
molecules, such as ICAM1 or P-selectin, and of monocyte and neutrophil chemo attractants, such as CCL2 and CXCL1. Recruited
monocyte neutrophils released tissue factor-rich micro-vesicles and neutrophil extracellular traps, respectively, which activate
the coagulation pathway, leading to massive fibrin deposition and blood clotting. In addition, both neutrophils and monocytes
express the integrin macrophage 1 antigen, promoting their binding to the damaged endothelial cells, activated platelets and
deposited fibrin. Adapted from Alon et al.163

2.2.2 Role of cytokines

The bronchial and alveolar epithelial cells are the first targets for SARS-CoV-2 infection. Consequently,
stressed or infected epithelial cells release a large variety of inflammatory mediators, thereby attracting
and activating multiple cell types critical for viral clearance, including B cells, T cells, natural killer cells,
macrophages, dendritic cells and monocytes. During infections with SARS-CoV-2, a failure to rapidly
clear the infections is thought to be the cause of the cytokine release syndrome, resulting in lung injury
and virus spread to other organs!®®!%4 The subsequent immune response is exaggerated to compensate

for the target clearance failure'®>%, This concept is supported by in vitro and in vivo experiments that



reported a profound impairment in type | and Ill IFNs responses'®’, including IFN a/ B, after the infection
by coronavirus, also confirmed in COVID-19 patients who showed a low level of IFN activity and

downregulation of IFN stimulated genes!®®.

In those pre-clinical and clinical studies, an excessive
secretion of pro-inflammatory cytokines from monocytes / macrophages, such as TNF-a, IL-1 and IL-6,
was then observed in later stages.

IL-6 is considered as one of the key pathogenic cytokines in the CRS induced by COVID-19 since its level
in serum rapidly appeared to be a reliable indicator of disease severity and predictive for patients who
will require ICU support!®®17017L172 Simjlarly to CRS induced by CAR T cells, IL-6 is thought to play a
critical in role endothelial cell activation, as well as take part to a self-amplification loop increasing the
inflammation process. Along with IL-6, IFN-y was also considered as a reliable indicator of COVID-19
patient deterioration and requiring ICU admission. IFN-y is thought to be directly produced by CD4* T
and activated CD8* T cells®*. IFN-y, together with IL-6, is also produced by CD16*CD14* monocytes which
are recruited into the pulmonary environment through the CD4* T cell-production of GM-CSF. Another
cytokine also associated with poor prognosis is TNF-a, which remains elevated throughout the
infection'®13, Moreover, while blocking IL-6 has had mixed results clinically, a recent mouse model
showed that TNF-a and IFN-y drive the cytokine storm and cell death associated with COVID-19. It was
demonstrated that TNF-a and IFN-y synergize to induce inflammatory cell death and that only the
inhibition of both cytokines protected against lethal SARS-CoV-2 infection and other models of CRS such
as sepsis or HLH4,

Interestingly, IL-10 was also highly up-regulated in severe COVID-19 patients in the second week
following the CRS symptom-onset. IL-10, a potent anti-inflammatory cytokine, is likely released as a
feedback response to the increased levels of IFN-y and IL-6, and is a biomarker of immune failure in the

context of COVID-19 infection!3>16°,



2.3 THE CYTOKINE STORM OF HEMOPHAGOCYTIC LYMPHOHISTIOCYTOSIS

2.3.1 Etiology and immune abnormalities associated with HLH

HLH is a life-threatening, hyperinflammatory disorder, associated to a cytokine release syndrome. It is
traditionally divided into a primary or familial form (pHLH or FHLH), and a secondary or acquired form
(sHLH) (Table 3)*>'7>, pHLH is typically induced by genetic impairment of the cytotoxic function of both
natural killer (NK) and cytotoxic T cells (CTL)Y">%®. While secondary HLH was classically considered to
have no genetic background, evidence is currently accumulating for the presence of mutations in the
same genes that are altered in the pHLHY>'7, Therefore, sHLH is more and more determined as a
combination of a genetic predisposition, with an underlying chronic inflammatory state (such as in
rheumatic diseases), and/or a triggering infection (such as Epstein-Barr virus and cytomegalovirus).
Described as sHLH, macrophage activation syndrome (MAS) is a complication seen at times after
rheumatic diseases, the most common being children with systemic juvenile idiopathic arthritis (SJIA)
and in its adult form, Still's disease!’®. Similarly to pHLH, defects in NK cells and CD8 T cell cytolytic
function likely contribute to the development of the CRS associated with sHLH,

Distinguishing pHLH from sHLH is difficult since most of the immune abnormalities are common to both
syndromes!”. Overall, HLH is characterised by elevated levels of IFN-y, IL-1B, IL-6, IL-18, TNF-q, sIL-2Ra,
CXCL9, CXCL10 and CXCL11®, A massive expansion of IFN-y-secreting CD8* T cells and an increased NK

181 Moreover, extensive expansion of CD163* macrophages

cells activity is also common in HLH patients
was reported in the bone marrow of a patient with MAS28, The CD163 expression identifies
macrophages (both M1 pro- and M2 anti-inflammatory macrophages) undergoing differentiation to
enhance their phagocytic activity’®. More generally, hemophagocytosis, which corresponds to the
phagocytosis of RBCs, WBCs, and platelets, in the bone marrow or other tissues such as lymph nodes,

liver, or spleen, is one of the clinicopathologic criteria associated to HLH®,

2.3.2 Pathogenesis of HLH

HLH comprises a heterogenous spectrum of disease which is induced by different triggers, but resulting
in the same upstream events: CD8" T-cell hyperstimulation. In the case of pHLH, the initiation event is
typically an infectious trigger. The inability of CD8* T cells and NK cells to lyse the infected cells likely
increased viral load and prolonged antigen stimulation®. The consequence is heightened antigen
presentation by antigen presented cells (APC), such as dendritic cells (DC), that continues to activate
CTLs and prolong the sustained pro-inflammatory cytokine release!®’'®, Moreover, inadequate

downregulation of immune activation is more and more considered as another key mechanism of HLH.



Indeed, CTLs display immunoregulation functions, which mainly rely on the perforin-dependent killing of
infected APCs. The defect in the ability of CTLs to kill infected APCs results in continuous antigen
presentation and stimulation, enhancing the activation and proliferation of CTLs'*%°1, Similarly, NK cells
also display immunoregulatory by limiting hyperactivation of CTL and tissue infiltration by activated
macrophages®®? (Figure 12).

The upregulation of CD8" T cell and NK activity is characterised by the excessive release of TNF-a and
IFN-y, which mediates secondary activation of macrophages and other cell types!®®. The failure to down-
regulate activated macrophages further increases their activation and results in chronic macrophage
activation, development of haematophagocytosis, and sustained cytokine release'!. An autocrine
engagement between the activated CTLs and macrophages reinforces a positive feedback loop,

ultimately resulting in an often-lethal cytokine storm*®17%191 (Figure 12).

Infected cell

Figure 12: Pathophysiology of HLH. Impairment in the
cytotoxic function of CD8* T cells and NK cells results in
persistent interaction between the activated DCs, and the
cytolytic T cells and NK cells. The activated T cells produce
increasing amounts of IFN-y that mediates activation of
macrophages (Md@) and other cell types which in turn
secrete multiple cytokines. TLR = Toll-like receptor.
Adapted from Brisse et al.191
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2.3.3 Role of individual cytokines
Several cytokines, including IFN-y, TNF-a, IL-6, IL-10 and IL-18, are consistently elevated in HLH patients

and in several animal models!

. IFN-y appears to be the essential cytokine for the disease
development!’®19 Indeed, IFN-y levels, as well as the IFN-y-inducible chemokines CXCL9, CXCL10 levels,
rise early and quickly in patients with HLH and correlate with the laboratory feature abnormalities
characteristic of HLH, including ferritin, alanine transferase levels, neutrophil and platelet counts. The
recent FDA approval for the use of emapalumab, an anti-IFN-y mAb, for primary forms of HLH (pHLH) is
clinical validation of its role in CRS*%,

Several murine models of pHLH and sHLH/MAS reported the high levels of IL-6 and hypothesised that it
can play a pathogenic role in HLH®Y, Consistently, IL-6 levels in patient are often elevated and correlate
with disease activity?®. In addition, tocilizumab, an anti-IL-6 receptor antibody, was successfully
administered to a patient who developed MAS. Therefore, IL-6 also appears to be a crucial player in the
pathogenesis of CRS induced by HLH, although its precise role is not well studied?®?,

TNF-a should be, theoretically, a critical actor in the HLH development. Indeed, TNF-a is commonly
produced by monocytes/macrophages and CD8* T cells, which are strongly activated and undergone

massive expansion in HLH, respectively®®'9,

Nonetheless, although elevated, TNF-a levels are only
slightly higher in MAS compared to those reported in children with active SJIA without severe
complications, for instance?. In addition, anti-TNF-o agents, such as etanercept, infliximab or
adalimumab in different HLH patients, have shown variable success®!9!, Thus, the role of TNF-a in
HLH/MAS remains unclear.

Patients with HLH demonstrated elevated levels of IL-18. The increase in IL-18 levels is accompanied by a
decrease in the IL-18 binding protein (IL-18BP), a natural inhibitor of the cytokine, resulting in a high
level of biologically active free 1L-18%%182191 Moreover, IL-18 was shown to promote IFN-y production by

NK cells and T cells and TNF-a secretion by macrophage!”. Therefore, its key role in the development of

HLH is more and more suggested.



3 CURRENT CRS TREATMENT

Severe CRS requires prompt and aggressive treatment that counteract the immune response to avoid
life-threatening outcomes. The efficacy of neutralizing specific cytokines, as well as more general

immunosuppressive strategies, was proven or are under investigation (Table 4 and Figure 13).

Table 4: Principal therapeutic options for the treatment of CRS. Abbreviation: IFN: interferon; IL: interleukin; TNF: tumour
necrosis factor; GM-CSF: granulocytes/macrophage colony stimulating factor; JAK: Janus kinase; RA: rheumatoid arthritis; HLH:
hemophagocytic lymphohistiocytosis MAS: macrophage activation syndrome; *: US FDA approved. Adapted from Kim et al. 206

Targeted Drugs or intervention Approved indications* and off-label indications
IL-1 Anakinra, Canakinumab RA*, MAS/HLH, COVID-19
IL-6 Tocilizumab, Sarilumab, Siltuximab ~ RA*, CAR T CRS*, COVID-19, BiTE
RA*, MAS, Dengue, influenza, SARS-CoV-1,
TNF-a Etanercept
CoVID-19
IFN-y Emapalumab Primary HLH*, COVID-19

GM-CSF Lenzilumab, Otilimab, Mavrilimumab CAR T CRS, COVID-19
JAK Baricitinib, Ruxolitinib RA*, COVID-19, CAR T CRS

Various viral respiratory diseases and
hemorrhagic fevers, CAR T, BiTE

Non-selective Steroids

3.1  TARGETING SPECIFIC CYTOKINES

31.1 IL-6 and IL-6R inhibitors

IL-6 has emerged as a critical cytokine in the progression of CRS. Biological drugs against IL-6 can target
the cytokine (clazakizumab, olokizumab, sirukumab and siltuximab), its receptor (tocilizumab and
sarilumab) or the sIL-6R and hence specifically inhibit the IL-6 trans-signalling (olamkicept).

Tocilizumab, an anti-IL-6R mAb, was approved in 2017 for the management of CAR T cell-induced CRS by
both US FDA and European Medicines Agency (EMA). Althought tocilizumab is currently the standard
treatment to control the CRS induced by the CAR T cell therapy, its use is not recommended for the
highest forms of CRS (grade =4) and more intense treatments, such as corticosteroid and mechanical
ventilation, is recommended to prevent death?®. In addition, tocilizumab has been relatively poor at
controlling neurotoxicity associated with CD19-CAR T cell therapy. Indeed, similarly to most of

monoclonal antibodies, tocilizumab does not cross the BBB and therefore could not reduce the



inflammation in the CNS. Moreover, a transient increase of serum IL-6 levels was seen in patients
administrated CAR T cells and treated with tocilizumab, likely due to the competitive inhibition IL-6 by
the mAb, and may explain the persistence of neurological symptoms, which are even sometimes
exacerbated. Therefore, the use of siltuximab, an antibody that directly blocks circulating IL-6, was
proposed as an alternative to tocilizumab and could avoid the potential IL-6 increase as observed after
IL-6R blockade. However, the evidence for its benefit in ICANS management remains anecdotal and
formal studies are needed to test its benefit on both CRS and ICANS36:4875.201,

Tocilizumab was also used for the management of blinatumomab-induced CRS, even though its use is
more considered as an option if no improvement is noted after drug cessation and treatment with
steroids. Indeed, the common treatment strategies for controlling the blinatumomab-induced toxicity
rely on using corticosteroids or/and temporary discontinuing the infusions of the BiTE, which is always
administered as several-day continuous infusion®®,

Tocilizumab’s ability to manage CAR-T cell-induced CRS, prompted many groups across the world to
investigate the clinical benefit at blocking IL-6 signalling in severe COVID-19 patients. Although some
studies reported a clear benefit in patients treated with tocilizumab, leading to FDA approval of this
therapy in patients with COVID-19'%, majority of the clinical trials were underpowered and small-sized.
Therefore, the utility of blocking IL-6 signalling in COVID-19 is, to date, still disputed?**174217,
Nevertheless, most of the studies (testing either anti-IL-6R or anti-IL-6 mAbs) have shown promise in
reducing significantly mechanical ventilation requirement, risk of ICU admission, and mortality of COVID-
19 patients®®, Elevated IL-6 levels are also seen in Ebola virus-induced CRS and may thus also warrant
studies aimed at blocking this pathway. Indeed, a mouse model of Ebola disease was used to

demonstrate the beneficial effect of IL-6 blockade?®*.

IL-6 trans-signalling has been shown to be a key pathway in chronic inflammation and cancer
development?#215, Specific blockade of IL-6 trans-signalling is possible using Olamkicept, a molecule
resulting from the fusion of sgp130 with the human-IgG1 Fc portion (sgp130-Fc). Olamkicept binds to
the IL-6/sIL-6R complex and preventing further binding to membrane gp130%Y. While efficacy of trans-
signalling blockade was shown in acute inflammatory diseases, such as rheumatoid arthritis, sepsis and
malaria, this therapeutic strategy has never been testing in the context of CRS but could be another

promising option to control CRS induced by pathogens and drug therapy?!621°,



3.1.2 IL-1 inhibitors

IL-1 is one of the major pro-inflammatory cytokines described to recruit immune cells and to induce
down-stream cytokine production?®. Elevated IL-1 level is commonly observed in most CRS settings.
Anakinra, a highly effective IL-1 receptor antagonist, is used off label for the treatment of sHLH/MAS in
children and adults?**??2, and was shown to resolved clinical symptoms and normalized laboratory

223 3nd even mortality rate’!. Both anakinra and canakinumab, a

features within days post administration
mAb neutralising IL-1B, reduced the systemic inflammatory response and improved the cardiac and
respiratory function of COVID-19 patients, although no improvement in morbidity and mortality has
been reported so fari%224226 Therefore, further random controlled trials are required to conclude on the
benefit of anakinra and canakinumab in COVID-19. Nevertheless, anakinra has the advantage of having a
short half-life (4 to 6 hours, vs 8 to 14 days for tocilizumab for example). In the context of acute
inflammatory response like CRS, this offers the possibility of daily administration of the drug thus
allowing better management of patient??’. In addition in the context of CRS induced by infection, such as
COVID-19, since IL-1 is also a key cytokine for viral clearance, the necessity of daily infuse anakinra
should allow to find a good balance between attenuate the inflammatory cascade and limit the risks of
pathogen proliferation and/or superinfections??’.

As for the potential in managing CRS induced by CAR T cells, two murine models demonstrated that IL-1

blockade by anakinra prevented both CRS and/or ICANS'*!%, To this end, clinical trials investigating

early and/or prophylactic use of anakinra in the context of CAR-T induced CRS are ongoing??.

3.1.3 GM-CSF inhibitors

Elevated GM-CSF was shown in many settings of CRS, in particular, consequent to coronavirus®®,
haemorrhagic fevers? and CAR T cell-induced toxicity*"132, In xenograft mouse models, GM-CSF
neutralization prevented CAR-T cell induced CRS and neuroinflammation, without impairing CAR-T cell
anti-tumour efficacy’®l. Along these lines, in the ZUMA-19 phase 1b study, it was reported that
lenzilumab (anti-GM-CSF mAb) positively impacted the outcome of patients developing severe CRS or
neurotoxicity post CAR T cells injection (unpublished data)®°. Due to the potentially promising effects of
GM-CSF blockade in the context of CAR T cell-mediated CRS, several clinical trials are ongoing manage
CRS induced by COVID-19. Lenzilumab appeared to improve the oxygenation in severely ill patient, as
well as reduce the CRP and IL-6 levels®2, Therefore, lenzilumab received FDA approval for emergency

Investigational New Drug (IND) in severe COVID-19 cases that progress to respiratory failure3%232,



Surprisingly, a completely opposite approach to the above is under evaluation for reducing CRS in
COVID-19 patients. Using sargramostim, a synthetic form GM-CSF. The rational of this approach is based
on positive impact of sargramostim in ARDS?**%“, |n response to viral insults, alveolar epithelial cells
produce GM-CSF which activates alveolar macrophages to promote clearance of respiratory pathogens.
In addition, GM-CSF has beneficial roles, including maintaining the alveolar capillary barrier integrity and
enhancing repair of injured lung tissue®%?¥’, Pre-treatment with intranasally administered GM-CSF
protected mice from lethal influenza-induced lung injury. Therefore, early role of GM-CSF may be
protective as it helps limit virus-related injury?*. For this reason, sargramostim is being tested in
patients with COVID-19-related acute respiratory failure, and shown promising results at restoring the
oxygen uptake function of the lung, while at the same time effectiveness to fight the virus?>23, Of
course, careful monitoring will be needed with sargramostim use in the COVID-19 setting, as it could
favour neutrophil and monocyte/macrophage maturation and thus exacerbate the SARS-CoV-2-induced

hyperinflammatory response.

3.1.4 I[FN-y inhibitors

IFN-y is considered as a major effector cytokine in many examples of CRS?°1’4 The recent FDA approval
for the use of emapalumab, an anti-IFN-y mAb, for primary forms of HLH (pHLH) is clinical validation of
its role in CRS?*%. Results of a study, leading in part to the FDA approval, showed a 63% overall response
rate, defined as normalization or at least 50% improvement from baseline of fever, splenomegaly,
cytopenias, hyperferritinemia, fibrogen or D-Dimer levels and CNS abnormalities, with no sustained
worsening of sCD25 serum levels?*°, As follow-on studies, emapalumab is also being further evaluated in
MAS associated to systemic juvenile idiopathic arthritis (sJIA)?*°. According to preliminary data,
emapalumab treatment results in rapid deactivation of T cells, as indicated by the decrease in sIL-2R
levels, and a progressive improvement of clinical and laboratory features, including D-dimer, LDH,
ferritin and platelet levels?*!, Additionally, IFN-y blockade via emapalumab is being tested in COVID-19
patients for patients refractory to other treatment interventions, such as tocilizumab, and JAK
inhibitors?*%243,

In the setting of CAR T cell therapy or T cell engagers, an elevated T-cell derived IFN-y signature has been
associated to macrophage activation, leading to secretion of many pro-inflammatory cytokines?%,
Although inhibition of IFN-y may mitigate toxicity, it may also impair the anti-tumoral efficacy of the

immunotherapy. Nonetheless, since inhibiting IFN-y may reduce the early recruitment and activation of



other factors involved in the CRS, this strategy might be a viable option in severe cases that are

refractory to other treatment interventions for example.

3.1.5 TNF-a inhibitors

TNF-a is consistently elevated in patients with acute viral diseases, including influenza®%, dengue®??,
Ebola®®% and corona virus**>1144193.1%4 545 well as in patients experiencing toxicities following T cell-
engaging therapies®?®%¢, TNF-a has an important role in the initiation of the inflammatory cascade,
activating T cells, macrophages, monocytes and other cells of the immune system. TNF-a is believed to
act upstream to IL-6 and IL-1, and hence, anti-TNF-a strategies may be a promising way to manage
various types of CRS. The effectiveness of etanercept, a recombinant soluble TNF receptor, was
demonstrated in several clinical case reports in patient suffering from MAS disease and unresponsive to
mainstay therapy (corticosteroids and cyclosporin A)2*2%, In these cases, etanercept was reported to
resolve the fever and significantly improve laboratory features, such as CRP, ferritin, and triglycerides
levels, within days. In addition, patients remained asymptomatic following the recovery426,

Moreover, management of viral infections were improved following TNF-a blockade, including SARS-
CoV-1, respiratory syncytial virus, dengue, and influenza®?¥’. The potential benefit of targeting TNF-a in

274, In this study,

patients with COVID-19 was also supported in a mouse model of SARS-CoV-
researchers demonstrated that the unique combination of neutralizing antibodies to TNF-a and IFN-y
increases survival from up to 50%. Observational human data has shown a possible benefit of anti-TNF-a
therapy in patients with COVID-19 but randomized controlled trials (RCTs) are needed to confirm this
benefit*’.

In the context of CAR T cell-induced CRS, etanercept as monotherapy permitted the recovery of three
patients with relapsed/refractory multiple myeloma who developed CRS after CAR T cell therapy®°. The
benefit at blocking TNF-a in CRS induced by therapies is also supported by pre-clinical experiments.
Indeed, in a mouse model of mammary tumours, prophylactic use of anti-TNF-a therapy prevented CRS
without compromising antitumour efficacy of the CD3 and HER2 bispecific antibodies therapy®!. In
xenograft model of CRS induced by CAR T cells!®, IL-6 production by myeloid cells and CRS-associated

mortality were significantly reduced by TNF blockade, although it could also impair the antitumour

activity of CAR T cells depending on the CAR construct’®,



3.2  OTHER THERAPIES

3.2.1 Steroids

Steroids, such as methylprednisolone or dexamethasone, are frequently used to reduce inflammatory
responses. In the setting of CRS associated to HLH/MAS, high doses of dexamethasone, in combination
with the cytotoxic drug etoposide, are often utilised as a first line treatment for patients®253-25,
Although steroids are standardly used in clinical practice and are considerably more affordable than
biologics, they do not target specific cytokines but rather provide broad immunosuppression, which can
compromise the effective resolution of the infection or cancer.

Corticosteroids following T-cell engaging therapy is used as second line treatment of CRS, in particular
for patients refractory to IL-6 targeted therapies or patients with severe neurotoxicity?®’. Indeed, the
well-known negative impact of steroids on antitumour and proliferative efficacy of T cells remains a
concern in the management of CRS. Indeed, while some studies reported that steroids do not dampen T
cell activation and or response rates in cancer, many studies also report the opposite’” However,
corticosteroids, such as dexamethasone and prednisone, are more reliable for treatment of CRS-induced
neurological disorders due to their ability to permeate the CNS and help resolve oedema and
swelling3®34,

In the context of infectious diseases, the use of steroids is controversial?®®. The main drawbacks are the

206255 and secondary bacterial infections®®. In the severe cases of

risk of prolonged viral shedding
influenza, corticosteroids are considered as empirical drugs, despite the lack of definitive conclusion on
their effects and risks. In other severe infections, including dengue, Ebola, SARS-CoV-1, or MERS-CoV
infections, the use of steroids failed to improve outcomes®”%>°. Surprisingly, several corticosteroids,
especially methylprednisolone and dexamethasone, have demonstrated remarkable efficacy for
reducing COVID-19 severity, particularly for patients needing mechanical ventilation?!3, While results
from the RECOVERY trial revealed that dexamethasone reduced 28-day mortality in severe COVID-19%%,
several studies observed delay in COVID-19 clearance with corticosteroid therapy, suggesting an
increased viral replication?!. To compensate the potential decrease of viral clearance and to avoid the
risk of secondary bacterial infections, simultaneous administration of anti-viral agents and/or broad-
spectrum antibiotics are essential?®*. For instance, in influenza infection, association of steroid with
oseltamivir antibiotic improved outcomes of severe cases of CRS without compromising viral clearance.

Nonetheless, since there is no proven effective anti-viral agent for Covid-19, this additional back-up anti-

viral strategy cannot be implemented?®.



3.2.2 JAK inhibitors

Janus kinases (JAK) are involved in many cytokine signalling pathways such as IL-6 and IFN-y10123,
Therefore, its inhibition and consequent neutralization of cytokine activity, may be highly effective at
controlling CRS. Along these lines, studies have reported the effectiveness of JAK-inhibition for patients
refractory to IL-6 blockade or steroids in CAR T cell-induced CRS?%7-210,

JAK inhibition in COVID-19, and more broadly in infectious diseases, appears to offer promising
responses. Several small trials noted a faster clinical improvement in COVID-19 patients treated with
ruxolitinib or baricitinib, although the results lacked statistical significance?!?2, The benefit of JAK
inhibitors in infectious disease-induced CRS was also recently demonstrated in mouse model of

arenavirus haemorrhagic fever?!*, Conversely, in a recent large clinical trial study, ruxolitinib failed at

reducing the number of hospitalized COVID-19 patients with severe complications®.

3.2.3 Blood purification treatments

Blood purification treatments consist of extracorporeal removal of excessive inflammatory factors and
therefore may help maintain haemostasis. It is not a novel concept and has already shown promise
results in sepsis and septic shock?®%2%3, While blood purification is not a standard therapy for CRS in HLH
or CAR T-cell therapy, it has been successfully applied in both scenarios?®>%¢ and is currently used in

clinic in COVID-19 patients®>2%,

A wide variety of therapeutical approaches, targeting various aspects of the immune system, are
currently investigated to manage CRS (Table 4 and Figure 13). Overall, the main challenge for the
development of a therapies against CRS is the risk of compromising the control of the infections or
interfering with the efficacy of immunotherapeutic approaches in cancer and even promoting the
appearance of a secondary infections.

Moreover, future research should focus on identifying drugs that can be used in all cytokine storm-
induced disorders. Advances in precision diagnostics should help establish biomarker signatures and

thus select the right drugs for the right patients, regardless of the underlying disease.
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Figure 13: Different treatment strategies to manage the cytokine release syndrome. Once activated through recognition of
an antigen cytokine stimulation and/or genetic deficiency, T cells, dendritic cells, monocytes and macrophages induce an acute
phase response through pro-inflammatory cytokines such as IFN-y, IL-6, IL-1, and TNF-a. Corticosteroids and/or novel cytokine
blockades should inhibit immune responses and prevent cytokine storm. Adapted from Kim et a/.2%¢
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4 MURINE MODELS OF CRS

41  MURINE MODELS FOR HUMAN INFECTIOUS DISEASES

Immunocompetent mice are very sensitive to certain influenza strains, such as the 1918 H1N1 and the
2009 H1IN1 pandemic strains, and have been extensively used for studying T-cell responses against these
viruses?*®?’°, However, these mice are not naturally susceptible to many other strains of influenza, and
more commonly, to most human pathogens which exhibit a unique human tropism. This includes Zika
and Ebola haemorrhagic fever viruses, dengue, coronaviruses, malaria. Therefore, surrogate pathogens
need to be developed, but often differ significantly from highly restricted human counterparts?’:. For
example, mice are only semi-permissive to SARS-CoV-1 and -2 because murine ACE2, the cellular surface
protein used by virus to enter cells, does not effectively bind the virus in comparison to human
ACE2%272, To circumvent this issue, one approach consisted of modifying SARS-CoV to gain more
effective binding to mouse ACE2. Nonetheless, although mice were more sensitive for infection, they

develop only very mild disease?’?.

Progress in genetic engineering allow the development of transgenic mice, in whom specific genes are
silenced or expressed, which represents a powerful tool for investigating human infectious diseases?’*.
For instance, transgenic mice that express human ACE2 and infected with SARS-CoV-2 develop typical
interstitial pneumonia and pathology resembling COVID-19 patients and, therefore, may be useful for
pathogenesis studies?’>?’3, For respiratory infections, it is also possible to increase sensitivity of the
respiratory tract of mice through transduction with adenovirus virus that expresses human viral target.
Instead of having permanent genetic modifications, a transient and localised expression of the human
protein occurs. Sensitising the respiratory tract has the advantage to be easily and rapidly implemented
in different mouse strains and for various pathogens, as it relies on intranasal injection of the adenovirus
and of the pathogens few days after?”*?7>278 This system was first used in the context of MERS?’®, and
successfully applied to SARS-Cov-2?73. Adenoviral vectors expressing the human receptor dipeptidyl
peptidase 4 or ACE2 were injected in the respiratory tract of mice to favour sensitivity to MERS or SARS-

273,275

CoV-2, respectively In both models, sensitised mice developed clinical signs of disease,

characterized by weight loss, as well as histopathological changes that are consistent with viral

pneumonia observed in humans?’3278,



‘Humanized’ mouse models also represent tools of choice for studying plethora of human infections,
such as Ebola, Dengue virus, yellow fever virus, and malaria?’#?’%?”7_ For generating humanized mice,
immunodeficient mice are engrafted with peripheral blood mononuclear cells (PBMCs), or human

hematopoietic stem cells (HSCs), to reconstitute a human immune system?’4,

However, a major
limitation of this type of model is that pathogens only infect cells derived from human PBMCs or HSCs
due to their unique human tropism, whereas most pathogens usually target other human cell types,
including epithelial, endothelial and mesenchymal cells. More complex models, such as mice engrafted
with human hepatocytes (HuHep), bone marrow-liver-thymus (BLT) humanised mice and BLT-Lung mice
can overcome this limitation and allow the study of hepatotropic viruses and respiratory viruses in

models which better reflect clinical situation?’”?’8 (Figure 14).
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Figure 14: Humanized mice to study human-tropic pathogens. Various human cell types have been transplanted into
immunodeficient mice to study diverse pathogens and diseases. Human immune system (HIS) mice are engrafted with
hematopoietic stem cells. Bone marrow—-liver—thymic (BLT) mice are engrafted with hematopoietic stem cells, fetal liver and
fetal thymus from the same donor. HUHEP mice are engrafted with human liver cells to study hepatotropic viruses and,
when combined with human erythrocytes, the replication cycle of the malaria parasite. BLT-L mice engrafted with lung cells,
with or without autologous immune cells, to study respiratory viruses. Adapted from Spits et al.278




4.2  MURINE MODELS OF CAR-T CELL THERAPY-INDUCED CRS

Preclinical evaluation of CAR T cell therapy has, for the most part, been performed with xenograft
models®28 |n those models, immunocompromised mice are transplanted with human tumour cells.
Xenograft models have allowed to dissect the impacts of different costimulatory domain inserted in the
CAR, CD28 and 4-1BB co-stimulatory domains being the most studied?®®24287 While these models were
useful at demonstrating the efficacy of T cell-engaging therapy to eradicate human malignancies, they

often failed at reproducing severe CRS and neurotoxicity?%>-28°,

To date, only two studies have described models reproducing the toxicities induced by CD19-CAR T cells
in humans *>1°®, One model, described by Giavridis et al.'®®, relied on immunodeficient SCID-beige
mouse intraperitoneally engrafted with human Burkitt lymphoma Raji cells. Injection of human CD19-
CAR T cells induced a severe CRS 2-3 days after infusion, characterised by reduced activity, general
presentation of malaise, piloerection, weight loss and elevated serum cytokines concentration of human
origin, including IL-2, IL-6, IFN-y, and GM-CSF. Authors also identified macrophages as key producers of
IL-6, IL-1 and inducible nitric oxide synthase (iNOS). In this model, anakinra treatment inhibited CRS-
related mortality and reduced iNOS expression levels, without compromising antitumour activity®>.

In the second study, Norelli et al. first developed a xenotolerant humanised mouse model to avoid
xenogeneic graft-versus-host disease (X-GVHD)¥® which often occurred in humanised mouse
model?®82%3, Since X-GVHD symptoms are similar to symptoms of CRS, distinguishing the two toxicities is
critical. To do so, newborn NSG mice triple transgenic for human stem cell factor, GM-CSF and IL-3
(nSGM3) were transplanted with human hematopoietic stem and progenitor cells (HSPCs). Human T
cells purified from the human transplanted newborn SGM3 (nHuSGM3) mice and transferred in
secondary recipients persisted up to 200 days without causing X-GVHD, whereas in ‘classical’ humanised
mouse models, X-GVHD often occurs a couple of weeks following human T cells transferred. Therefore,
nHuSGM3-derived T cells were transduced ex vivo to express the CAR and then injected into secondary
HuSGM3 recipients bearing patient-derived acute lymphoblastic leukaemia (ALL) cells. CAR T cell-
injected mice developed a systemic inflammatory syndrome, characterized by weight loss, high fever
and increased serum levels of pro-inflammatory cytokines, such as IL-6 and TNF-a. In addition, a sudden
(24-hours duration) neurological disorder, characterized by generalized paralysis and seizures, was also
documented. In this model, the severity of CRS and neurotoxicity was associated with increased number

of circulating monocytes, also identified as the main producers of IL-1 and IL-6. Finally, whereas blocking



of either IL-1 or IL-6 prevented CRS without affecting CAR T cell efficacy, only anakinra protected against

the subsequent development of lethal neurotoxicity®.

While both previously described mouse model nicely recapitulated majority of human CRS features,
some limitations can be highlighted. In the Giavridis et al. model, neurotoxicity was not reproduced®®.
In addition, SCID-Beige mouse, characterized by defective B, T and NK cells and competent myeloid cells,
were injected with human CAR T cells. Due to the lack of cross-reactivity of certain cytokines between
human and murine receptors, interactions between transferred human CAR T cells and the murine cells,

such as myeloid cells or endothelial cells, are impaired. In the Norelli et al. study*®

, authors reported
that mouse IL-6 did not appear to play a substantial role in their model and acknowledged this was likely
due cytokine dysregulation inherited from the NOD background, as also reported by others®®
Moreover, although immunodeficient mice were engrafted with human stem cells and reconstituted an
immune system, there are still defects in the myeloid compartment?*. Therefore, as mentioned above,
all the interactions between transferred CAR T cells and the patients are not reproduced in these
models.

Overall, syngeneic mouse models remain the single type of model with fully functional immune system
and in which all biological processes and crosstalk are present. While CRS is a systemic disease, likely
resulting of the interplay between the CAR T cells and immune and non-immune/bystander cells,
immunocompetent syngeneic mouse models should be the most powerful tool to reflect the human
clinical situation. However, there is a lack of adequate methodologies for efficient transduction and

expansion of murine T cell in vitro**

, resulting in shorter persistence and higher susceptibility to
activation-induced cell death in comparison to the human CAR T cells when injected into mice?%2%,
Therefore, only few syngeneic mouse models of CAR T cells have been described thus far. One of them
reported the occurrence of two distinct toxicities over time in BALB/c mice receiving CD19-CAR T cells
containing the full-length CD28 protein (extracellular, transmembrane, and intracellular parts). The first
toxicity occurred within days following CAR T cells infusion and could correlate with a mild CRS observed
in patients, the second toxicity happened later, > 30 days after infusion, and was rarely observed in
patients. In this study, when using CAR with a truncated extracellular domain of CD28 (corresponding to
CAR construct used in clinical trials), only chronic toxicity was observed in mice, which do not reflect CRS
observed in patients 2°. Moreover, in this study, no evidence of acute and chronic toxicities was
apparent when C57BL/6 or C3H mice were used as recipient. Consistently, another pre-clinical study

296

using C3H mice reported no toxicity after murine CD19-CAR T cells*®, suggesting a mouse-strain



dependent induction of toxicity. This discrepancy has been also described in the context of cytokine
release induced by anti-CD3 mAb. Amongst NZW, CBA/J, C3H/HeJ and BALB/c mouse strains, the latter
were the most affected by the anti-CD3 injection, showing higher level of Thl cytokines (IFN-y and TNF-

a), stronger hypothermia and hypomotility?’.

Awareness of the importance and usefulness of syngeneic models has encouraged the development of
additional immunocompetent mouse models. Recently, an efficient and reproducible protocol for the
development of potent murine CAR T cell was reported, although the study focuses more on the
importance of syngeneic mouse model in the field of solid tumours than understanding the induced
toxicity?*L.

Similarly, bispecific T cell engagers are mainly investigated in xenograft and humanized mouse models,

which poorly recapitulate features of CRS. The same challenges exist when studying toxicities related to

T cell engagers, thus the development of surrogate approaches is often required?>2%,

There is no one perfect model to evaluate toxicities induced by the above-mentioned therapeutic
modalities or by an infectious trigger. All models discussed (i.e., syngeneic, transgenic, or humanised)
have brought novel insights on CRS physiopathology, and on efficacy and safety of novel therapeutic
approaches. For instance, syngeneic mouse models have been invaluable for the study of how certain
strains of influenza virus lead to hyper-inflammatory states. In the setting of CRS induced by CAR T cells,
xenograft mouse models have been successfully used to assess the efficacy of the therapy but failed to
reproduce the toxicity. The critical role of monocytes and macrophages in CAR-T cell induced CRS was
demonstrated using humanized mouse models. Appreciating the limitations of each model will help

investigators chose the appropriate system to address the appropriate questions.



5 AIM OF THE STUDY

CRS is an acute inflammatory syndrome caused by the activation of immune cells and release of
proinflammatory cytokines. Starting as a fever, it can rapidly progress to hypotension, hypoxia, multiple-
organ dysfunction, and death. CRS is observed in a wide variety of settings; it is associated to severe
form of infectious diseases as well as to the side effects of immunotherapies. Understanding of the CRS
pathophysiology has greatly progressed since the advent of CAR T cell therapy and consequent to
infectious diseases such as the ongoing COVID-19 pandemic. The pro-inflammatory cytokines involved in
the CRS is now well described and often include IFN-y, IL-6, IL-1 and TNF-a. An accumulation of evidence
also incriminates monocytes and macrophages as key drivers of the life-threatening syndrome.
Therapeutic approaches relying on neutralisation of a specific cytokines have been successful at
managing some near fatal cases of CRS. For instance, tocilizumab, an anti-IL-6R, and emapalumab, an
anti-IFN-y, has been approved by the FDA for the treatment of CRS associated with CAR T cells and HLH,
respectively. However, these treatments are not effective in all cases, suggesting there are other
cytokines/mechanisms at play.

The lack of animal models that faithfully recapitulate the toxicities is a major hindrance to the
understanding of the CRS and the development of safe therapeutic approach. Preclinical evaluation of
CRS has been performed using immunodeficient xenograft or humanised models, for the most part.
While these models have offered insights, the limitation is that they are not evaluating disease
progression in the context of a fully competent immune system. Therefore, the mechanisms underlying
the CRS are still poorly understood, which hampers the development of effective treatment targeting

the right mediator(s).

Two models of CRS have been developed herein. The first relies on potent in vivo T cell activation
mediated by an anti-CD3& mAb. A second model was developed to investigate CAR T cell-induced CRS in
mice transplanted with A20 B cell lymphoma cells. The model systems were dissected to further
understand the hierarchy and orchestration of the cytokine release leading to disease and highlight
immune cells that may have key role in the initiation and propagation of the exaggerated immune
response.

An important aspect of the project was to address whether blockade of proinflammatory cytokines,
single or in combination, impacted clinical and laboratory features of CRS. Distinguishing between

protective versus pathologic role of cytokines is critical for development of novel treatments. Indeed,



the CAR T cell-model of CRS investigated the contribution of the cytokines to CAR-T cell efficacy and to

the development of CRS.
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CHAPTER Il: ANTI-CD3 MOUSE MODEL OF CRS

Muromonab-CD3 (trade name Orthoclone OKT3) is a murine 1gG2a mAb recognizing CD3 on human T
cells. OKT3 was the first murine mAb available for therapy in humans in the context of solid-organ
transplantation and was approved by the US FDA in 1986. However, clinical development was halted
due to considerable side effects. Indeed, OKT3 is a potent mitogen, promoting T-cell proliferation and
cytokine secretion, triggering a wide spectrum of side effects that include fever, chills nausea, vomiting
and headaches, and life-threatening symptoms like hypotension, respiratory distress, and neurotoxicity,
summarized as ‘flu-like,” ‘cytokine-release’ or ‘first-dose’ syndrome?®. It wasn’t until 1990 that
Chatenoud and colleagues first demonstrated that mice administered the hamster anti-mouse CD3 mAb
(clone 145-2C11) developed CRS including piloerection, diarrhoea, hypothermia, hypomotility3®. The
CRS correlated with high transient release of pro-inflammatory cytokines (i.e., TNF-a, IL-6, IFN-y, IL-2), as
observed in human patients infused with OKT3. Several strategies to manage the CRS were investigated,
including anti-TNF-a, anti-IFN-y or high doses of corticosteroids?¥*3°13%, None of the afore-mentioned
efficiently reversed the toxicity induced by the anti-CD3 in mice. We took advantage of this model to
further dissect the molecular and cellular events leading to CRS and to investigate the potential benefit

of simultaneously neutralizing key cytokines.

1 MATERIEL AND METHODS

1.1 Mice

All animal procedures were performed in accordance with the Swiss Veterinary Office guidelines and
authorized by the Cantonal Veterinary Office. Studies were conducted in 6- to 8-week-old male
BALB/cByJ, mice obtained from Charles River Laboratories (Saint-Germain-Nuelles, France). The animals
were reared under conventional conditions temperature-controlled room (25 + 2°C) under a 12 hours

light/dark cycle.

1.2 Antibodies used for in vivo studies

The anti-CD3¢e (hamster 1gG, clone 145-2C11) mAb and the anti-IL2 (Rat 1gG2a, clone JES6-1A12) were
obtained from BioXCell (Lebanon, NH, USA). The Armenian hamster IgG isotype control (clone HTK888)
was obtained from BioLegend® (CA, USA). To induce CRS, mice were injected intravenously (i.v.) with the

indicated dose of anti-CD3 mAb. Mice were weighed and then euthanized by CO; inhalation at different



time points. Spleen weight were recorded and samples of spleen and lung tissue were stored in RNA

later (Sigma-Aldrich, Saint-Louis, MO) for gene expression analysis.

1.3 Measurement of cytokines and chemokines in plasma
The plasma concentrations of cytokines and chemokines were measured using MILLIPLEX MAP multiplex
immunodetection kits (Merck Millipore, Burlington, MA, USA) and analysed on the Luminex® 200TM

immunoassay analyser (Luminex®, TX, USA), according to manufacturer’s instructions.

1.4 Gene expression

Spleen and lung RNA isolated using RNeasy mini-Kit (Qiagen, Hilden, Germany) was reverse transcribed
using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems®, Foster City, CAL, USA).
Quantitative PCR (gPCR) was performed using SYBR® Green Master Mix (Applied Biosystems®) on the
7900HT Fast Real-Time PCR System from Applied Biosystems®. The AACt method was used to calculate
the relative gene expression levels (RQ) with B-actin gene as housekeeping gene. The primer sequences

are listed Table 5.

Table 5: Primer sequences for qPCR analysis.

Sequence primers (5’-3’)

Forward Reverse

B-actin AGCCTTCCTTCTTGGGTATGG CAACGTCACACTTCATGATGGAAT
CXCL1 CATGCAGGCAGCACTCAGA ATCCATGGTGGCACACAGACT
CXCL9 AGCCTTCCTTCTTGGGTATGG AGGTCTTTGAGGGATTTGTAGTGG
CXCL10 GACGGTCCGCTGCAACTG GCTTCCCTATGGCCCTCATT

IFN-y CAACAGCAAGGCGAAAAAGG CCTGTGGGTTGTTGACCTCAA

IL-2 AACTGTTGTAAAACTAAAGGGCTCTGA CACCACAGTTGCTGACTCATCA
IL-6 TCGGAGGCTTAATTACACATGTTC TGCCATTGCACAACTCTTTTCT
IL-10 TTTGAATTCCCTGGGTGAGAA GCTCCACTGCCTTGCTCTTATT

TNF-a GCCACCACGCTCTTCTGTCT GGTCTGGGCCATAGAACTGATG




2 RESULTS

2.1 HIGH DOSES OF ANTI-CD3 INDUCED SEVERE AND LONG-LASTING CLINICAL
FEATURES OF CRS

The first objective was to confirm that the i.v. injection of the anti-CD3 induced clinical signs of CRS.
Mice were i.v. administrated single doses of anti-CD3 mAb ranging from 1-25 pg. Almost all anti-CD3
doses induced clinical features of CRS within the first hours post injection, including piloerection,
prostration (hypomotility) and diarrhoea (data not shown) (Table 6). At the highest 25ug dose, the CRS
was acute and severe, mice failed to recover from the single dose and continued to loss body weight
(Figure 16A and Table 6). At lower doses (5, 10 or 15 ug), the syndrome was reversible, with a faster
recovery for the lowest dose (Table 6 and Figure 16A). Interestingly, mice at all doses developed

splenomegaly equivalently (Figure 16B).

Table 6: Clinical features after anti-CD3 injection. Mice were injected with 1, 5, 10, 15 or 25 pg of anti-CD3. Data
representative of N=2 independent experiments with n=5 mice per time point.

aCD3 Prostration Piloerection
hpi lpyg 5Spg 10ug 15upug 25pg | lug 5ug 10 pg 15 pg 25 ug
2h 0% 20% 30% 30% 50% no no low low low
6h 0% 50% 50% 60% 70% no low low low medium
24h 0% 100% 100% 100% 100% | no  medium high high high
48h 0% 30% 60% 60% 90% no low medium  medium high
72h 0% 5% 10% 10% 90% no no low low high

A B
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3 ?& ~ 25yg 8 27
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Figure 16: High dose of anti-CD3 induced prolonged body weight loss. Mice were injected i.v. with the indicated dose of
anti-CD3 mAb. Body (A) and spleen (B) weight follow-up. Data representative of N=2 experiments with n=5 mice per time
point. Data are indicated as mean % SD.




2.2 DOSE RESPONSE OF CYTOKINE RELEASE INDUCED BY ANTI-CD3.

As previously reported?*>3% and confirmed here, anti-CD3 injection to mice resulted in a high transient
release of pro-inflammatory cytokines, including TNF-a, IL-6, IFN-y, IL-2 (Figure 17A-top). Accordingly,
CXCL9 and CXCL10, biomarkers of IFN-y, were also up-regulated. CXCL1, a strong mediator of
neutrophilia and IL-10, often described as an anti-inflammatory cytokine were also rapidly released
following anti-CD3 injection (Figure 17A-bottom). Surprisingly, the dose of anti-CD3 did not correlate
with cytokine levels in plasma. Indeed, whatever the dose, the cytokine release kinetics was similar
peaking either 2 or 6 hours post injection and returning to basal level at 24 or 48 hours. Of note, the
highest anti-CD3 dose (25 pg) resulted in a second plasma TNF-a peak 48 hours post-injection (Figure
17A-top), confirming a previous study by Bemelmans et al.3%* As cytokine levels in plasma most certainly
reflect what is being produced in tissues and organs, de novo messenger RNA (mRNA) was quantified by
gPCR in the spleen and the lung. As expected, anti-CD3 injection resulted mRNA synthesis of
inflammatory mediators in both studied organs (Figure 17B and C). As observed for plasma cytokine
guantification, the anti-CD3 dose had minimal differentiating impact on the early mRNA level response
in tissues. Nonetheless, at 48 hours, mice administrated the highest anti-CD3 dose developed a second
wave of mRNA synthesis, including Ifn-y, Cxcl9, Cxcl10, II-2, Tnf-a and to a lesser extent, /I-6 in the
spleen, as well as Tnf-a and /l-6 in the lung (Figure 17B and C).

Taken together, the clinical and laboratory features induced at the 25 ug dose resulted in a lethal form
of CRS, characterised by a prolonged cytokine release in two waves. Lower doses (ie, 5, 10 and 15 pg) of
anti-CD3 resulted in similar clinical outcomes in mice. The 5 pug and 25 ug doses of anti-CD3-were

selected to study further as a reflection of a mild and more severe CRS.
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Figure 17: High dose of anti-CD3 induced two waves of cytokine release. Mice were injected i.v. with the indicated dose of
anti-CD3 mAb. (A) Plasma concentration of cytokines and chemokines was quantified using a multiplex assay using Luminex.
Quantification of tissue-derived cytokine and chemokine mRNA levels evaluated by qPCR in (B) the spleen and (C) the lung. n=4-
5 mice per time point from a single experiment. Data are indicated as mean + SEM.



2.3 IMMUNOLOGICAL ANALYSIS OF THE MURINE ANTI-CD3-INDUCED CYTOKINE
RELEASE SYNDROME MODEL AND THERAPEUTIC EFFICACY OF ANTI-CYTOKINE
ANTIBODIES

Note: The following research work led to a publication in European Journal of Immunology early this year. |

conducted all the in vitro and in vivo experiments, and prepared the figures and the core text for the manuscript.

In the aim to develop an in vivo model of CRS, an agonistic anti-CD3 monoclonal antibody was
administered to mice to induce an acute and polyclonal T cell activation. The severity of CRS was shown
to depend on the anti-CD3 dose, closely replicating clinical and laboratory features of CRS seen in
human conditions. A detailed analysis of how organs respond in the context of a CRS is described in
detail offering new insights to how CRS may differ in humans depending on the intensity of the trigger.
Moreover, the study investigated the impact of an anti-cytokine antibody cocktail on managing the CRS.
A transient efficacy at decreasing critical CRS parameters is seen when using an anti-cytokine therapy. It
mirrors that only drastic dexamethasone option works to some extent in severe indications such as
COVID-19. Hence, this model is useful for further deciphering the CRS and acting sufficiently early to

reduce mortality.
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The aberrant release of inflammatory mediators often referred to as a cytokine storm or
cytokine release syndrome (CRS), is a common and sometimes fatal complication in acute
infectious diseases including Ebola, dengue, COVID-19, and influenza. Fatal CRS occur-
rences have also plagued the development of highly promising cancer therapies based
on T-cell engagers and chimeric antigen receptor (CAR) T cells. CRS is intimately linked
with dysregulated and excessive cytokine release, including IFN-y, TNF-¢, IL 1, IL-6, and
IL-10, resulting in a systemic inflammatory response leading to multiple organ failure.
Here, we show that mice intravenously administered the agonistic hamster anti-mouse
CD3e monoclonal antibody 145-2C11 develop clinical and laboratory manifestations seen
in patients afflicted with CRS, including body weight loss, hepatosplenomegaly, throm-
bocytopenia, increased vascular permeability, lung inflammation, and hypercytokinemia.
Blood cytokine levels and gene expression analysis from lung, liver, and spleen demon-
strated a hierarchy of inflammatory cytokine production and infiltrating immune cells
with differentiating organ-dependent kinetics. IL-2, IFN-y, TNF-¢, and IL-6 up-regulation
preceded clinical signs of CRS. The co-treatment of mice with a neutralizing anti-cytokine
antibody cocktail transiently improved early clinical and laboratory features of CRS. We
discuss the predictive use of this model in the context of new anti-cytokine strategies to
treat human CRS.

Keywords: Anti-CD3 - Anti-cytokine therapy - Cytokine release syndrome - Inflammatory
cytokines - T-cell activation in vivo

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

The 21st century has ushered in spectacular progress in the field
of immunotherapy for cancer. T-cell engagers, immune checkpoint
inhibitors, and chimeric antigen receptor (CAR) T cells repre-
sent a new era of remarkable therapeutic options extending life

Correspondence: Walter G. Ferlin
e-mail: walter.ferlin@lightchainbio.com

© 2021 Wiley-VCH GmbH

for cancer patients [1-3]. The pharmacology of these therapies,
however, has at times led to severe cytokine release syndrome
(CRS) and neurotoxicity [4]. Bach and colleagues first described
a CRS following the administration of an agonistic anti-cluster
differentiation 3 (CD3) mAb, OKT3, in patients undergoing renal
transplantation [5], when excess TNF-a and IFN-y was pro-
duced following the first injection of OKT3. This cytokine release,
albeit transient, was characterized by high fever, headaches, and
gastrointestinal symptoms. The syndrome’s underlying “cytokine
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storm,” the unrestrained release of proinflammatory mediators in
response to a trigger, has also been seen across multiple infec-
tious diseases including dengue [6,7], Lassa fever [8], Ebola [9],
influenza [10,11], SARS, and in the recent COVID-19 outbreak
[12,13]. Indeed, COVID-19-associated mortality is also charac-
terized by excessive production of proinflammatory cytokines,
thrombosis, and acute lung damage [13-17]. The CRS observed
in all the above is often characterized by features seen in patients
afflicted with hemophagocytic lymphohistiocytosis (HLH) and
macrophage activation syndrome [18]. The recent approval for
the use of mAbs blocking IFN-y for primary forms of HLH [19]
and IL-6 signaling in COVID-19 patients and following CAR T-cell
treatments [20] is a clinical validation of cytokine storms causing
CRS.

The cytokine storm induced in six healthy subjects in a 2006
Phase I clinical trial following administration of the CD28 super-
agonist antibody TGN1412 was the first demonstration of near-
fatal consequences subsequent to excessive T-cell activation [21].
Within 90 min after a single i.v. dose of TGN1412, all six volun-
teers had a systemic inflammatory response characterized by the
rapid induction of proinflammatory cytokines (especially IFN-y
and TNF-a), accompanied by other clinical manifestations of CRS,
including nausea, diarrhea, erythema, vasodilatation, hypoten-
sion, and multiorgan failure [22].

In this study, we evaluated the role of proinflammatory
cytokines up-regulated in an anti-CD3 mouse model of CRS lead-
ing to systemic inflammation and mortality. Mice administered the
agonist anti-CD3e antibody (herein called anti-CD3) developed
an acute CRS characterized by weight loss, hepatosplenomegaly,
leucopenia, and hemotoxicity. A single i.v. administration of
anti-CD3 led to a rapid up-regulation of inflammatory mediators
associated with T cell and macrophage activation. In particular,
a sharp increase of TNF-a, IL-2, IL-6, and IFN-y preceded the
development of CRS features. We describe a hierarchical organ-
dependent cytokine induction and production kinetics in the lung,
the liver, and the spleen, driving the mobilization of a plethora of
activated immune cells. CRS severity was particularly correlated
with a prolonged neutrophil and macrophage infiltration in the
lung. Coadministration of a neutralizing anti-cytokine antibody
cocktail, targeting TNF-a, IL-2, IL-6, and IFN-y, reduced early
features of CRS, including body weight loss, prostration, piloerec-
tion, and hemotoxicity, as well as lung inflammation. However,
the protection afforded by the anti-cytokine cocktail was not

Eur. J. Immunol. 2021. 0: 1-12

extended beyond 24 h after administration. These data suggest
that early monitoring of blood biomarkers in CRS-susceptible
patients may help identify risk profiles and those who might bene-
fit from a multispecific neutralizing antibody-based treatment, an
approach that may be applicable to a plethora of infectious and
inflammatory diseases driven by a T-cell-mediated cytokine storm.

Results

Clinical and laboratory features of CRS resulting from
CD3 agonism in mice

T-cell activation after in vivo administration of anti-CD3 to
mice, results in increased cytokine secretion and extramedullary
hematopoiesis in the spleen, was described over 30 years ago by
Bluestone and colleagues [23]. We reproduced this model to dis-
sect and comprehensively describe the clinical and laboratory fea-
tures of CRS induced by CD3 agonism.

Within 2 h post anti-CD3 injection (2 hpi), the first symptoms,
including piloerection and prostration, were observed in 20% of
mice. At 6 hpi, 50% of the mice exhibited signs of clinical illness
reaching a peak at 24 hpi with animals presenting also significant
body weight loss and splenomegaly (Table 1 and Fig. 1A and B).
Acute leucopenia (Fig. 1C), evidenced by a marked lymphopenia
(Fig. 1D), was observed within 30 min after anti-CD3 injection
lasting up to 24 hpi. The transient recovery in leucocyte count
between 4 and 8 hpi was surprisingly correlated with an acute and
transient neutrophilia (Fig. 1E). Monocyte count also increased
at 6 hpi and remained above baseline levels for at least 48 hpi
(Fig. 1F). A short-lived decrease in platelet numbers (Fig. 1G)
with a concurrent increase in RBC counts occurred within the first
hours post anti-CD3 injection, with an unexpected RBC drop 24
hpi with return to baseline levels (Fig. 1H). At the 5 pug anti-CD3
dose tested here, mice started to recover 48 hpi.

CD3 agonism leads to systemic hypercytokinemia
with organ-specific cytokine production kinetics

Here, we describe a model of CRS caused by the activation of T
cells leading to hypercytokinemia within the first hours follow-
ing anti-CD3 injection. Th1 cytokines IFN-y and IL-2 were rapidly

Table 1. Anti-CD3-injected mice present clinical features of CRS and anti-cytokine antibody cocktail alleviated early signs

Hours post anti-CD3 injection (hpi)

0.5 1 2 6 24 48 72

Anti-CD3 + PBS Piloerection No Low Low Medium High Medium Low
Prostration (% of mice) 0% 0% 20% 50% 100% 30% 0%

Anti-CD3 + anti-cytokines  Piloerection No No No No High Medium Low
Prostration (% of mice) 0% 0% 0% 0% 90% 30% 0%

Mice were injected with 5 g of anti-CD3 plus PBS or plus an anti-cytokine cocktail. Data representative of N = 3 independent experiments with

n =5 mice per time point per experiment.

© 2021 Wiley-VCH GmbH
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Figure 1. Clinical and laboratory features of CRS resulting from CD3 agonism in mice. Mice were injected i.v. with 5 ug of anti-CD3 or with 5 ug of
isotype control. Body (A) and spleen (B) weight follow-up. Blood parameters including leucocyte (C), lymphocyte (D), neutrophil (E), monocyte (F),
platelet (G), and RBC (H) counts. n = 4-15 mice per time point from N = 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001
were obtained using the unpaired t-test. Values are displayed as mean + SEM.

(i.e. 0.5 hpi) up-regulated in the blood to 40- and 10-fold levels
above isotype control-injected mice (Table 2 and Fig. 2A and B),
respectively. Cytokines often associated with macrophage activa-
tion syndrome, TNF-a and IL-6, were also rapidly up-regulated,
with the former reaching a 75-fold peak at 1 hpi (Table 2 and

© 2021 Wiley-VCH GmbH

Fig. 2C and D). These four cytokines were significantly up-
regulated before the appearance of clinical symptoms (Table 1).
The peak levels of IL-2 and IL-6 were observed at 2 hpi, with a
1200-fold (3500 pg/mL) and 300-fold (7500 pg/mL) increases,
respectively and decreasing at 6 hpi (Table 2 and Fig. 2B and C).
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In contrast, IFN-y persisted at peak levels of 2000 pg/mL 6 hpi, a
2600-fold increase above baseline (Table 2 and Fig. 2A). Accord-
ingly, IFN-y-induced proteins CXCL9 and CXCL10 were also up-
regulated, peaking at 6 and 2 hpi, respectively (Table 2 and Fig. 2F
and G). Often described as anti-inflammatory, IL-10 was observed
to be rapidly up-regulated within 1 hpi and peaked at 6 hpi, with
a 80-fold increase above control (baseline) levels (Table 2 and
Fig. 2E). Unexpectedly, only moderate increases in IL-1p (two fold
increase) and IL-12p40 (18-fold increase) were observed at 1 and
2 hpi, respectively (Table 2). Inflammatory mediators frequently
associated with macrophage activation and neutrophilia, includ-
ing peaks of GM-CSF (1 hpi, 23-fold increase), CCL4/MIP-1§ (2
hpi, 17-fold increase), and CXCL1 (2 hpi, 34-fold increase), were
differentially up-regulated (Table 2 and Fig. 2H to J). The hyper-
cytokinemia was accompanied by de novo mRNA synthesis in the
spleen, the liver, and the lung (Fig. 2K-S). Interestingly, an organ-
specific inflammatory gene signature was observed. The liver was
the site where an increased gene expression profile was observed
for Ifn-y (Fig. 2K) and related Cxcl9 and Cxcl10 genes (Fig. 2P and
Q), as well as Tnf-a (Fig. 2N), Cxcl1 (Fig. 2R) and IL-6-induced
protein Saa (Fig. 28), but interestingly not 1I-6 (Fig. 2E). Indeed,
the latter was instead significantly up-regulated in the spleen
and in the lung following anti-CD3 administration (Fig. 2M).
The spleen was the main site where II-2 gene up-regulation was
observed (Fig. 2L), whereas Il-10 was significantly up-regulated
in the lung (Fig. 20) as well as, albeit earlier, Cxcl9, Cxcl10, II-6,
Saa, and I1-2 (Fig. 2L, M, B Q, and S).

Mobilization of inflammatory cells after CD3
activation in vivo

The organ-specific cytokine signature, the drop in circulating lym-
phocyte count, and the increase in neutrophil and monocyte
counts following anti-CD3 administration, suggested a potential
differential mobilization of immune cells to the respective tis-

Table 2. Anti-CD3 injection induced a hypercytokinemia

Eur. J. Immunol. 2021. 0: 1-12

sues. To further investigate this, the spleen, lungs, and liver were
excised at 24 and 48 hpi (corresponding to peak of illness and
initiation of recovery) and the infiltrating immune cells character-
ized (see Supporting information Fig. S1 to S4 for gating strate-
gies). We noted a decrease in the proportion of CD4" and CD8"*
T cells in the spleen and lungs from mice treated with anti-CD3
although a marginal increase in the liver was observed at 24 hpi
(Fig. 3A and E). The lung and spleen T cells were activated, as
characterized by an up-regulation of CD25 and CD69 (Fig. 3B,
C, E G) and the down-regulation of CD62L at 24 hpi (Fig. 3D and
H). Hepatic CD8" T cells, on the other hand, showed an increased
expression of CD62L at 24 hpi (Fig. 3D and H). At 48 hpi how-
ever, overall, the CD4" and CD8" T cell proportions and activa-
tion state returned to normal levels (Fig. 3A-H). In addition, the
proportion of NK cells increased in the liver, whereas a decrease
was observed in the spleen and lung following anti-CD3 injec-
tion (Fig. 31). On the other hand, myeloid subsets also fluctuated
significantly in the studied organs. The frequency of neutrophils
was increased in all three organs analyzed at 24 hpi, returning
to basal levels in the spleen and the liver 48 hpi while remain-
ing elevated in the lungs (Fig. 3J). A decrease in macrophage
numbers was observed in the spleen and the liver whereas
in lung, the frequency of alveolar-macrophages and interstitial-
macrophages increased at 24 hpi, respectively (Fig. 3K). Taken
together, systemic T-cell activation in vivo resulted in a cytokine
and chemokine cascade driving the mobilization of a plethora of
activated immune cells to the lung, liver, and spleen.

An anti-cytokine antibody cocktail alleviated early
signs of CRS

We next tested if a cocktail of neutralizing antibodies targeting
up-regulated cytokines (IL-2, IL-6, IFN-y, and TNF-«) would ame-
liorate the anti-CD3-induced CRS in mice. To this end, anti-CD3
mice were co-treated with a combination of anti-cytokine mAbs

Hours post anti-CD3 injection (hpi)

0.5 1 2 6 24 48 72
IFN-y 40 + 3.0 459 + 55 1410 + 436 2610 + 346 359 + 56 13.5:+& 3 2+07
IL-2 10 +£ 14 1193 + 106 1264 + 338 308 + 50 10 1401 a i s )i
TNF-a 22+ 12 75 + 4 45 + 8 21+ 1 5.5 +1.2 2443 1£0
IL-6 309 118 + 21 306 + 91 88 + 27 17 +5 2515 0.2 +£ 0.1
CXCL9 10 2+04 16 + 3 131123 44 + 3 10 +£ 1.2 3+ 03
CXCL10 101 8+1 22 & 2 20+ 1 8512 3.5+03 1.5+ 0.1
IL-10 2+04 23 & 3 58 + 15 82 +6 12 3 8342 04 + 0.1
IL-1B 1+01 24 03 1.5+ 03 1+ 0.03 1+0 15405 1+0
IL12p40 6 + 49 141 18+ 11 6+ 25 1. x0 1+0 1+0
GM-CSF 5433 23+ 2.6 11+ 4 4+ 24 1+00 1.0 1< 0
CCL4 2.4+03 14 + 1.7 17 + 4 8.4+ 13 15+ 0.1 1+01 0.5 + 01
CXCL1 3+14 30 £ 6 34 +7 24 + 3 21 + 14 0.7 + 0.1 0.5 £ 0.1

Mice were injected with 5 ug of anti-CD3. Plasma concentration of cytokines was quantified using a multiplex assay using Luminex. Fold increase
above baseline (i.e. mean of plasma levels from isotype control injected mice) was calculated. Data are indicated as mean + SEM.

© 2021 Wiley-VCH GmbH
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Figure 2. Anti-CD3-induced CRS leads to systemic hypercytokinemia with an organ-specific cytokine production kinetics. Mice were injected i.v.
with 5 pg of anti-CD3 or isotype control. Graphs A-] represent Luminex-based quantification of plasma cytokines and chemokines. The baseline (t
=0 h) corresponds to the mean of isotype control injected mice. Graphs K-S represent the quantification of tissue-derived cytokine and chemokine
mRNA levels evaluated by qPCR in the organs, expressed as fold increase above baseline. For plasma and spleen qPCR data, n = 9-10 from N = 2
independent experiments; for lungs and liver gPCR data n = 4-5 mice per time point from a single experiment. Values are displayed as mean +

SEM.

(anti-IL-2, -IL-6, -IFN-y, -TNF-a mAbs). Mice administered the
anti-cytokine antibody cocktail presented no clinical signs of CRS
for up to 6 hpi, in contrast to 50% of the animals injected
with anti-CD3 alone, who showed piloerection and prostration
(Table 1). The severity of acute leucopenia, thrombocytopenia,
erythrocytosis, and body weight loss seen in anti-CD3- treated
mice was also significantly improved by the anti-cytokine anti-
body cocktail, while neutrophilia and monocytosis remained
unchanged (Fig. 4A and B). As a measure of increased vascular
permeability [24], Angiopoietin-2 (Ang-2) was up-regulated in
anti-CD3-treated mice and was significantly reduced by the anti-
cytokine cocktail (Fig. 4C). Analysis of bronchoalveolar lavage
(BAL) also confirmed the amelioration in inflammatory param-
eters afforded by the anti-cytokine antibody cocktail (Fig. 4D
and E). Here, cytokine blockade resulted in a decreased activa-
tion marker MHCII on F4/80" macrophages in the BAL at 24
hpi (Fig. 4D) and decreasing levels of inflammatory chemokines
CXCL1 and CXCL10 (Fig. 4E). G-CSF was surprisingly up-
regulated in the BAL in all treated groups (Fig. 4E). Interestingly,
while G-CSF and CXCL1 are described to enhance neutrophil
attraction, survival, and proliferation, this population was signif-
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icantly diminished in the BAL across all treated groups (Fig. 4D)
while an increase was observed in whole-lung cell suspensions
(Fig. 3J). While the anti-cytokine antibody cocktail alleviated
early signs of CRS, this was no longer the case 24 h post anti-
CD3 injection. Nonetheless, the anti-cytokine cocktail afforded an
increased benefit as compared to the monotherapy administration
of the anti-cytokine mAbs (see Supporting information Table S1).

CRS severity is associated with sustained neutrophil
and monocyte infiltration in lungs

To further understand the mechanisms underpinning CRS
severity, we analyzed mice treated with a low (5 pg) or high
(25 pg) dose of anti-CD3. Body weight loss, temperature loss,
hepatomegaly and, to a lesser extent, splenomegaly aggravated
in high-dose anti-CD3- treated mice (Fig. S5A to D). Indeed,
while the low-dose anti-CD3 mice recovered spontaneously,
mice receiving 25 pg anti-CD3 were sacrificed at 72 hpi for
ethical reasons. Interestingly, the two anti-CD3 doses induced
equivalent levels of hypercytokinemia (Fig. SE and Supporting
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Figure 3. Organ-specific mobilization of inflammatory cells after CD3 activation. Mice were injected i.v. with 5 pg of anti-CD3 or with 5 pug of
isotype control. Single cell-suspensions from the spleen, liver, and lungs were prepared 24 or 48 h postinjection, followed by immunophenotyping.
Bar graphs A and E represent frequencies of CD4* and CD8* T cells expressed as percentage of total viable cells and up-regulation of CD25, CD69,
and CD62L markers on CD4* (B & D) and CD8* (F-H) T cells. Plot I shows frequencies of NK cells and plots J and K show frequencies of myeloid cells
expressed as a percentage of viable cells. Gating strategies and relative number of cells are available in Supporting information Fig. S1 to S4 and
Supporting information Table S5. NK, natural killer; M¢, macrophages; AM¢ and IM¢, alveolar and interstitial macrophages. Representative data of
N =2 independent experiments, n = 4-6 mice/organ per time point. *p < 0.05, p < 0.01, and ***p < 0.001 as determined by one-tailed nonparametric

Mann-Whitney U t-test. Values are displayed as the mean + SEM.

information Table S2), whereas clinical signs of CRS (piloerection
and prostration) occurred earlier and were more severe in mice
given the higher dose. Blood levels of IFN-y, TNF-a, and CXCL9
were still detectable in mice developing severe CRS at 48 hpi
(Supporting information Table S2). Significant differences were
observed only for circulating levels for IL-6 and CXCL1 at 48 hpi,
when they were 25- and 30-fold higher, respectively, in high-dose
anti-CD3- treated mice (Fig. S5E and Supporting information Table
S2). Mobilization of inflammatory cells in tissues was equivalent
across the two dose levels, normalizing at 48 hpi (see Supporting
information Fig. S2 and S3 for gating strategies). Nonetheless,
notable differences were observed in the proportions of lung
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monocytes and neutrophils (Fig. 5F). Indeed, the neutrophils in
the severe form of CRS remained significantly higher at 48 hpi
as compared to the low-dose anti-CD3- treated mice. In addition,
this sustained increase correlated with an equally persistent
elevated plasma concentration of CXCL1 (Fig. SE). Similarly,
Ly6C"°" resident monocytes were significantly persistent in lungs
from severe CRS-afflicted mice (Fig. 5F). We next attempted
to deplete neutrophils or macrophages to further investigate
their contribution to the anti-CD3-induced CRS. While the
anti-Ly6G antibody significantly depleted neutrophils from the
lung and the spleen, only a 60% reduction was achieved in the
liver. The treatment failed to significantly reverse CRS in mice
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(Supporting information Fig. S5). On the other hand, while
clodronate liposome treatment was very efficient at depleting
macrophages from the spleen and liver, it was ineffective at
diminishing the cells from the lung. Here too, the treatment
failed to reverse the anti-CD3-induced CRS (Supporting informa-
tion Fig. S6). Taken together, data highlight a potential role of
neutrophils and monocytes/macrophages in the physiopathology
of severe CRS.

Discussion

In this study, an agonistic anti-CD3 was used to mimic severe
forms of CRS induced by polyclonal T-cell activation in mice.
Within 60 min and up to 24 hpi, a rapid and severe lymphopenia,
erythrocytosis, thrombocytopenia, and neutrophilia was observed
in mice following anti-CD3 injection. Interestingly, monocyto-
sis occurred in mice, whereas monocytopenia was reported
in healthy volunteers given the superagonist CD28 antibody
TGN1412 [22]. These divergent responses could be explained by
the differentiating ability to engage FcyRs of a hamster IgG1-Fc
domain of the anti-CD3 in mice, as compared to the attenuated
human IgG4 domain of TGN1412 in humans. Akin to CRS in mice,
however, monocytosis, neutrophilia, and a marked lymphopenia
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were observed in patients severely ill with SARS-Cov-1 and -2
infections [25, 26]. In parallel, an induction of hypercytokine-
mia, characterized by type I cytokines and anti-inflammatory type
II cytokines, was observed in mice. Of note, an up-regulation of
CXCR3 ligands, CXCL9 and CXCL10, was seen in blood and in
tissues of anti-CD3-treated mice within 1 hpi.

IFN-y has been described as a main contributor to CRS in
a plethora of preclinical models leading to sharp increases in
CXCL9/CXCL10 [7,18,26,27]. Elevated levels of IFN-y-induced
chemokines have also been measured in patients with SARS and
HLH [27-29]. IFN-y is central to CpG-induced CRS in mice [30]
and we have shown that tissue-derived levels of the cytokine
are 500- to 2000-fold higher in organs than those measured in
the blood [18]. Likewise, CXCL9/CXCL10 levels in pediatric sec-
ondary HLH patients correlated with key disease parameters and
severity [18]. In the present study, type I cytokines Tnf-a, Ifn-y,
Cxcl10, and Cxcl9 were rapidly induced in the liver following anti-
CD3 administration. Within the first hpi, de novo Ifn-y gene tran-
script levels peaked in the liver and spleen but to a lesser extent
in the lung, with blood levels of the cytokine climaxing at 6 hpi.
Interestingly, a second Ifn-y spike was observed at 48 hpi only
in the liver and correlated with a second wave of neutrophils in
blood. While an IFNy-mediated role in recruitment of neutrophils
is described [31], the role for these cells in the CRS manifestations

www.eji-journal.eu

27



L. Nouveau et al.

Eur. J. Immunol. 2021. 0: 1-12

A C IL-6
S 110 o 9000
(@) * %k ¥k (&)
‘G 100 kKK o) 5 7000
: - E E 5000 **
° =
= 90 o 2 *k  —
£ = < 3000 —
g 80 c g1w000f [NINMs s &
= 3 o
g 5 £ e
7]
| J 2 O — 0
0 12 24 36 48 60 72 24 48 05 1 2 6 24 48
Hours post injection Hours post injection Hours post injection (hpi)
-~ 5 g anti-CD3 ] 5 pg anti-CD3 [ 5 pug anti-CD3
B —— 25 pg anti-CD3 25 g anti-CD3 25 ug anti-CD3
S 05, ** D 100 cXcL1
2 = 20000 *x
S 0. 3 80 . 15000 &
o g 2 10000 N
< = 60 £ 10000
— o % %k k
@ 2 & 8000
% - .% 6000
g 2 20 S 4000
o 2000
§-2.5. T 0 odm= LN [N JINIIN _§
0 12 24 36 48 60 72 05 1 2 6 24 48
Hours post injection Hours post injection (hpi)
304, Spleen =~ Lung 3, Spleen Lung o Spleen Lung )
g g & 54 :CD11b""‘HCD11b'°": AN ™M
5 z g
o ] £
£10 1 g2
(0] £ g 1
Z [o}
2 . =
0 : c 0
PRPY T T Y ¥R Yy ¥22Y
e ey i mgmg ap ey
an agn '7an asn Ban aan ‘2an aah 2 ash 2ah aah
24 h /48 h post injection

[ / B8 5 pg anti-CD3
/ BN 25 pg anti-CD3

Figure 5. CRS severity is associated with sustained neutrophil and monocyte infiltration in lungs. Mice were i.v. injected with either 5 pug or 25 pg
of anti-CD3. Body weight (A), temperature (B), spleen/body weight ratio (C), liver/body weight ratio (D), and IL-6 and CXCL1 plasma concentration
(E) is shown. Immunophenotyping of single-cell suspensions from the spleen and the lungs (F). Gating strategies and relative number of cells are
available in supporting information Fig. S2 and S3 and Table S5. Dotted lines on graphs in (C), (D), and (F) represent the mean of corresponding
values of isotype control injected mice. n = 9-10 per time point from N = 2 independent experiments, except for C, D, and F n = 4-5 mice per time
point, data from a single experiment representative of three experiments. *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001 as determined by
one-tailed nonparametric Mann-Whitney U t-test. Values are displayed as the mean + SEM.

described here remain unclear. Indeed, the co-administration of
a neutrophil-depleting antibody, anti-Ly6G, failed to significantly
reverse CRS features in mice. Nonetheless, a contribution of neu-
trophils to the anti-CD3-induced CRS manifestations should not
be discounted, as the depleting efficacy of anti-Ly6G was not
absolute, as evidenced here and by others [32]. As neutrophils
have been shown to be important mediators of tissue damage in
inflammatory diseases, potentially detrimental in the pathophysi-
ology of COVID-19 [33], we do not rule out a pathogenic role for
these cells in the anti-CD3-induced CRS in mice. The significant
increase of Ifn-y in the liver within minutes post anti-CD3 injec-
tion resulted in the local and sustained production of CXCL9 and
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CXCL10 as evidenced in the protein exudates and mRNA tran-
script up-regulation. As a consequence, CXCR3-expressing neu-
trophils [34], macrophages [35, 36], T cells [37], and NK cells
[38] rapidly infiltrated the liver. While Cxcl10 returned to baseline
levels more rapidly, Cxcl9 production was sustained at 2000-fold
levels above homeostatic levels at 24 hpi in the liver.

Lungs from anti-CD3-treated mice presented a rapid and
prolonged induction of proinflammatory cytokines/chemokines.
Within 1 hpi, Ifn-y production was increased 40-fold coinciding
with a subsequent 3600-fold induction of Cxcl9 and 1000-fold
induction of Cxcl10 mRNA transcripts with the former remaining
at that level for at least 24 h. CXCL9/10 protein levels in the
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lung remained high up to 48 hpi, certainly accounting for the
infiltration of CXCR3-expressing neutrophils and activated T cells.
CXCL1 and G-CSF may also induce significant neutrophil recruit-
ment to the lung [39, 40], the BAL from anti-CD3-treated mice
presented with high levels of these soluble factors, contributing
to the sustained neutrophil infiltration at 48 hpi.

Severe CRS disease manifested by fever and pneumonia, lead-
ing to acute respiratory distress syndrome (ARDS) has been
described in up to 20% of COVID-19 patients [41]. Additionally,
CRS is common in patients with COVID-19 where elevated plasma
IL-6 correlated with respiratory failure, ARDS, and adverse clin-
ical outcomes [42,43]. High plasma levels of IL-6, CXCL10, GM-
CSE and increased lung neutrophil infiltrate, hallmarks of ARDS
[44], were observed in our animal study as well as an increased
proportion of activated alveolar macrophages (MHCII"#"), Sig-
nificant neutrophil and macrophage infiltration is also observed
in pulmonary interstitium and alveoli from SARS-induced ARDS
patients [26]. Interestingly, a prolonged neutrophil and monocyte
infiltration in the pulmonary interstitium, but not in the alve-
oli, was observed in our study. In contrast to ARDS patients, we
failed to observe histological differences in terms of lung archi-
tecture, cellularity in the alveolar cavities and interalveolar sep-
tal walls. This observation contrasted with the erythrocytosis and
thrombocytopenia observed, thought to indicate disseminated
intravascular coagulation and/or capillary leakage and also seen
in humans administered Muromonab-CD3 or TGN1412 [22, 45].
Nonetheless, elevated Ang-2 plasma concentration in anti-CD3-
treated mice suggests endothelial dysfunction and increased vas-
cular permeability disorders [46]. Up-regulated levels of plasma
Ang-2 is observed in COVID-19 and ARDS patients and correlated
with mortality in the latter [16, 24, 47].The use of anti-cytokine
approaches to manage CRS is validated by recent approvals of
tocilizumab (anti-IL6R) and emapalumab (anti-IFN-y) by the US
Food and Drug Administration in the context CAR-T-cell-therapy
and primary HLH [48, 49], respectively. Additionally, clinical trials
with therapies, including a device designed to remove cytokines
from blood using hemadsorption [50] and the blockade of IL-1
[51], GM-CSE [52] and JAK1/JAK2 signaling [53,54], are ongo-
ing. To this end, our anti-cytokine Ab cocktail, targeting IFN-
v, IL-6, TNF-a, and IL-2 (herein called anti-cytokine cocktail)
reduced the clinical features of CRS induced by anti-CD3 injec-
tion in the first 24 hpi including body weight, prostration, and
piloerection. Blood parameters remained in normal ranges in
mice co-treated with the anti-CD3 and the anti-cytokine cocktail
although neutrophilia and monocytosis persisted. Ang-2 plasma
levels were significantly reduced by the anti-cytokine cocktail sug-
gesting a reduction in vascular leakage supported by observed
improvements in RBC and platelet counts. In addition, the lung
inflammation induced by anti-CD3 treatment was improved as
shown by the reduced BAL levels of CXCL1 and CXCL10, and
decreased MHCII expression on alveolar macrophages. The anti-
cytokine cocktail afforded an increased benefit as compared to the
monotherapy administration of the anti-cytokine mAbs. Nonethe-
less, the benefit of the anti-cytokine cocktail was transient. A sec-
ond injection of the cocktail at 12 hpi of anti-CD3 failed to pro-
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long the protective benefit. IL-1 receptor antagonist, Anakinra®,
or an anti-IL-15 neutralizing mAb (clone AIO.3, BioXCell) offered
no improvement to the anti-cytokine cocktail. The failure to con-
trol CRS features beyond the initial 24 h post anti-CD3 admin-
istration was unexpected. In a mouse model recapitulating key
features of CAR-T-cell-mediated CRS and neurotoxicity, human
monocytes were the major source of IL-1 and IL-6 [55]. Accord-
ingly, the authors observed that the syndrome was prevented by
monocyte depletion or IL-6 blockade, but the latter failed to pro-
tect mice from delayed lethal neurotoxicity caused by meningeal
inflammation. Anakinra®, however, diminished CRS and neuro-
toxicity, a finding corroborated by others [51]. The challenge
to interrupt a cytokine storm by targeting IL-6 was made more
evident in a recent clinical study where tocilizumab was inef-
fective at reducing COVID-19 mortality [56]. Nonetheless, co-
administration of TNF-a and IFN-y-neutralizing antibodies pro-
vided superior protection over monotherapy in a mouse SARS-
CoV-2 infection model, highlighting a benefit of anti-cytokine
combination therapy [14]. The limited benefit we observed in
anti-CD3-treated mice by the cytokine-blocking antibody cocktail,
and from efforts by others depleting inflammatory cells, parallel
challenges faced in the clinical setting with patients suffering from
severe forms of CRS. While cytokine activity was ablated by the
high-dose antibody therapy we used in mice, cellular infiltration
was not entirely abrogated. While clodronate liposome treatment
was very efficient at depleting macrophages from spleen and liver,
the treatment was ineffective at diminishing the cells from the
lung. We cannot rule out a role for macrophages as their capacity
for proinflammatory cytokine production have been shown to pro-
mote further leucocytosis and immune cell infiltrates in COVID-
19- induced lung damage [57]. Similarly, we saw in our severe
CRS model (using a higher dose of anti-CD3), increased body
weight loss and an acute decrease in body temperature, confirm-
ing a critical role for the increased presence of neutrophils and
macrophages in the lung.

The severe CRS induced by in vivo T-cell activation after anti-
CD3 administration to mice highlights the central role of the sub-
sequent cytokine storm and recruitment of pathogenic neutrophils
and macrophages. The challenges encountered to halt disease
relate to the complexities of severe T-cell-mediated CRS, while
potentially advocating an anti-cytokine therapy as a therapeutic
option for less-severe cases.

-exials and methods
Mice

All animal procedures were performed in accordance with the
Swiss Veterinary Office guidelines and authorized by the Cantonal
Veterinary Office. Studies were conducted with 6- to 8-week-old
male BALB/cByJ, mice obtained from Charles River Laboratories
(Saint-Germain-Nuelles, France). The animals were reared under
conventional conditions temperature-controlled room (25 + 2°C)
under a 12 h light/dark cycle.
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Antibodies used for in vivo studies in mice

The anti-CD3e (hamster IgG), clone 145-2C11) mAb and the anti-
IL2 (Rat IgG2a, clone JES6-1A12), anti-IFN-y (Rat IgG1, clone
XMG1.2) and anti-TNF-a (Rat IgG1l, clone XT3.11) neutraliz-
ing mAbs were obtained from BioXCell (Lebanon, NH, USA).
The Armenian hamster IgG isotype control (clone HTK888) was
obtained from BioLegend® (CA, USA). The anti-IL6 neutralizing
mADb, clone 1F7 [58], was produced inhouse.

Mouse model of CRS

Mice were injected i.v. with a single 5 pg anti-CD3 mAb, unless
otherwise mentioned. Neutralizing mAbs were injected i.v. at
30 mg/kg simultaneously with the anti-CD3 mAb. At indicated
time points, mice were euthanized by CO, inhalation, unless indi-
cated. Blood cell count was performed with a ProCyte Dx analyzer
(IDEXX Laboratories, Inc., ME, USA) or with a Hemavet analyzer
(Drew Scientific, FL, USA). Samples of spleen, lung, and liver tis-
sue were stored in RNA later (Sigma-Aldrich, St.-Louis, MO, USA)
for gene expression analysis. Whole-lung, -liver, and -spleen were
harvested for immune cell infiltration analysis.

Bronchoalveolar lavages analysis

Mice were sacrificed by lethal injection of pentobarbital (Streuli
Pharma AG, Uznach, Switzerland). Bronchoalveolar lavage (BAL)
was performed twice with sterile PBS. BAL fluids were cen-
trifuged, supernatants were kept at —20°C for cytokines anal-
ysis and cell pellets were resuspended for immunophenotyping
analysis.

Measurement of cytokines and chemokines in plasma

The plasma concentrations of cytokines and chemokines were
measured using MILLIPLEX MAP multiplex immunodetection kits
(Merck Millipore, Burlington, MA, USA) and analyzed on the
Luminex® 200™ immunoassay analyzer (Luminex®, TX, USA),
according to manufacturer’s instructions. Plasma level of Ang-2
was quantified with the Ang-2 Mouse ELISA Kit (Abcam, Cam-
bridge, UK) according to manufacturer’s instructions.

Gene expression

Spleen, liver, and lung RNA isolated using RNeasy mini-Kit
(Qiagen, Hilden, Germany) was reverse transcribed using High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems®,
Foster City, CAL, USA). Quantitative PCR (qPCR) was performed
using SYBR® Green Master Mix (Applied Biosystems®) on
the 7900HT Fast Real-Time PCR System from Applied Biosys-
tems®. The AACt method was used to calculate the relative
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gene expression levels (RQ) with p-actin gene as housekeeping
gene. The primer sequences are listed in Supporting information
Table S3.

Cell preparation

Single-cell suspension of liver was performed using a dissoci-
ation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and
the gentleMACS™ Dissociator (Miltenyi Biotec) according to the
manufacturer’s protocol. Single-cell suspension from spleen and
lungs were prepared by enzymatic digestion in collagenase IV
(Gibco) and DNase 1 (Sigma-Aldrich) for 20 min at 37°C, fol-
lowed by mechanical digestion with the gentleMACS™ Disso-
ciator (Miltenyi Biotech). RBC lysis was performed using ACK
buffer (Ammonium-Chloride-Potassium). Cell suspensions were
filtered through a 70 M Nylon filter (BD Falcon™) and counted
using a cell viability analyzer (Vi-CELL XR, Beckman Coulter, CAL,
USA).

Flow cytometry

After cells were counted, 2 x 10° cells per sample were stained
with Fixable Viability Stain 620 (BD Biosciences) according
to manufacturer’s instructions. Cells were then incubated with
Mouse BD Fc Block™ and surface staining was directly performed
in the dark for 20 min at 4°C (see Supporting information Table
S4 for a list of antibodies, clones, fluorochromes, manufacturers).
Cells were then washed twice with FACS buffer and acquired on
the CytoFLEX S flow cytometer (Beckman Coulter). Data analyses
were performed using FlowJo software (Tree Star Inc., OR, USA).
Flow cytometry experiments were done in accordance with the
guidelines of the journal [59].

Statistical analysis

GraphPad Prism (GraphPad Software, CA, USA) was used for all
statistical analysis. The unpaired t-test or one-tailed nonparamet-
ric Mann-Whitney U t-test were used for statistical comparison.
p-value of <0.05 was considered significant.
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Supplemental Table S1: Summary of the impact of monotherapy on key CRS parameters. Comparison
is done against anti-CD3 + PBS injected mice. Statistical data performed with Kruskal-Wallis test,
comparing all the six groups together (anti-CD3 + PBS, or + Cocktail, + anti-IL2, + anti-IL-6, + anti-TNF-q,
or + anti-IFN-y), and indicated when significative for each time point. (*P<0.05, **P<0.01, ***P<0.001,
ns: not significant but obvious visual trend). In green: Benefit of the therapy on a given CRS feature; in

red: Therapy worsened a given CRS feature.

Cocktail

Anti-IL-2

Anti-IL-6

Anti-IFN-y

Anti-TNF-a

**6h: Reduced loss

6h: No difference

6h: No difference

6h: No difference

*6h: Reduced loss

:::ijyht *24h: Reduced loss 24h: No difference 24h: No difference 24h: No difference ***24h: Reduced loss
e ns48h: Reduced loss 48h: Start to recover 48h: Start to recover 48h: Start to recover **48h: Reduced loss
Tempe- 6h: No difference ns6h: Reduced loss 6h: No difference 6h: No difference 6h: No difference
ratu:’e **24h: worsened loss 24h: No difference 24h: No difference *24h: worsened loss 24h: No difference
ns48h: Faster recovery | 48h: No difference 48h: No difference nsA8h: Faster recovery | 48h: No difference
RBC *6h: Managed 6h: Managed 6h: No difference *6h: Managed 6h: Lower increase
increase 24h: No difference 24h: No difference 24h: No difference 24h: No difference 24h: No difference
48h: No difference 48h: No difference 48h: No difference 48h: No difference 48h: No difference
Lympho- S:i:a Lower lympho- *6h: Worsened *6h: Worsened )::i:a Lower lympho- 6h: No difference
v .p P 24h: No difference 24h: No difference P . 24h: No difference
penia *24h: Start to recover . . 24h: No difference .
48h: No difference ns48h: Start to recover . 48h: No difference
ns48h: Faster recovery 48h: No difference
Neutro 6h: No difference **6h: Reduced 6h: No difference 6h: No difference ns6h: Reduced
hilia 24h: No difference ns24h: Managed 24h: Worsened 24h: No difference 24h: No difference
P 48h: No difference 48h: No difference 48h: No difference 48h: No difference 48h: No difference
Mono- 6h: No difference 6h: No difference 6h: No difference *6h: Worsened 6h: No difference
cvtopenia 24h: No difference 24h: No difference 24h: No difference 24h: No difference 24h: No difference
ytop 48h: Worsened 48h: No difference 48h: No difference 48h: No difference 48h: No difference
6h: Reduced CRS
Clinical gtho (;/T:dfii?;uref:Rs 6h: No difference 6h: No difference 6h: No difference features
aspect feat.ures 24h: No difference 24h: No difference 24h: No difference 24h:  Medium CRS
P 48h: No difference 48h: Relative recovery | 48h: No difference features

48h: Good recovery

48h: Relative recovery




Supplemental Table S2: CRS severity is associated with prolonged IL-6 and CXCL1 plasma
concentration. Mice were injected i.v. with 5 pg or 25 pg of anti-CD3. Cytokines and chemokines
concentration was quantified using Luminex technology and fold increase between mild (5 pg) and
severe (25 pg) CRS was calculated.

Hours post injection

0.5 1 2 6 24 48
IFN-y 0.6 0.9 11 1.3 34 4.0
IL-2 11 1.2 0.8 1.3 14.2 1.0
IL-6 1.0 0.8 0.9 0.6 4.3 25.1
TNF-a 0.9 0.6 0.8 0.8 1.9 4.8
CXCL9 1.9 1.1 13 0.7 1.7 4.5
CXCL10 1.0 11 1.4 1.3 11 1.2
CXCL1 0.5 1.2 1.4 11 2.9 31.7
IL-10 0.6 0.5 0.9 0.9 6.0 1.6

Supplemental Table S3: Primer sequences for qPCR analysis.

Sequence primers (5’-3’)

Forward Reverse
B-actin AGCCTTCCTTCTTGGGTATGG CAACGTCACACTTCATGATGGAAT
CXCL1 CATGCAGGCAGCACTCAGA ATCCATGGTGGCACACAGACT
CXCL9 AGCCTTCCTTCTTGGGTATGG AGGTCTTTGAGGGATTTGTAGTGG
CXCL10 GACGGTCCGCTGCAACTG GCTTCCCTATGGCCCTCATT
IFN-y CAACAGCAAGGCGAAAAAGG CCTGTGGGTTGTTGACCTCAA
IL-2 AACTGTTGTAAAACTAAAGGGCTCTGA CACCACAGTTGCTGACTCATCA
IL-6 TCGGAGGCTTAATTACACATGTTC TGCCATTGCACAACTCTTTTCT
IL-10 TTTGAATTCCCTGGGTGAGAA GCTCCACTGCCTTGCTCTTATT
SAA GCTGAGAAAATCAGTGATGGAAGA TCAGCAATGGTGTCCTCATGTC

TNF-a GCCACCACGCTCTTCTGTCT GGTCTGGGCCATAGAACTGATG




Supplemental Table S4: Antibodies used for immunophenotyping analysis.

Fluorochrome Marker Clone Manufacturer
PerCP-Cy5.5 CD69 H1.2F3 BD Biosciences
APC CcD8 QA17A07 Biolegend
APC-R700 CD25 PC61 BD Biosciences
BVv421 CD45 30-F11 BD Biosciences
BV510 Cb4 RM4-5 Biolegend
BV711 CDh62L MEL-14 Biolegend
PerCP-Cy5.5 Ly6g 1A8 BD Biosciences
APC MHCII IA/IE M5/114.15.2 Biolegend
APC-R700 CD11b M1/70 BD Biosciences
APC-Cy7 CD11c N418 Biolegend
BV421 CDA45 30-F11 BD Biosciences
BV605 Ly6c HK1.4 Biolegend
PE NKp46 29A1.4 eBioscience
PE-Cy7 F4/80 BMS8 invitrogen




Supplemental Table S5: Average number of cells analysed by flow cytometry. Surface staining was
performed according to the Materials and Methods and the same volume per well was acquired. For

each immune cell subtype, the average number of cells is displayed in the table.

Fig. 3 CD4* T cell CD8* T cell
Spleen Lung Liver Spleen Lung Liver
24h -5 ug aCD3 31053 7679 2963 7532 589 1580
48h - 5 ug aCD3 36996 4454 3466 25045 2570 2535
5 pug Isotype 64503 12160 1273 27732 3951 438
Fig.3 Natural Killer Neutrophil CD11b"™" | CD11b"e" | AM IM KC
Spleen | Lung Liver | Spleen Lung Liver Spleen Spleen Lung Lung Liver
24h -5 ug aCD3 2316 3764 2334 6778 8660 4456 2687 345 5078 2021 709
48h - 5 ug aCD3 5763 7109 2443 7889 7945 1499 4782 509 3064 950 2917
5 ug Isotype 5976 5687 809 2723 4640 1423 7158 588 2012 1015 2246
Fig. 4 F4_80* MHC I Neutrophil
5 pg aCD3 32676 8378 49
> ng aCh3 +o- 18535 1200 55
cytokines
Isotype 20904 1732 474
Fig. 5F Neutrophil Inf. Monocyte Res. Monocyte CD11b" | CD11b* AM M
Spleen Lung Spleen Lung Spleen Lung Spleen | Spleen Lung Lung
24h - 5 ug aCD3 23642 18983 1627 341 1088 628 4087 9381 5147 2826
24h - 25 pg aCD3 | 30187 18366 1687 275 1105 507 4190 11368 6785 2363
48h -5 ug aCD3 19277 20542 2434 1941 965 1814 6566 10591 8851 3475
48h - 25 ug aCD3 | 19369 17469 2420 1304 1707 3927 7039 13307 4745 1580
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Supplemental Figure S1: Gating strategy to identify lymphoid-cell subsets in mice. Single-cell
suspension were prepared from organs of isotype control-injected mice (A) or anti-CD3-injected mice
(B). After the exclusion of debris, doublets and dead cells, lymphocytes T cells were identified by CD45,
CD4 and CD8 staining. Activation level of each T cells subset was appreciated by determining the
proportion of CD25*, CD69* and CD62L" T cells. Definition of abbreviations: FSC, forward scatter; SSC,
side scatter.
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Supplemental Figure S2: Gating strategy to identify myeloid-cell subsets in the spleen. Single-cells
suspension were prepared from spleen of isotype control-injected mice (A) or anti-CD3-injected mice
(B). After the exclusion of debris, doublets and dead cells, immune cells were identified by CD45
staining. A sequential gating strategy was first used to identify populations expressing specific markers:
natural killer (NK) cells (NKp46*), neutrophils (Ly6G*). Identification of populations with overlapping
expression patterns was done as followed: lymphoid cells, CD11c'CD11b; myeloid cells,
CD11cP*CD11bP°5; monocytes, CD11b* CD11c* MHCII”®%; macrophage CD11b*CD11c*F4/80P*MHCIIP*,
Using Ly6C marker, distinction between inflammatory vs resident monocytes was done, Ly6C"&" and
Ly6C”°% respectively. Eosinophils and macrophages were dissociated respectively as SSC"8"CD11b* and
SSC°“CD11b”°" or CD11bMe". Definition of abbreviations: NK, natural killer; infMo, inflammatory
monocytes; resMo, resident monocytes; M¢, macrophages; MHCII, major histocompatibility complex
class Il; FSC, forward scatter; SSC, side scatter.
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Supplemental Figure S3: Gating strategy to identify myeloid-cell subsets in the lungs. Single-cells
suspension were prepared from lungs of isotype control-injected mice (A) or anti-CD3-injected mice (B).
After the exclusion of debris, doublets and dead cells, immune cells were identified by CD45 staining. A
sequential gating strategy was first used to identify populations expressing specific markers: natural
killer (NK) cells (NKp46*), neutrophils (Ly6G*). Identification of populations with overlapping expression
patterns was done as followed: lymphoid cells, CD11c'CD11b’; myeloid cells, CD11cP*CD11bP;
monocytes, CD11b*CD11c*MHCII”®"; macrophage, CD11bP*CD11cP°F4/80P*MHCIIP*. Using Ly6c
marker, distinction between inflammatory vs resident monocytes was done, Ly6c"®" and Ly6c”°%
respectively. Alveolar macrophages (AM¢) were characterized as CD11b'Ly6CMe" population, and
interstitial macrophages (IM¢) were dissociated respectively as Ly6C°“CD11b* and Ly6C"s"CD11b".
Definition of abbreviations: NK, natural killer; Eos, eosinophil; AM¢, alveolar macrophages; 1Mo,
interstitial macrophages; Mo, monocytes; infMo, inflammatory monocytes; resMo, resident monocytes;
MHCII, major histocompatibility complex class Il; FSC, forward scatter; SSC, side scatter.
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Supplemental Figure S4: Gating strategy to identify myeloid-cell subsets in the liver. Single-
cells suspension were prepared from liver of isotype control-injected mice livers (A) or anti-
CD3-injected mice livers (B). After the exclusion of debris, doublets and dead cells, immune cells
were identified by CD45 staining. A sequential gating strategy was first used to identify
populations expressing specific markers: natural killer (NK) cells (NKp46*), neutrophils (Ly6G™).
Identification of populations with overlapping expression patterns was done as followed:
lymphoid cells, CD11cCD11b; myeloid cells, CD11cPosCD11bros; monocytes,
CD11b*CD11c*MHCII”%; macrophage, CD11bP°sCD11cPosF4/80PSMHCIIPS. Using Ly6c marker,
distinction between inflammatory vs resident monocytes was done; Ly6cM&" and Ly6c”'ow
respectively. Kupffer cell macrophages (KC) CD11b'"“ and granulocytes CD11b"e" were
discriminated according CD11b expression. Definition of abbreviations: NK, natural killer;
infMo, inflammatory monocytes; resMo, resident monocytes; KC, Kupffer cell; MHCII, major
histocompatibility complex class Il; FSC, forward scatter; SSC, side scatter.
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Supplemental Figure S5: Reduced neutrophils number does not help to manage CRS in anti-Ly6G mAb
treated mice. PBS or anti-Ly6G mAb (BioXCell) treated-mice were i.v. injected with 5 ug of anti-CD3 as
detailed in A. (B-C) FACS plots and scatter plots show complete or partial neutrophils depletion in anti-
Ly6G mAb treated mice in comparison to BALB/c mice, in the spleen, lung and liver. (D) Body and spleen
weight were recorded. (E). Blood cell count was done using the Procytes DX, IDEXX. N=5 from N =1
experience. Data are displayed as mean + SEM.
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Supplemental Figure S6: Reduced phagocytic cells number does not help to manage anti-CD3-induced
CRS in mice. Mice were treated with wither PBS liposome or clodronate liposome before being
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treated mice. Data are displayed as mean + SEM.



CHAPTER IIl: CAR T CELL MOUSE MODEL

The anti-CD3 model of CRS relies on robust T cell activation in vivo, resulting in a sharp and severe
cytokine storm. The goal above was to understand if this acute model of in vivo T cell activation
reflected CRS typically seen in the context of infectious diseases, for example, consequent to Corona,
Ebola and Lassa virus. Here, the aim was to develop a syngeneic mouse model to investigate
mechanisms of CRS following CAR-T cell therapy.

Unfortunately, CRS is not uncommon in patients treated with CAR T cell therapy, leading to severe
neurotoxicity in some cases. Almost all preclinical studies to dissect CAR T cell-induced CRS have been
performed in ‘humanized’ mouse models®>1%6:281-283 \Whijle offering valuable insight, the limitation has
been that these models do not evaluate disease progression in the context of a fully competent immune
system, mainly due to the inability for complete differentiation of certain human hematopoietic cell
lineages in mice?®*. As such, this work describes the development and use of a syngeneic mouse model

of CAR T cell-induced CRS.

1 MATERIEL AND METHODS

1.1 SYNGENEIC A20 B CELL-LYMPHOMA MOUSE MODEL

1.1.1 A20, mouse B lymphoma cells

A20 cells (B lymphoma cells derived from BALB/c) cells were obtained from ATCC (Manassas, VA) and
cultured in RPMI 1640 supplemented with 10 % heat-inactivated fetal bovine serum, 2 mM L-glutamine,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mM sodium pyruvate, 2.6 g/l
glucose and 50 uM 2-mercaptoethanol (all from Sigma, St Louis, MO). Cells were cultured at 37°C and 5
% CO..

1.1.2 A20-Luciferase-mCherry generation

A20 cells were genetically modified to express luciferase, an enzyme that catalyzes the bioluminescence
reaction in the presence of a luciferin, and mCherry. A20-Luciferase-mCherry (herein called A20-Luc)
were derived from original A20 cells by targeting the Rosa 26 locus using clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 technology. The guide RNA sequence gRNA-Rosa26: 5’
CGCTTCCTGCCACGTTGCGC 3’ was inserted into the GeneArt CRISPR Nuclease Vector with OFP from

Invitrogen (Figure 18A). Luciferase-IRES-mCherry DNA sequence was inserted into pEAKS8 plasmid (Figure



18B), flanked by the two homology arms (see Annex 1). Nuclease and donor DNA vectors were
transferred by electroporation using Gene Pulser MXcell™ Electroporation System (Bio-Rad, Hercules,
CA). Cells were then let for recovery and growth for 2 weeks. According to mCherry expression, clones
were sorted using the S3e™ Cell Sorter (Bio-Rad) and stability was studied for up to 2 months. In vitro

analysis of bioluminescence for each clone was assessed before in vivo testing of engraftment capability.
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Figure 18: Vectors used for genetically modified A20 cells. (A) GeneArt CRISPR Nuclease Vectors. Adapted from
www.thermofisher.com. (B) PEAK8 donor DNA vector containing the DNA sequence of Luciferase-IRES-mCherry.

1.1.3 Mice
All animal procedures were performed in accordance with the Swiss Veterinary Office guidelines and as
authorized by the Cantonal Veterinary Office. Studies were conducted with six- to eight-week-old female

BALB/cBylJ, obtained from Charles River Laboratories (Saint-Germain-Nuelles, France).

1.1.4 Syngeneic mouse model of A20 B-cell lymphoma

One day prior to A20-Luc engraftment, mice were pre-conditioned with an intravenous injection of 150
mg/kg of Cyclophosphamide (Sandoz, Germany). A20-Luc were washed twice and diluted into sterile PBS
before i.v. injecting 0.5x10° cells per mouse. Every day of BLI acquisition, mice were intraperitoneally
(i.p.) injected with 3 mg XenoLight D-Luciferin (PerkinElmer AG, Switzerland) and, anesthetized with 3 %
isoflurane (Verflurane®, Virbac, France) 5 minutes prior to imaging. Bioluminescence signal was
converted to photon/s (p/s). Mice were culled by CO, inhalation if weight loss was > 15% or if they
developed symptoms such as swollen distended abdomens, laboured breathing, tail or leg paralysis or

other signs of ill-health.


http://www.thermofisher.com/

1.2 MOUSE MODEL OF CAR T CELL

1.2.1 Design and construction of the CARs

The DNA sequence of the 1D3-28z CAR construct has been described®'! and the sequence available at
GenBank under accession number HM754222. The sequence encodes the following components in-
frame from the 5’ to the 3': the signal sequence of the single-chain variable fragment (scFv) of the 1D3
antibody (that specifically recognizes murine CD19), a portion of the murine CD28 molecule from amino-
acids IEFMY to the 3’ terminus, and the cytoplasmic region of the murine CD3-{ molecule from amino-
acids RAKFS to the 3’ terminus. Kochenderfer et al. changed both tyrosine (Y) residues in the first and
third ITAMs to phenylalanine (F) with the aim to decrease T-cell apoptosis and toxicity3!!. Here, the wild-
type CD3-{ DNA sequence was restored (Figure 19). This DNA sequence was ordered for synthesis by
Eurofins Genomics (Germany), then amplified and flanked by restriction enzymes sites by PCR with the
following primers:

P1: Fwd_Hindlll-Bglll-Kozak-1D3: 5" GCCGGAAGCTTAGATCTGCCGCCACCATGGGTGTCCCTACCCAG 3’

P2: Rev-EcoRI-Stop- : 5’"CGCCGAATTCATTA 3

PCR products were loaded on 1.2% agarose gel (Invitrogen) and DNA from agarose gel band were
purified using QlAquick Gel Extraction Kit (Quiagen, Germany) and cloned in the PCR4TOPO vector
(Invitrogen, Basel, Switzerland). The construct was then sub-cloned into the pMIG retroviral backbone
(kindly provided by the Doron’s lab from the University of Geneva) to form the pMIG-1D3-28z retroviral

vector.

MGVPTOLLGLLLLWITDAICDIQMTQSPASLSTSLGETVTIQCQASEDIYSGLAWYQOKPGKSPQLLIYGASDLQDG
Peptide signal 1D3-VL
VPSRESGSGSGTQYSLKITSMQTEDEGVYFCQQOGLTYPRTFGGGTKLELK EVQLOQOSGAELV

RPGTSVKLSCKVSGDTITEFYYMHFVKORPGOGLEWIGRIDPEDESTKY SEKFKNKATLTADTSSNTAYLKLSSLTSE

1D3-VH

DTATYFCIYGGYYFDYWGQGVMVTVSSIEFMYPPPYLDNERSNGTITHIKEKHLCHTQSSPKLFWALVVVAGVLFCY
mCD28 extracellular mCD28

GLLVTVALCVIWTNSRRNRGGQSDYMNMTPRRPGLTRKPYQPYAPARDFAAYRP TAANLOQDPNQLYNE

Transmembranaire mCD28 cytoplasmic itaml

LNLGRREEFDVLEKK QORRRNPQEGVYNALQKDKMAEAYSEIGTKGERRRGKGHDGLYQGLSTATKD
itam2 itam3

TFDALHMQ

Figure 19: Annotated amino acid sequence of the 1D3-28z CAR construct. The two tyrosine residues of the 15t and 3 itams
changed in phenylalanines in Kochenderfer et al. are highlighted in grey.




A second recombinant retroviral vector, pMIG-1D3-BBz, was designed consisting of the same pMIG-1D3-
28z DNA sequence, except that the CD28 cytoplasmic domain was exchanged for the 4-1BB cytoplasmic
domain from KWIRKK to the 3’ end3®, A third vector was also created, pMIG-1D3-28-BBz, and composed
of the same DNA of the pMIG-1D3-28z, plus the part of the 4-1BB cytoplasmic domain sequence
inserted in frame between the CD28 cytoplasmic domain and CD3-T part. Fragments encoding the 4-1BB
flanked with the appropriated DNA sequences were generated using an overlapping PCR method (Figure

20) with the following primers:

P3: Fwd_CD28mv- : 5’CAGTGGCCCTGTGCGTGATCTGGACC 3

P3: Rev_CD28tm- 15 GGGTCTGTAGGCGGCGAAGTCTCTG3’

P4: Fwd_CD28cyto- : 5’CAGAGACTTCGCCGCCTACAGACCC 3

P4: Rev_CD28cyo- 5 GGGTCTGTAGGCGGCGAAGTCTCTG3'

P5: Fwd_ -CD3z: 5’ AGAGCCAAGTTCAGCAGATCCGCCGAGAC 3’
P5: Fwd_ -CD3z: 5’GTCTCGGCGGATCTGCTGAACTTGGCTCT 3

Amplification of the retroviral vectors was done by transformation of STBL3 E. coli bacteria
(ThermoFischer Scientific) followed by growth at 30°C. All constructs were verified by DNA sequencing

to ensure the absence of any undesirable mutations (Fasteris, Geneva, Switzerland).

Fwd-P4

Figure 20: Overlapping PCR method
to generate 1D3-BBz (A) and 1D3-
28-BBz (B) DNA sequence.
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1.2.2 Cells and Culture Media

Mouse T cells were purified from splenocytes of naive BALB/cByJ mice using EasySep™ Mouse T Cell
Isolation Kit (StemCell Technologies) and cultured either in complete Gibco medium, composed of
Gibco™ AIM V® Medium (Invitrogen; Waltham, MA) supplemented with 50 UM 2-mercaptoethanol, or in
complete RPMI medium, composed of RPMI 1640 supplemented with 10 % heat-inactivated fetal bovine
serum, 2 mM L-glutamine, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mM
sodium pyruvate and 50 pM 2-mercaptoethanol (all from Sigma-Aldrich, St Louis, MO, except
mentioned). Media was supplemented with either 100 Ul/mL of recombinant murine IL-2 (Peprotech,
Rocky Hill, NJ) or 10 ng/mL of recombinant murine IL-7 (Peprotech) and 5ng/mL of recombinant murine
IL-15 (Peprotech), as indicated. PEAK cells (Edge Biosystems, Gaithersburg, MD) were maintained in
DMEM, 10% FBS, and 2 mM L-glutamine. The wild-type (WT) A20 cells and in-house generated A20-Luc
cells were cultured in RPMI 1640 supplemented with 10 % FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM

sodium pyruvate, 2.6 g/l glucose and 50 uM 2-mercaptoethanol. Cells were cultured at 37°C and 5% CO..

1.2.3 Retrovirus Production

PEAK cells (Edge Biosystems, Gaithersburg, MD) were plated at a density of 8x10° cells per T175 flask.
The day after, cells were transfected with a mix of DMEM containing Lipofectamine 2 000 (Invitrogen)
and 40 pg of DNA composed 1:1 (w/w) of either the pMIG-1D3-28z plasmid, the pMIG-1D3-BBz plasmid,
or the pMIG-1D3-28-BBz plasmid and a pCl-Eco plasmid encoding the retroviral envelope protein. The
transfected cells were incubated at 37°C, 5% CO; for 48 hours. Supernatant containing retroviruses was
collected, passed through a 0.45-um filter (MerckMillipore; Burlington, MA) and concentrated 4-folds

with Amicon® Centrifugal Filter Unit (Merck Millipore) before immediate use.

1.2.4 Mouse T Cell Transduction

Purified mouse T cells were activated for 18h at 37°C using anti-CD3 and anti-CD28 mAbs (BD
Biosciences, Franklin Lakes, NJ) at 1 pg/mL, in a 96 well-plate pre-coated with 5 pg of goat anti-hamster
IgG (Jackson ImmunoResearch, West Grove, PA). Activated T cells were transduced by spinoculation at
2 000 rpm at 37°C for 1 hour using freshly produced concentrated retroviral supernatants supplemented
with 8 pg/mL polybrene (Sigma-Aldrich) and 50 uM of B-Mercaptoethanol. The retroviral supernatant
was removed 4 hours later and replaced with fresh T cell medium and let for recovery 24 hours before

being amplified in T-flask. Cell viability was followed using the ViCell cell count (Beckman).



1.2.5 Cytotoxicity Assay

The CD19-CAR T cells or empty vector transduced T cells (control CAR T) were co-cultured overnight with
A20-Luciferase cells, at indicated effector/target ratios (E:T, T = 1x10% A20-Luciferase cells) in a 96-well
plate. Following co-culture, plates were centrifuged at 500 g for 5 minutes, supernatant collected for
protein quantification analysis, and cells were resuspended in PBS with 300 pg/ml of XenoLight D-
Luciferin. The bioluminescence was acquired 5 minutes later using SpectraMax-i3x (Molecular Devices,

San Jose, CA).

1.2.6 Mice

All animal procedures were performed in accordance with the Swiss Veterinary Office guidelines and
authorized by the Cantonal Veterinary Office. Studies were conducted with six- to eight-week-old female
BALB/cByJ, mice obtained from Charles River Laboratories (Saint-Germain-Nuelles, France). The animals
were reared under conventional conditions temperature-controlled room (25 + 2°C) under a 12 hours

light/dark cycle.

1.2.7 In vivo mouse model

Mice were i.v. treated with 150 mg/kg of cyclophosphamide (CTX) a day before i.v. engraftement of
5x10° A20-Luc or A20-WT B cell lymphoma cells. 8-9 days post-engraftment, 8-12x10° T cells were i.v.
injected, corresponding to 5-7x10° CAR T cells depending on transduction efficacy. One day prior to CAR
T cell infusion, mice were pre-conditioned with a single i.p. administration of CTX. Tumour burden or in
vivo T-Luc expansion was monitored by i.p. injection of 3 mg Xenolight D-Luciferin and an in vivo
imaging system.

Anti-IFN-y (Rat 1gG1, clone XMG1.2) neutralizing mAb was obtained from BioXCell (Lebanon, NH, USA)
and anti-IL6R rat IgG1 mAbs, clone 2B10 and 25F10%°, were produced in-house. Neutralizing mAbs were
injected i.v. at the indicated doses, simultaneously with the CAR T cell infusion. Two additional anti-
cytokine mAb doses were injected 2-days and 4- or 5-days post CAR T cell infusion.

At indicated time points, mice were euthanized by CO, inhalation. Blood cell count was performed with
a ProCyte Dx analyser (IDEXX Laboratories, Inc., ME, USA). Samples of spleen, lung and liver tissue were
stored in RNA later (Sigma-Aldrich, Saint-Louis, MO, USA) for gene expression analysis. Whole-liver and -

spleen were harvested for immune cell infiltration analysis.



1.2.8 Cytokine quantification

The cytokines and chemokines concentration in supernatant from cytotoxicity assay was measured
using MILLIPLEX MAP multiplex immunodetection kits (Merck Millipore, Burlington, MA, USA) and

analysed on the Luminex® 200™ immunoassay analyser (Luminex®, TX, USA), according to

manufacturer’s instructions.

The plasma concentrations of cytokines and chemokines were measured using either MILLIPLEX MAP
multiplex immunodetection kits or MSD U-PLEX assay kits and analysed respectively on the Luminex®
200™ or MESO SECTOR S 600 (Meso Scale Discovery, MSD; Kenilworth, NJ) immunoassay analyser,
according to manufacturer’s instructions. Plasma level of Angiopoetin-2 (Ang-2) and SAA were

quantified with mouse Ang-2 and mouse SAA ELISA Kit (Abcam, Cambridge, UK), according to

manufacturer’s instructions.

1.2.9 Gene expression

Table 7: Primer sequences for qPCR analysis.

Sequence primers (5’-3’)

Forward Reverse
B-actin AGCCTTCCTTCTTGGGTATGG CAACGTCACACTTCATGATGGAAT
CXCL1 CATGCAGGCAGCACTCAGA ATCCATGGTGGCACACAGACT
CXCL9 AGCCTTCCTTCTTGGGTATGG AGGTCTTTGAGGGATTTGTAGTGG
CXcL1o GACGGTCCGCTGCAACTG GCTTCCCTATGGCCCTCATT
IFN-y CAACAGCAAGGCGAAAAAGG CCTGTGGGTTGTTGACCTCAA
IL-2 AACTGTTGTAAAACTAAAGGGCTCTGA CACCACAGTTGCTGACTCATCA
IL-6 TCGGAGGCTTAATTACACATGTTC TGCCATTGCACAACTCTTTTCT
IL-10 TTTGAATTCCCTGGGTGAGAA GCTCCACTGCCTTGCTCTTATT
SAA GCTGAGAAAATCAGTGATGGAAGA TCAGCAATGGTGTCCTCATGTC
TNF-a GCCACCACGCTCTTCTGTCT GGTCTGGGCCATAGAACTGATG
MCP-1 GCAGCAGGTGTCCCAAAGAA GGGTCAGCACAGACCTCTCTCT
Ang-1 CATTCTTCGCTGCCATTCTG GCACATTGCCCATGTTGAATC
Ang-2 TTAGCACAAAGGATTCGGACAAT TTTTGTGGGTAGTACTGTCCATTCA

VEGF

GGAGATCCTTCGAGGAGCACTT

GGCGATTTAGCAGCAGATATAAGAA




Spleen, liver and lung RNA isolated using RNeasy mini-Kit (Qiagen) was reverse transcribed using High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems®, Foster City, CAL, USA). Quantitative PCR
(qPCR) was performed using SYBR® Green | Master Mix (Roche; Mannheim, Germany) on the
LightCycler® 480 System from Roche. The AACt method was used to calculate the relative gene
expression levels (RQ) with B-actin gene as housekeeping gene. The primer sequences are listed in Table

7.

1.2.10  Flow cytometry

In vitro analysis - CAR detection and binding assay

Surface expression of CAR on transduced T cells was detected with Alexa Fluor 687 (AF687) labelled goat
anti-rat-F(ab), antibodies (Jackson Immunoresearch, West Grove, PA). Briefly, transduced T cells were
washed and resuspended in FACs buffer (PBS plus 1% BSA). Cells were then incubated with Mouse BD Fc
Block™ (BD Biosciences; San Jose, CA). Surface staining was directly performed in the dark for 20 min at
4°C.

Transduced T cells were incubated in FACS buffer with a recombinant murine CD19 His-tagged protein
(Creative Biomart; Shirley, NY) for 10 minutes at 4°C. Fc receptors were blocked as previously described
and T cells-CD19-His protein mix was stained with AF647 Penta-His (dilution 1/400, Qiagen) for 20
minutes at 4°C. Cells were then washed twice with FACS buffer and acquired on the CytoFLEX S flow
cytometer (Beckman Coulter). Data analyses were performed using FlowJo software (Tree Star Inc., OR,
USA).

Ex-vivo analysis - Organ single-cell suspension preparation and analysis

Single-cell suspension of liver was performed using the liver dissociation kit from Miltenyi Biotec and the
gentleMACS™ Dissociator (Miltenyi Biotec) according to the manufacturer’s protocol. Single-cell
suspension from spleen was prepared by enzymatic digestion in collagenase IV (Gibco) and DNase |
(Sigma-Aldrich) for 20 min at 37°C, followed by mechanical digestion with the gentleMACS™
Dissociator. Red blood cell lysis was performed using ACK buffer (Ammonium-Chloride-Potassium). Cell
suspensions were filtered through a 70 uM Nylon filter (BD Falcon™) and counted using a cell viability
analyser (Vi-CELL).

After cells were counted, 2x10° cells per sample were stained with Fixable Viability Dye eFluor™ 780
(eBioscience™) according to manufacturer’s instructions. Cells were then incubated with Mouse BD Fc

Block™ and surface staining was directly performed in the dark for 20 min at 4°C (see Table 8 for



details). Cells were then washed twice with FACS buffer and acquired on the CytoFLEX S flow cytometer

(Beckman Coulter). Data analysis were performed using FlowJo software.



Table 8: Antibodies used for immunophenotyping analysis.

Fluorochrome Marker Clone Manufacturer
PerCP-Cy5.5 CD69 H1.2F3 BD Biosciences
APC CD8 QA17A07 Biolegend
APC-R700 CD25 PC61 BD Biosciences
BV421 CD45 30-F11 BD Biosciences
BV510 CDh4 RM4-5 Biolegend
BV711 CcDhe2L MEL-14 Biolegend
PE CD19 1D3 BD Biosciences
PE-Cy5 CD3 145-2C11 Biolegend
PE-Cy7 CD44 IM7 Invitrogen
PerCP-Cy5.5 Ly6g 1A8 BD Biosciences
APC MHCII IA/IE M5/114.15.2 Biolegend
APC-Cy7 CD11c N418 Biolegend
BV421 CD45 30-F11 BD Biosciences
BV605 Ly6c HK1.4 Biolegend
BV711 CD64 X54-5/7.1 Biolegend
PE NKp46 29A1.4 eBioscience
PE-Cy5 CD11c N418 Biolegend
PE-Cy7 F4/80 BMS8 invitrogen

Ex-vivo analysis - Detection of mouse anti-CAR antibodies

Mouse bearing A20-Luc lymphoma and treated with 30 mg/kg of CTX plus Control or CD19-CAR T cells
were euthanised and plasma was collected and stored at -20°C. Freshly produced Control or CAR T cells
were incubated for 1 hour at RT with 1/100 diluted sera. Samples were then washed twice with FACS
buffer and incubated for 30 minutes at RT in the dark with an AF647 Goat Anti-Mouse IgG (sub-classes
1+2a+2b+3), Fcy Fragment Specific (Jackson ImmunoResearch), 1/400 diluted. Samples were washed

twice with FACS buffer and acquired on the CytoFLEX S flow cytometer.

1.2.11  Statistics
GraphPad Prism (GraphPad Software, CA, USA) was used for all statistical analysis. The unpaired t-test or

unpaired non-parametric Mann—-Whitney t-test were used for statistical comparison. p-value of <0.05

was considered significant.



2 RESULTS
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Figure 21: In vivo engraftment of A20-Luc lymphoma cells. (A) 0.5x10° A20-Luc cells were injected intravenously into
BALB/c mice pre-conditioned with 150 mg/kg cyclophosphamide (CTX). (B) Quantification of tumour growth by measuring
light emission from BALB/c mice. (C, D) Bioluminescence imaging of pre-conditioned mice i.v. injected with A20-Luc. The
scale to the left of the images describes the color map for the photon count. (D) At day 14, mice were exposed on the ventral
side first and immediately flipped over to image dorsal to pick up tumour masses on both sides of the bodies.

Several A20-Luc clones were selected and tested in vivo for engraftment capability without success. A20
cells are highly immunogenic by themselves, even free of genome-editing. Tolerance to A20-luc cells was
challenging, decreasing the number of A20-Luc cells per injection has no impact (data not shown). The
administration one day prior to tumour cell engraftment of immune-depleting agent allowed for

successful tumour engraftment. A20-Luc clone A7 cells were injected intravenously into BALB/c



recipient mice pre-conditioned with cyclophosphamide (Figure 21A). Almost all recipient mice showed
tumour engraftment (8 mice out of 10, 80%) (Figure 21B). One day after tumour injection, a
bioluminescent signal was detectable from the lungs and, after 6 days, in spleen and lymph nodes
(Figure 21C). An infiltration of lungs, lymph nodes, spinal cord and brain was observed in final disease
stages (Figure 21D). As for mice bearing A20 wild type cells, clinical signs of disease included tail

paralysis rapidly followed by hind-limb paralysis (Figure 21D).

2.2 INVITRO EFFICACY OF CD19-CAR T CELL THERAPY

2.2.1 Comparison of murine CAR T cells having different costimulatory domains

Several CARs sharing the same structure except for the costimulatory domain were studied (Figure 22A).
The first construct, 1D3-28z, was designed by Kochenderfer et al. to specifically recognize the murine
CD19 and contained the costimulatory domain of CD283!!, To investigate the impact of the 4-1BB
costimulatory domain, a second CAR was designed, 1D3-BBz, in which the CD28 costimulatory part was
exchanged for the 4-1BB costimulatory domain (Figure 22A). In addition, this kind of construct
containing 4-1BB as the costimulatory domain was used by Chadwick et al. to study toxicity and
neuroinflammation induced by CAR T-cells in a syngeneic mouse model of lymphoma3". A third-
generation of CAR was also created, 1D3-28-BBz, in which the two costimulatory domains of CD28 and
4-1BB were expressed. All the retroviral vectors contained the DNA sequence of GFP in order to assess
transduction efficacy (Figure 22A).

Whatever the retroviral vector, T cell transduction efficacy was over 60% as determined by GFP
expression. If the transduction efficacy of vectors containing the first-generation of CAR (meaning, 1D3-
28z or 1D3-BBz) was similar and around 75-80% of GFP* T cells, the CAR expression at the surface
membrane was significantly different, over 60% and around 35% of CAR* T cells, respectively (Figure
22B). Interestingly, the percentage of CAR* T cells transduced with the second-generation of CAR was
similar as the T cells transduced with the 1D3-BBz, despite the percentage of GFP* T cells being lower
(Figure 22B).

The ability of the CAR to bind the murine CD19 was investigated by flow cytometry using recombinant
murine CD19-His tagged protein (Figure 22C). All the T cells transduced with retroviral vectors
containing CAR DNA sequence bound to the recombinant murine CD19 as expected, the 1D3-scFv being
identical between the CAR constructs. The percentage of T cells bound to the murine CD19 was
proportional to the CAR* T cells. Indeed, 1D3-28z transduced T cells shared the highest percentage of
CAR* T cells (Figure 22B) and the highest binding capacity (Figure 22C). Nonetheless, despite same CAR*



percentage of T cells, 1D3-BBz CAR T cells showed better binding to murine CD19 than 1D3-28-BBz CAR
T cells (Figure 22C). While the different CAR T cell cultures showed difference regarding CAR expression
and binding capacity, all the transduced T cells demonstrated strong and equivalent killing efficacy
(Figure 22D). To investigate if one CAR construct would be more potent to induce cytokine release,
cytokine production was quantified when transduced T cells were cultured with A20 cells (Figure 22D).
Transduced T cell cultures exhibited robust levels of IFN-y, TNF-a, GM-CSF, IL-10 and CXCL10 whatever

the costimulatory domain of the CAR.
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Figure 22: In-house CD19-CAR constructs are differentially expressed but share same killing efficacy. (A) Diagram of the DNA

encoding the 1D3-28z, 1D3-BBz and 1D3-28-BBz CAR (U, retroviral packaging signal). T cells were purified from spleen,
activated for 18 hours with anti-CD3/anti-CD28 antibodies and then transduced with retroviruses encoding the different CARs.
Five days post transduction, (B) GFP and CAR expressions, as well as (C) the capability of the CD19-CARs to bind the murine
CD19 protein were assessed by flow cytometry. The CAR T cells were co-cultured with A20-Luc cells at indicated E:T ratios. (D)
Cytotoxicity was investigated 24 hours later by acquiring bioluminescence and (E) cytokines from the supernatant were
quantified by Luminex. Data are representative of N=3 experiments, except for (E) N=1. Data are represented as mean + SEM.




2.2.2 Complete RPMI medium is superior to complete Gibco medium for preserving CAR T cells
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Figure 23: Complete RPMI medium supplemented with IL-2 better preserved viability and cytotoxic activity of the CD19-CAR
T cells. T cells were purified from spleen and cultured either in complete RPMI or complete Gibco medium, supplemented with
either IL-2 or IL-7 plus IL-15 cytokines. After 18 hours of activation, T cells were transduced with 1D3-28z retrovirus. (A)
Viability of T cell cultures was followed for up to 12 days of culture, (B) GFP and CD19-CAR expression, and (C) CD4/CDS8 ratio
were investigated by flow cytometry. (D) CAR T cells from each culture condition were co-culture with A20-Luc cells at
indicated E:T ratio. Cytotoxicity of the CAR T cells was assessed 24 hours later by quantifying the bioluminescence (triplicates).
Data are representative of N=2 experiments. Data are represented as mean + SEM.

Survival of CAR T cells in complete RPMI (cRPMI) medium was better compared to CAR T cells grown in
cGibco medium, whatever the supplemented cytokine(s) (Figure 23A). Nonetheless, cGibco medium
provided better transduction efficiency and CAR expression at the membrane (Figure 23B). Interestingly,
culture medium impacted CD4/CD8 ratios: cRPMI favoured CD8* T cell proliferation whereas cGibco
favoured CD4"* T cell proliferation (Figure 23C). Most importantly, CAR T cell grown in cGibco medium
demonstrated an impaired killing activity (Figure 23D). Globally, survival, CAR expression and CD4/CD8
ratio of CAR T cells in the presence of IL-7 plus IL-15 were similar with CAR T cells grown in the presence
of IL-2. Although, when grown in cRPMI, the efficacy of CAR T cells in presence of IL-2 is better than CAR
T cells grown with IL-7 plus IL-15, at highest E:T ratios (Figure 23D). Therefore, the cRPMI supplemented

with IL-2 was selected for all the following experiments.



2.3

2.3.1

tumour control

CRS INDUCED BY CD19-CAR T CELL IN A20-LYMPHOMA MODEL

Transient depletion of immune cell populations is required for optimal CAR-T cell mediated

Long term survival of A20-lymphoma bearing mice treated with CD19-CAR T cells
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Figure 24: CD19-CAR T cell therapy
allowed long term survival. (A) Mice
were  pre-conditioned  with i.v.
injection of CTX one day prior to A20-
Luc lymphoma engraftment. Eight
days later, mice were imaged,
randomized, and received 250 mg/kg
i.p. of CTX. The day after, mice were
infused with either CD19-CAR T cells
or Control-CAR T cells. (B) Mean of
bioluminescence and (C) survival of
mice  with  established A20-Luc
lymphoma. After Day 21, individual
bioluminescence signal of mice
treated with Control-CAR T cells was
represented. (D) Percent of body
weight from D-1. Data representative
of N=2 experiments, n=7-8 mice per
group.

A pilot experiment was designed to investigate the efficacy of the CAR T cell therapy in vivo. Based on

the experimental procedure provided by Chadwick et al.3*7, 250 mg/kg of CTX was administrated i.p. to

mice bearing A20-Luc lymphoma B cells (A20-Luc) one day prior to CAR T cell injection (Figure 23A). At

this CTX dose, control-CAR (i.e. T cells transduced with retroviral empty vector) and CD19-CAR T cell

therapy controlled A20-Luc growth in the days following treatment administration, as demonstrated by

the reduction of bioluminescence signal (Figure 23B). However, only mice treated with CD19-CAR T cell

therapy showed a complete response over time whereas 75% of mice treated with control-CAR T

relapsed within the 28 to 56 days post tumour engraftment (Figure 23B and C).



In lymphoreplete patients (i.e., in presence of endogenous T cells), adoptive T cell therapy showed poor
persistence and limited anti-cancer efficacy without prior immune cell depletion3'?313, Indeed,
endogenous T cells are much more abundant than adoptively transferred T cells, leading to competition
for cytokines that induce proliferation. However, agents used to induce immune depletion, often
chemotherapy or radiotherapy, also induce toxic side effects. As observed in this experiment, mice lost
weight after each administration of CTX, whatever the administration route (Figure 23D). In addition,
the potent efficacy of CTX plus Control T cells at killing A20-Luc cells the days following injection was not

expected. Therefore, a set of experiments was performed to refine the CTX dose.

Pre-conditioning immunomodulation is essential for potent CAR T cells engraftment

To find the right balance between efficient engraftment of T cell therapy and reduced toxicity of the
immune depleting agent, doses from 30 to 170 mg/kg of CTX one day prior to T cells infusion were
tested in mice bearing A20-Luc lymphoma (Figure 25A and Annex 2). The combination of low CTX doses
(30 or 43 mg/kg) with Control-CAR T cells had a light anti-tumour effect (Figure 25B). With higher doses
(> 63 mg/kg), a CTX dose-dependent killing of A20 cells was observed the days following treatment
(Figure 25B). However, whatever the CTX dose, mice treated with Control-CAR T cell relapsed within the
14 to 56 days post tumour engraftment (Figure 25B and C), with a maximum of 30% survival rate for
mice pre-treated with the highest CTX dose plus Control-CAR T cells (Figure 25C).

As expected, CTX administration pre-CAR T cell infusion significantly impacted the efficacy potential of
CAR T cell therapy. In short, the higher the CTX dose injected, the better the CAR T cell survival rate
(Figure 25D). As previously observed with Control-CAR T cell therapy, pre-conditioned CTX dose of 30
mg/kg afforded no benefit to control A20-Luc lymphoma, even combined with CD19-CAR T cell therapy.
A CTX dose of 43 mg/kg, resulted in a positive CD19-CAR T cell effect on tumour growth: reduction of
bioluminescence signal was noticed for several days post treatment only in the CD19-CAR T cell
treatment group (Figure 25B and E). However, at this CTX dose, CD19-CAR T cell therapy afforded a
survival rate of only 40% (Figure 25D). With CTX doses > 63 mg/kg, CD19-CAR T cells demonstrated a
potent therapeutic efficacy to control A20-luc cell growth, with a survival rate over 75% and up-to 100%

for the highest tested CTX dose of 170 mg/kg (Figure 25D and E).
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Figure 25: Immunomodulation is mandatory for CAR T cell therapy efficacy. (A) Mice were pre-conditioned with i.v. injection
of CTX one day prior to A20-Luc lymphoma engraftment. Seven or eight days later, mice were imaged, randomized, and
received i.p. indicated dose of CTX. The day after, mice were infused with (B and C) Control-CAR or (D and E) CD19-CART cells.
(B) Bioluminescence and (C) survival of Control-CAR T cell injected mice following indicated doses of CTX pre-treatment. (D)
Survival and (E) individual bioluminescence of mice treated with indicated dose of CTX plus CD19-CAR T cell therapy. Data
representative of two independent experiments, n=7-8 mice per group.

To further understand the lack of CD19-CAR T cell efficacy when administered following a low dose of
CTX (30 mg/kg), the presence of anti-CAR-T cell antibodies was investigated from mouse plasma (Figure
26A). While no antibodies were detected in mice given Control-CAR-T cells (Figure 26B), a positive signal
was detected from sera of mice administered CD19-CAR T cells (Figure 26C). This data suggests that at
CTX doses < 43 mg/kg, host mice are able to recognize and mount an immune response to adoptively

transferred CD19-CAR T cells, most likely directed to the rat origin of the 1D3-scFv CD19-CAR construct.



Figure 26: In vivo immune response against CAR T
cells with low CTX doses. (A) Fresh Control-CAR and
CD19-CAR T cells were reproduced in vitro and
incubated with sera from mouse injected with 30
mg/kg of CTX plus (B) Control-CAR or (C) CD19-CAR T
cells. Murine anti-CAR Ab from sera were detected by
flow cytometry using anti-mouse antibody. Data
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Proliferation of CD19-CAR T cell infused in mice bearing A20 lymphoma

Robust CAR T cell proliferation in vivo was shown to coincide with CRS*78° Therefore, to monitor CAR
T cell expansion in vivo, luciferase-expressing Control-CAR T and CD19-CAR T cells were produced.
Expression of the luciferase was checked in vitro and the bioluminescence signal of the luciferase-
expressing Control-CAR T and CD19-CAR T-Luc cells was similar (Figure 27A). In addition, the cytoplasmic
expression of luciferase does not impair expression of the CAR at the membrane surface (Figure 27B).
Control-CAR and CD19-CAR T-Luc cells were infused in in mice bearing A20-WT lymphoma (Figure 27C)
and cells were monitored via bioluminescence imaging (Figure 27E and F). To compare A20-Luc tumour
cell growth kinetics in vivo, 2x10° A20-WT cells were also transplanted. Mice were euthanized 15- or 16-
days post A20-WT engraftment due to tail paralysis (Figure 27D), at a similar time point to mice given
A20-Luc cells (Figure 21). In addition, Control-CAR T cells afforded a survival rate of 40% whereas CD19-
CAR T cell administered mice displayed a 100% survival rate (Figure 27D). Whereas Control-CAR T-Luc
cells persisted for 2 weeks in vivo without showing evidence of proliferation, CD19-CAR T-Luc cells
proliferated the 4 first days post infusion and remained at high concentration as of 11 days post-infusion
(Figure 27E and F). At the peak of expansion, CD19-CAR T-Luc cells appeared to be localized mainly in
the liver and the spleen, whereas Control-CAR T-Luc cells were disseminated in the body (Figure 27F).
CD19-CAR T-Luc cells then migrated to secondary lymphoid organs (Figure 27F), most probably due to
the increased presence of A20 tumour cells (Figure 21). A decrease of the bioluminescence signal was
noted around 11 days post infusion of Control- and CD19-CAR T-Luc cell groups (Figure 27E). It is
important to note that the decrease in luciferase expression was observed in vitro over time (data not

shown). This observation may explain the ‘rapid’ reduction of the bioluminescence signal in vivo which



may reflect the true reason for the disappearance of transferred CAR T-Luc cells over time. Nonetheless,
the early clearance of CD19-CAR T-Luc cells may also be due to host immune responses returning to

normal following early CTX-treatment.
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Figure 27: In vivo proliferation of CD19-CAR T-Luc cells in mice with established A20 lymphoma. Murine T cells were
transduced with retroviral vector expressing the Luciferase and Control- or CD19-CAR. Four days post transduction, (A)
luminescence signal was assessed using SpectraMax-i3x device, and (B) CD19-CAR expression was investigated by flow
cytometry. (C) Mice were pre-conditioned with i.v. injection of CTX one day prior to A20-WT lymphoma engraftment. Eight
days later, mice were imaged, randomized, and received i.p. indicated dose of CTX. The day after, mice were infused with
engineered T cells. (D) Survival of mice with established A20-WT lymphoma, treated with Control- or CD19-CAR T cell therapy.
(E and F) Following of Control- and CD19-CAR T-Luc cells by bioluminescence. (E) Mean of bioluminescence signal and (F)
mouse images during bioluminescence acquisition. Data from single experiment. Values are displayed as mean + SD.

Taken together, these data supported the rational to use a high dose of immune-depleting agent prior
to adoptive transfer of CAR T cells. Indeed, high dose CTX allowed a good tumour engraftment and
provided an optimal milieu for CAR-T cell proliferation. In addition, preliminary data (Annex 3)
demonstrated that the pre-conditioning dose of CTX positively impacted cytokine production; i.e., the
highest CTX dose resulted in the highest cytokine release. As such, the CTX at 170 mg/kg was chosen as

the pre-conditioning dose prior CAR T cells infusion in the subsequent experiments.



2.3.2 Mouse CD19-CAR T cell induced CRS

CAR T-cell model of CRS reproduces features of CRS
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Figure 28: Lymphoma killing by murine CD19-CAR T cells induced CRS. Mice were pre-conditioned with i.v. injection of CTX one
day prior to A20-Luc lymphoma engraftment. 8 days later, mice were imaged, randomized, and received 170 mg/kg of CTX on
day prior Control-CAR or CD19-CAR T cells infusion. (A) Tumour growth, body (B) weight and (C) temperature, (D) spleen and (E)
liver weight follow-up. Blood parameters including leucocyte (E) lymphocyte, (F) monocyte, and (G) platelet, counts. (H) Plasma
angiopeitin-2 quantification. n=5-6 mice per time point and representative of N=3 independent experiments. *P<0.05, **P<0.01,
were obtained using the unpaired Mann-Whitney t-test. Values are displayed as mean + SD.

To investigate the potential toxicities associated with CAR T cells, mice were injected with A20-Luc
lymphoma cells and 8 days later treated with 170 mg/kg of CTX, one day pre-Control-CAR or CD19-CAR T
cell infusion. After initial tumour remission, almost all A20-lymphoma—bearing mice treated with
Control-CAR T cells relapsed, whereas mice having received CD19-CAR T cells showed long term tumour
control (Figure 28A). At first sight, mice did not demonstrate common signs of CAR T-toxicities, such as

body weight and body temperature loss, that remained stable (Figure 28B and C). Nonetheless, body



temperature measurements of mice given CD19-CAR T cells were more heterogenous with a tendency
to be lower than Control-CAR T cell-injected mice (Figure 28C). As a robust expansion of CD19-CAR T
cells was observed during 4 days following infusion (Figure 27E), mice were euthanized at those time
points to further study the impact of the CAR T therapy. Mice developed several CRS features including
hepatosplenomegaly (Figure 28D and E) and blood disorders (Figure 28F to H). Indeed, the spleen and
liver weights from CD19-CAR T cell-injected mice significantly increased in days post injection. Although
lymphopenia was observed in both Control-CAR and CD19-CAR T cell administered mice, a more severe
phenotype developed following the latter (Figure 28F). Monocytosis (Figure 28G) and thrombocytopenia

(Figure 28H) was also observed.

CD19-CAR T cell induced systemic hypercytokinemia with an IL-6 and IFN-y signature
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Figure 29: CD19-CAR T cells induced systemic hypercytokinemia characteristic of CRS. Mice were pre-conditioned with i.v.
injection of CTX one day prior to A20-Luc lymphoma engraftment. 8 days later, mice were imaged, randomized, and received 170
mg/kg of CTX on day prior Control-CAR or CD19-CAR T cells infusion. Mice were euthanized at the indicated days post treatment
and plasma cytokines and chemokines were quantified using MSD U-PLEX assay kits or ELISA assays. Data are representative of
N=3 independent experiments, n=4-6 mice per time point. Values are displayed as mean + SEM.

The above observed toxicities induced by CD19-CAR T therapy was associated with a transient increase
of inflammatory cytokines and chemokines, starting immediately after the CAR T injection and lasting

almost 5 days. As observed in human patients developing CRS, plasma levels of IFN-y, IL-6, TNF-a, IL-2



and IL-10 were up-regulated (Figure 29A to E). The kinetics of production was cytokine dependent. IL-2
was first to peak followed by IFN-y and then IL-6, one-, two- and four-day post CD19-CAR T injection
(Figure 29A to C), respectively. Levels of SAA, a biomarker often associated with IL-6 signalling, was up-
regulated in plasma as early as day 2 post CD19-CAR-T transfer and remained high until at least day 5
(Figure 29F). In contrast, CXCL9 and CXCL10, two well-described biomarkers of IFN-y activity3*, peaked
at day 2 and then rapidly returned to basal level (Figure 29G and H). Monocyte chemoattractant protein-
1 (MCP-1), and granulocyte-macrophage colony-stimulating factor (GM-CSF), inflammatory mediators
frequently associated with life-threatening CRS®, were also significantly and rapidly up-regulated,
peaking at day 1 (Figure 291 and J), as well as CXCL1, chemokine described to enhance neutrophil

163 survival, and proliferation, progressively peaking at day 4 (Figure 29K). Finally, and as a

attraction
measure of increased vascular permeability’®, Angiopoietin-2 (Ang-2) was also over-expressed following
CD19-CAR T cell infusion (Figure 29L). Elevations of the above cytokines closely mirrored the kinetics of
de novo mRNA synthesis in the spleen, the liver, and the lung (Figure 30), although the latter analysis
was only performed once.

The mRNA signature for Ifn-y was sharply up regulated in the spleen and, in a sustained manner, in the
lung (Figure 30A). Accordingly, Cxcl10 and Cxcl9 were mainly up regulated in the lung (Figure 30B and C).
As expected, the liver was the site where the Saa gene expression was the highest (Figure 30E), whereas
II-6 was similarly up-regulated in the three studied organs (Figure 30D). The liver also presented the
highest fold increase for Mcp-1 and Tnf-a gene expression level (Figure 30F and G). Interestingly, Ang-2
was up regulated only in the liver, whereas it was down-regulated in the spleen and the lung (Figure
30H). In addition, Ang-1, a key component in blood vessel maturation and stabilization’>7%, was down-
regulated in the three organs (Figure 30l), as well as vascular endothelial growth factor VEGF (Figure
30J). Globally, the lung and the spleen behaved relatively in a same way, reflecting a Thl gene
expression signature. Conversely, the liver presented with an up-regulation of inflammatory genes
associated with monocyte/macrophage attraction and activation, as well as vascular permeability

(Figure 30).



A g PNy B ,,. cxcLio C 150, CXCL9
@ig Z 1001
s s
& 107 /K X 501
£ 5 1S
0- 0-
02 3 4
E 100, SM F 100-
801 ~ 80d —+— Spleen
T o Z P
% %8 % 404 Liver
IS 104 € 20- /%\\ —— Lung
0- o 04
0 2 3 4 02 3 4
G, TNFa H . Ang2 | ;5. Angl J 5. VEGF
= =4 = =
<L ° w Lio0 Lio
< 6 <3 < <
Z 4 22 =z P4
T x g & 05 X 05
E 2 a E 14 & £ g
0 0tr—r— 0.0+—— 0.0
02 3 4 0 2 3 4 0 2 3 4 0 2 3 4

Figure 30: Organ-specific inflammatory gene signature induced by CD19-CAR T therapy. Mice were pre-conditioned with i.v.
injection of CTX one day prior to A20-Luc lymphoma engraftment. 8 days later, mice were imaged, randomized, and received 170
mg/kg of CTX on day prior Control-CAR or CD19-CAR T cells infusion. Mice were euthanized at the indicated days post treatment.
Graphs A to | represents the quantification of tissue-derived cytokine and chemokine mRNA levels evaluated by gPCR in the
spleen, the liver, and the lung. Data are expressed as fold increase (FI) above mean of Control-CAR T-injected mice. n=4-6 mice
per time point from a single experiment. Values are displayed as mean + SEM.

Organ-specific mobilization of inflammatory cells

The organ-specific cytokine signature, hepatosplenomegaly, the drop in circulating lymphocyte count,
and the increase in monocyte count following CD19-CAR T cell injection, suggested a potential
differential mobilization of immune cells to respective tissues. To further characterize this observation,
infiltrating immune cells from spleen and liver were excised 2-, 3- and 4-days post CAR T injection and
characterized (see Annex 4 for gating strategies). A differentiating homing pattern was observed
between Control- and CD19-CAR T cells. Indeed, while Control-CAR T cell frequency was higher than
CD19-CAR T cell frequency in the spleen, the opposite was observed in the liver (Figure 31A and B).
Secondly, myeloid subsets also fluctuated significantly in the studied organs. A lower frequency of NK
cells was seen in the spleens from mice injected with CD19-CAR T cells as compared to Control-CAR T
cell administered mice (Figure 31C) whereas the opposite was observed in the liver (Figure 31D). In both
organs, an increased frequency of neutrophils, inflammatory and resident monocytes/macrophages was

seen (Figure 31E to J). The frequency of the latter remained stable over time (Figure 31J). Frequency of



myeloid subsets in the organs increased with time and correlated with the growing hepatosplenomegaly
previously observed (Figure 31D and E). This was particularly obvious for NK cells in the liver (Figure

31D) and both neutrophils and inflammatory monocytes/macrophages in the spleen (Figure 31G and ).
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2.4 INVESTIGATING ROLE FOR IFN-I AND IL-6 IN CAR-T INDUCED CRS

2.4.1 Neutralizing IL-6 affords partial benefit at reducing CRS features

As a significant increase of IFN-y and IL-6 was observed following CD19-CAR T cell infusion, mice were
treated with mAbs neutralizing IFN-y and IL-6-mediated signalling. Anti-cytokine mAbs were injected at
30 mg/kg simultaneously with the CAR T therapy, followed up by two additional doses administrated 2
and 5 days later (Figure 32A). Interestingly, the efficacy afforded by CD19-CAR T therapy was not impair
by neutralizing IL-6-signalling or IFN-y. All mice administered anti-IL-6R or anti-IFN-y mAbs with CD19-
CAR T cells controlled A20 tumour growth over time whereas only 25% of mice treated with Control-CAR
T cells survived (Figure 32B). In addition, anti-cytokine treatment did not impair the killing efficacy of
CD19-CAR T cells (Figure 32C). Interestingly, while mice administered the neutralizing antibodies
recovered more rapidly from lymphopenia compared to untreated mice (Figure 32D), only IL-6 blockade
significantly ameliorated the observed monocytosis (Figure 32E) as well as the hepatosplenomegaly
(Figure 32F and G). Accordingly, IL-6 neutralization reduced the frequency of myeloid subsets previously
shown to be increased in the spleen and liver of CD19-CAR T cells injected-mice developing
hepatosplenomegaly (Figure 31). Indeed, the IL-6 blockade resulted in a decreased frequency of
neutrophils in the spleen and the liver (Figure 32H and 1), and of inflammatory monocytes/macrophages
in the spleen (Figure 32l) in comparison to CD19-CAR T cells injected-alone mice. Taken together, the
data herein suggests that IL-6 and IFN-y are obligate cytokines for CAR-T cell induced tumour control

and that IL-6 may be linked to CRS parameters.
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Figure 32: Neutralizing IL-6, but not IFN-y, affords benefit at reducing CRS features. (A) Mice bearing lymphoma model were
treated with Control-CAR or CD19-CAR T cell therapy and an anti-IL-6R or anti-IFN-y. (B) Survival and (C) bioluminescence of mice.
Blood parameters including (D) lymphocyte and (E) monocyte counts. (F) Spleen and (G) liver weight. Single cell-suspensions from
the (H and 1) spleen and (J) liver were prepared 4 days post treatment, followed by immunophenotyping. Neutrophils (H and J)
and inflammatory monocytes/macrophages (I) frequencies are expressed as a percentage of viable cells. Gating strategies are
available in Annex 4. Data are representative of N=2 independent experiments, n=5-6 mice per group. *P<0.05, **P<0.01 and
**%p<0.001 were obtained using unpaired t-test or one-way ANOVA. Values are displayed as mean + SEM.




2.4.2 Investigating IL-6-cis and -trans signalling pathways in CAR T-induced efficacy and toxicity

IL-6 is a pleiotropic cytokine utilizing two different pathways to mediate its biological effects: the
classical pathway, and the trans-signalling pathway. While the classical pathway appears to mediate the
homeostatic and protective activities of IL-6, the trans-signalling pathway is emerging as a driver of
dysregulated inflammatory responses leading to disease!'116124  previously developed anti-IL-6R
antibodies were tested in the CD19-CAR T cell/A20 model. 25F10 exclusively inhibits the trans-signalling
pathway, whereas 2B10 (a tocilizumab-like antibody) blocks both cis- and trans-signalling pathway
(Figure 33A and B). With the aim to investigate the impact of IL-6 trans-signalling on CAR-T therapy
efficacy and toxicity, mice bearing A20 lymphoma were treated with CD19-CAR T cells and administrated
25F10 or 2B10, as detailed in Figure 33C. While blockade of IL-6-signalling pathways via the two mAbs
did not impair CD19-CAR T efficacy (Figure 33D), 25F10 (trans-signalling blocker) afforded an improved
control of hepatosplenomegaly (Figure 33E) and hemotoxicity (Figure 33F). Accordingly, 25F10 reduced
the infiltration of neutrophils and monocytes/macrophages in the spleen and the liver (Figure 33G),
although not reaching statistical significance. Differential blockade of the IL-6-signalling pathways
impacted the cytokine production (Figure 33H). Whereas both 25F10 and 2B10 did not reduce the early
cytokine up-regulation in plasma (Figure 33H — Day 3), 25F10 treatment resulted in a more rapid return
to baseline (ie, Control-CAR T cells mice) plasma cytokine levels, of IFN-y, TNF-qa, IL-2, CXCL10, MCP-1, as
compared to 2B10 administrated CD19-CAR T cells mice or anti-IL6R-mAb untreated CD19-CAR T cells
mice (Figure 33H). Interestingly, over-expression of CXCL1 was controlled by 2B10 and 25F10 (Figure
33H). Contrary to the previous trend, only 2B10 significantly reduced the SAA level, which may point to
an inefficient blockade of IL-6 signalling by the mAbs (Figure 33H). Taken together, a role of IL-6-trans
signalling in toxicity induced by CAR T therapy was suggested in these first experiments. In an effort to
reproduce the data, mice were administrated with higher doses of anti-IL-6R mAbs. Due to technical
reasons, the 30 mg/kg was administrated i.v. and the 60 mg/kg doses administrated ip. In addition, the
third anti-IL-6R injection was given D4 (instead of D5 in the previous experiment) (Annex 5A). If the
higher doses of anti-IL-6R did not impair CAR T therapy (Annex 5B), the positive impact of 25F10 at
reducing CAR T cell-toxicities was not reproduced (Annex 5). This discrepancy may be due to different
batches of anti-IL-6R mAbs used between the two experiments. In addition, the mAbs were stored for a

long period at -80°C (since 2012) that might impact their activity.
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Figure 33: Differential role of IL-6-trans- and cis-signalling pathways in toxicities mediated by CD19-CAR T cells. Downstream
pathways of IL-6 signalling, and specific blocking of (A) 2B10 and (B) 25F10. (C) Mice bearing lymphoma model were treated
with Control-CAR or CD19-CAR T cell therapy and 25F10 or 2B10. (D) bioluminescence follow-up. (E) Spleen and liver weight. (F)
Blood parameters including lymphocyte, monocyte and platelet counts. (G) Single cell-suspensions from the spleen and liver
were prepared 4 days post CAR T infusion, followed by immunophenotyping. Neutrophils and inflammatory
monocytes/macrophages (inf. Mo/M®) frequencies are expressed as a percentage of viable cells. Gating strategies are
available in Annex 4. (H) Plasma cytokines and chemokines quantification using MSD U-PLEX assay kits or ELISA assays.
Preliminary data from of one single experiment, n=5-6 mice per group. *P<0.05, **P<0.01 and ***P<0.001 were obtained using
unpaired t-test. Values are displayed as mean = SEM. (A) and (B) are adapted from Lee et al.11*



3 CONCLUDING REMARKS

Several factors affect the efficacy and safety of CD19-CAR T cells, such as composition of the CAR (for
instance, nature and number of costimulatory domains), the culture methods prior infusion, the number
of T cells transferred, the tumour burden®3.

In order to determine the optimal CAR for in vivo studies three CAR constructs were generated; two
containing a single costimulatory domain, either CD28 or 4-1BB, and the third containing the both
costimulatory domains. All CAR constructs included the same anti-CD19-scFv component and the CD3-
activation domain. The CD19-CAR T cells were shown to bind to the recombinant murine CD19, although
with different capacity that correlated with CAR expression levels. Importantly, all transduced CAR-T
cells demonstrated equivalent in vitro cytotoxicity activity. Whatever the CAR construct, the activation
of the CD19-CAR T cells upon co-culture with target A20 B lymphoma cells resulted in abundant Thl
(IFN-y, TNF-a) and Th2 (IL-10) cytokine production. Although the high production level of Th1 cytokines
is expected, it was shown by other that the incorporation of the 4-1BB domain into CARs decreased the

production of Th2 cytokines34,

The efficacy of CAR T cell therapy is dependent on the ability of T cells to engraft, expand and persist
after adoptive transfer®. The culturing conditions during ex vivo CAR T cell generation and expansion
play a crucial role for producing an effective therapeutic activity3!®. Furthermore, the degree of T cell
expansion also correlates with the severity of CRS®. T cell culture media is often supplemented with
cytokines, the most commonly used being IL-2. However, IL-7 and IL-15 have also been used due to their
ability to enhance the survival and proliferation of T cells**>3%, Hence, two culture mediums were
screened herein, the serum-free Gibco medium known to enhance T cells expansion, and the more

321 supplemented with either IL-2 or IL-7/IL-15. In contrast to the majority of

widely used RPMI medium
studies describing the Gibco medium to be better for T cell culture conditions, the work described here
found that RPMI medium allows a better maintenance of the viability and a superior killing capacity of T
cells in comparison to Gibco medium32, Surprisingly, while the IL7/15 cytokine supplementation in the
medium was shown to impact the maintenance and cytotoxic activity of the T cells culture, the addition
of recombinant cytokines failed to enhance the CAR-T cell antitumor activity and the in vivo expansion
(data not shown), as commonly reported31®318321 Nonetheless, the impact of cytokine supplementation

on CAR T cells vary from one study to another. Indeed, contradictory reports described that murine T

cell function in vitro following culture in IL-7/IL-15 is lower than following culture in IL-2. The method of



T cell stimulation used, differences in the cytokine concentration used, and the duration of expansion

are reasons among others that may explain this discrepancy3?%323,

The ability of the murine 1D3-28z-CAR T cells (named after CD19-CAR T cells), to control A20 B
lymphoma in syngeneic mice and to induce CRS was evaluated. Multiple studies have demonstrated that
host lymphocytes can reduce the antitumor efficacy of transferred T cells and therefore
lymphodepletion prior to the adoptive T cell transfer enhances antitumor activity in mouse and in
humans3113327329  Most-importantly, intensity of lymphodepleting regimen was associated with the
severity of CRS mediated by CAR T cells®%8,  Consistently, it was shown herein that the dose of
cyclophosphamide (CTX) administrated one day prior to CAR T cell infusion positively impacted the
efficacy of the CD19-CAR T cells and the cytokine production in vivo. Mice transplanted with A20 B
lymphoma cells, pre-conditioned with CTX and then administered the CD19-CAR T cells demonstrated
long-term survival. Although the mice did not exhibit visual clinical symptoms of CRS such as
piloerection or prostration, the CD19-CAR T cells induced a robust systemic inflammatory response and

other symptoms characteristic of CRS such as splenomegaly and hemotoxicity.



CHAPTER IV: GENERAL DISCUSSION, CONCLUSION &
PERSPECTIVES

Note: The results obtained from the mouse model of anti-CD3-induced CRS has been already discussed in the
published paper inserted in the Chapter Il. Therefore, the general discussion will be more focussed on the data of
the model of CRS mediated by CAR T cells. Nevertheless, similarity and differences between the two models will be
highlighted.

Cytokine release syndrome (CRS) is an acute inflammatory syndrome caused by the activation of
immune cells and release of proinflammatory cytokines. Symptomatically starting off as a fever, clinical
signs rapidly progress to hypotension, hypoxia, multiple-organ dysfunction, and death®3334121 |nitially
described in patients receiving muromonab-CD3%*8, 3 mouse anti-human mAb, CRS is now commonly
seen in HLH patients!’>°, following T-cell engager therapies, such as BiTE?®?” and CAR T cells?®3°, and
plethora of infectious diseases®!*, the most recent example being COVID-19'>!, Under certain
circumstances, the inflammatory response to a pathogen or consequent to an immune-boosting cancer
therapy is unrestrained leading to collateral damage including organ dysfunction. To date, it is unclear
what determinants of the host response triggers the amplification of the immune response to a
potential lethal cytokine release syndrome rather than contracting to static levels. Although valuable
insights on the pathophysiology have been elucidated in these last years, in particular following the
advent of CAR T cell therapy for cancer, the key cellular and molecular players involved in the life-
threatening toxicities remain poorly understood. Improved preclinical models of CRS may help further
the understanding of the mechanisms driving disease and, potentially, offer new insights to novel

therapies.

1 SYNGENEIC MOUSE MODELS OF CRS

Although the clinical presentation of CRS is often similar whatever the trigger, caution should be used
when extrapolating and comparing the results from one study to another. Two mouse models of CRS,
induced by different triggers, were set up to better understand the key mediators involved in the
syndrome. To this end, models were developed relying on either an agonistic anti-CD3 mAb to trigger
polyclonal T cell activation in vivo or CAR-T cells in tumour bearing mice. The anti-CD3 model results in
an acute in vivo T cell activation mimicking CRS typically seen in the context of infectious diseases, for

example, consequent to Corona, Ebola and Lassa virus. On the other hand, CD19-CAR T cell therapy,



albeit having shown to considerably improve the survival of patients with haematological malignancies,
it is often associated with a spectrum of cytokine-mediated toxicities, such as CRS and even
neurotoxicity in some cases. Almost all preclinical studies to dissect CAR T cell-induced CRS have been
performed in ‘humanized’ mouse models?®28, The main drawback of these models is they do not
evaluate disease progression in the context of a fully competent immune system. While CRS is a
systemic disease, likely resulting of the interplay between the CAR T cells and immune and non-
immune/bystander cells, immunocompetent syngeneic mouse model is the most powerful tool to

reflect the human clinical situation.

Body weight loss and fever are common clinical features observed in patients afflicted with CRS*%3, A
consistent feature see in the anti-CD3 model was the rapid loss of weight and decreased body
temperature within the first 24 hours post anti-CD3 injection. In contrast to the anti-CD3 model and
published datal®>1%63%7 the afore mentioned symptoms were not observed in mice transplanted with
tumour and administered CD19-CAR T cells. Nonetheless, in the first days after CD19-CAR-T injection,
body temperature in mice was heterogenous and, on average, lower than in Control-CAR- T cell treated
mice, although not reaching statistical significance. CD19-CAR T cell-treated mice did present with
hemotoxicities, including lymphopenia, monocytosis and thrombocytopenia, akin to what was observed
in the anti-CD3-injected mice. Lymphopenia and thrombocytopenia are features commonly observed in
CRS patients and are associated with disease severity across almost all settings®. Monocytopenia is also
often documented and was a striking feature seen in the healthy volunteers given the super-agonist
CD28 antibody, TGN1412%, and in patients infused with CAR T cell therapy®. Interestingly, monocytosis
was observed in both the anti-CD3 and CAR-T cell models described herein. The efficiency and potency
at engaging FcyRs between TGN1412 (hu-lgG4) and anti-CD3-(hamster IgGl) may explain the
discrepancy on monocyte populations seen between human subjects treated with the former and mice
with the latter. Nonetheless, in a humanized mouse model of CRS, a surge in human monocyte counts
was also observed following CAR T cells administration, although this was dependent on the antigen
targeted by the cellular therapy®. In the study herein, an acute spike in MCP-1 levels was also observed
in mice injected with CAR T cells. MCP-1 is one of the key chemokines that regulates the migration and
infiltration of monocytes/macrophages?3L. This increased in MCP-1 levels may help explain the migration
of monocytes from the blood to tissues, given the observed increase of monocytes/macrophages

observed in the spleen and the livers from mice injected with CD19-CAR T cells. Moreover, a recent



study reported that early elevated MCP-1 levels was the most accurate feature in predicting severe CRS
development induced by CAR T cell therapy®.

Infiltration of monocytes/macrophages in the spleen and the liver progressively increased the days
following injection of the CD19-CAR T cells in mice, correlating with the observed hepatosplenomegaly,
also a common clinical feature in patients afflicted with CRS*®3, In the anti-CD3 model, splenomegaly
was observed, accompanied by hepatomegaly in the more severe forms of CRS. The frequency of
neutrophils was increased in both organs. Similarly, in the CAR T cell model, in addition to the
monocytes/macrophages, neutrophils were also shown to infiltrate both liver and spleen, although to a
lesser degree in the former. While the pathologic role of monocytes and macrophages in CRS has been
documented?®®? 195196198 the role of neutrophils remains unclear and poorly explored. Lymphoid subsets
also fluctuated significantly in the studied tissues. CD19-CAR T cells egressed from the spleen migrating
to the liver, as also reported in study with human CAR T cells!®®. Why CD19-CAR T cells predominantly
infiltrated the liver instead of the spleen remains unclear, especially since CD19* A20 cells were more

present in spleen according to bioluminescence imaging (Annex 2).

Several studies have identified T-cell derived IFN-y and TNF-a as key cytokines in the development of
CRS mediated by CAR T cells and T cell-engaging therapies?®3312225! |n agreement, a robust induction of
IFN-y, TNF-a was observed in mice injected with CD19-CAR T cells in the in vivo model here.
Concomitantly, de-novo Ifn-y and Tnf-a gene expression was rapidly up-regulated, and in an organ-
dependant manner. In the spleen and the lung, Ifn-y was up regulated, peaking 2- and 3-days post
injection respectively, whereas Tnf-a was unchanged. In contrast for the liver, Ifn-y was unchanged
whereas Tnf-a, was up-regulated. As a consequence of the IFN-y up-regulation, a sharp increase in
CXCL9 and CXCL10 chemokine was detected in the plasma, and in the three organs as evidenced by the
mMRNA transcript up-regulation. The local tissue production of CXCL9 and CXCL10 most probably was key
at driving the infiltration of CXCR3-expressing cells, such as neutrophils, macrophages, T cells and NK
cells. IFN-y signature associated with high CXCL9/CXCL10 levels was also seen in the studied anti-CD3
model, and in paediatric HLH patients, correlating in the latter with key disease parameters and

severity87:330,

In the setting of T-cell engaging immunotherapy, the acute production of T-cell derived IFN-y and TNF-a
induced the activation of bystander cells, such as monocytes and macrophages well described as

producers of IL-1, IL-61°%197251 |n the CAR T cell study herein, IL-6 peaked 4 days post CAR T cell



injection, concomitantly with a sharp increase of monocytes in the blood. The level of plasma amyloid A
(SAA), a murine homolog of human C-reactive protein®, is often considered IL-6-dependant and rapidly
up-regulated, although peaking earlier than detectable plasma IL-6. Nonetheless, de-novo /-6 gene
transcript levels was increased in the liver, spleen and the lung, 2 days post injection and peaking 3 days
post CAR T cell injection. While an increased production of IL-6 was observed, IL-1 level was unchanged
(data not shown), similar to observations in the anti-CD3 mouse model. The lack of IL-1 production in
both studied models in this project was unexpected, especially in the CAR T cell model of CRS as IL-1
cytokine was shown to be a key mediator in CRS and neurotoxicity mediated by this therapy%®!9’.
Nonetheless, IL-1 up-regulation in pre-clinical models was observed only in studies using
immunodeficient mouse engrafted with human immune system cells and may explain the discrepancy.

In agreement with the data from the CD19-CAR T model presented herein, others have also not

mentioned an increase IL-1 in syngeneic models of CD19-CAR T cell-induced CRS3.

More severe forms of CRS leading to neurotoxicity are often correlated with hemodynamic instability,
capillary leakage, and consumptive coagulopathy33%*34121  Angiopoietin (Ang)-2 is a biomarker of
endothelial activation and promotes microvascular permeability’>7378, In contrast, Ang-1 acts to stabilize

80,105

the endothelium . Increased Ang-2 levels were observed in serum of patients treated with the

CD3/CD19 T cell engager, blinatumomab?3, or CAR T cell therapy!®* and was correlated to CRS severity

in the later'®

. In both CRS models presented here, an increase level of Ang-2 was also observed,
suggesting endothelial activation. Interestingly, prolonged up-regulation of Ang-2 transcript was
observed only in the liver of mice injected with CAR T cells, whereas it remained unchanged in the
spleen and the lung. In contrast Ang-1 was down-regulated in all organs. Since platelets are considered a
main source of the Ang-1, thrombocytopenia observed in mice injected with CAR T cell may explain this
decrease, and favour the observed hemodynamic instability'®. The mechanisms that lead to endothelial
activation in all setting of CRS have not been characterized. However, the high serum concentrations of

endothelium-activating cytokines, such as IL-6 and IFN-y, also observed in patients with severe CRS,

suggest that these cytokines may contribute to the phenomena in the animal models®.

2 MANAGING CRS

A significant IL-6 and IFN-y signature was observed in the syngeneic model of CD19-CAR T cell-induced

CRS. Of particular interest, IL-6 has been shown to be highly up-regulated and is considered as one of



the major biomarkers of CRS in patients across a plethora of indications'¥’. In addition, the anti-IL-6
receptor (IL-6R) mAb, tocilizumab, is to date the only biologic approved by the Food and Drug
Administration (FDA) for the treatment of CRS associated with CAR T therapy. While effective at
reducing some CRS features, such as fever and hypotension, neurotoxicity, for example, is not
reversed’®. Additionally, tocilizumab is not recommended for severe forms of CRS and more intense
treatments, such as methylprednisolone and mechanical ventilation is recommended to prevent
death3%, IL-6 is a well-described and often studied pleiotropic cytokine key for anti-inflammatory and
pro-inflammatory responses. IL-6 classic (or cis) signalling is mediated by the binding of the cytokine to
the membrane bound IL-6R (mIL-6R). Classic signalling, therefore, drives the activation of a restricted
number of cell-subtypes expressing the mIL-6R, including macrophages, neutrophils, hepatocytes, and
some T cells. In conditions of low IL-6 levels, this signalling pathway predominates. However, when IL-6
levels are elevated, such as in inflammatory conditions, IL-6 will bind to soluble (s) IL-6R, produced upon
shedding of mIL-6R from cell surfaces. The IL-6 trans-signalling pathway is then initiated through
coupling the IL-6/sIL-6R complex to gp130, the ubiquitously expressed, signal-transducing receptor that
forms part of the receptor complex for several cytokines'®>, |L-6 trans-signalling, therefore, is able to
occur systematically due to the wide-spread expression pattern of gp130. While IL-6 cis-signalling
appears to mediate the homeostatic and protective activities, the trans-signalling pathway is considered
as a key driver of dysregulated inflammatory responses leading to disease!!*.

To further dissect the potential role for IL-6 signalling for anti-tumour responses and CRS development
in the CD19-CAR T cell model, two previously described anti-mouse-IL6R mAbs (mAb 2B10, tocilizumab-
like; and the IL-6 trans-signalling blocking mAb, 25F10°%°) were used in vivo. In a first set of experiments,
data suggested that 25F10 was more efficient than 2B10 at reducing CD19-CAR T-induced toxicity, in
particular, hepatosplenomegaly. In parallel, IL-6 trans-signalling blockade decreased the level of MCP-1
and CXCL10 4 days post CAR T cell injection and may explain the lower infiltration of
monocytes/macrophages and neutrophils in the spleen and liver. In addition, levels of IL-2, IFN-y, TNF-a
were reduced only in mice treated with 25F10, suggesting that blockade of trans-signalling reduced the
activation potential of monocytes/macrophages and T cells. Importantly, the CD19-CAR T cell mediated
anti-tumour activity was not impaired. This set of data was intriguing and suggested that trans-signalling
may indeed drive CAR-T cell toxicities but may not be needed for effective tumour control, whereas a
recent study proposed that IL-6 trans-signalling drives the expansion and antitumor activity of CAR T
cells in a mouse model®**. In addition, a subsequent follow up experiment failed to reproduce findings

related to the reduction in toxicity with 25F10, albeit tumour control was maintained notwithstanding.



Additional studies are warranted to confirm initial findings that blockade of IL-6 trans-signalling affords
protection from CAR-T cell induced CRS.

Intriguingly, the level of SAA in serum was only marginally impacted by the anti-IL6R mAb treatments.
Since up-regulation of SAA is often considered as a biomarker of IL-6 activity, it suggests here that either
the anti-IL6R mAbs did not efficiently inhibit all IL-6 activity, or SAA production was induced by an IL-6-
independent pathway. In this study, plasma level of SAA peaked earlier than detectable plasma IL-6,

which tends to suggest the second hypothesis.

Although several reports have suggested that IFN-y plays an important role CAR-T-mediated CRS*®12%, no
conclusive studies have directly shown a role of IFN-y in the syndrome. Nonetheless, the benefit at
blocking IFN-y was demonstrated in other CRS settings. For instance, the prophylactic blockade of IFN-y
in murine model of CRS induced by anti-CD3 mAb protected mice from disease?38249.241.243 |n addition,
emapalumab, an anti-IFN-y mAb, was approved by the FDA for the treatment of primary HLH, a CRS?®.
In agreement with a putative role for the cytokine in CRS, a significant up-regulation of IFN-y was also
observed in the CD19-CAR T model system herein. Surprisingly, IFN-y blockade did not impair the anti-
tumour CD19-CAR T cell efficacy. Nevertheless, little benefit was observed at reducing CRS features,
despite the absence of CXCL9 and CXCL10 production testifying the efficient blockage of IFN-y in vivo.
Interestingly, mice injected with the anti-IFN-y developed unexpected acute sign of illness, characterised
by weight lost and hypomobility, 7 days after the last treatment injection (data shown). This result was
surprising considering the benefit afforded by IFN-y blockade in other preclinical models of CRS and

where no toxicity was observed!#”:33°,

In the CD19-CAR T cell mouse model of CRS, the single blockade of IFN-y or IL-6, both cytokines thought
to be the major drivers of the CRS in this model, offered respectively no or weak benefit at reducing CRS
symptoms. The failure at controlling CRS features with anti-IL-6R mAbs post CD19-CAR T cell
administration was unexpected, since in a humanized mouse models recapitulating key features of CAR-
T-cell-mediated CRS, IL-6 blockade protected mice from CRS and neurotoxicity'®>%, The challenge to
interrupt a cytokine storm by targeting IL-6 is still topical as tocilizumab is not universally effective in
reversing symptoms of CRS induced by CAR T cells?®. In addition, this concern was made more evident
in a recent clinical study where tocilizumab was ineffective at reducing COVID-19 mortality?®,
Nonetheless, coadministration of TNF-a and IFN-y-neutralizing antibodies provided superior protection

over monotherapy in a mouse SARS-CoV-2 infection model, highlighting a benefit of anti-cytokine



combination therapy®. In the anti-CD3 mouse model of CRS studied here, IL-6, IL-2, IFN-y and TNF-a
were shown to precede clinical signs of CRS330%, Akin in the CD19-CAR T cell model of CRS studied,
monotherapy blocking of the afore-mentioned cytokines provided poor improvement in mice. However,
anti-cytokine mAb cocktail, targeting IFN-y, IL-6, TNF-a, and IL-2 (herein called anti-cytokine cocktail)
significantly reduced the clinical features of CRS induced by anti-CD3 in the first 24 hpi including body
weight, prostration, piloerection, and some blood parameters disorders. Ang-2 plasma levels were also
significantly reduced by the anti-cytokine cocktail suggesting a reduction in endothelial activation and
vascular leakage. Nonetheless, the anti-cytokine cocktail offered transient protective benefit. To prolong
the efficacy of the anti-cytokine cocktail, several strategies, such as performed a second injection of the
cocktail 12 hours later, or supplemented the anti-cytokine cocktail with IL-1 receptor antagonist or anti-
IL-15 mAbs, were investigated without success.

The limited benefit of the anti-IL6R at controlling CD19-CAR T cells-induced CRS, and the difficulties
encountered to extend the window of the therapy efficacy in the anti-CD3 mouse model of CRS, parallel

challenges faced in the clinical setting with patients suffering from severe forms of CRS.

3 CONCLUSION AND PERSPECTIVES

Inherent biological differences between syngeneic mouse systems and humans exist and limit the direct
translation from mouse studies to human disease settings. Clinical CRS manifestations of inflammatory
toxicities, such as weight and temperature loss, decreased activity, are difficult to reproduce in mice.
Hence in the model of moderate CRS induced by CAR T cells, clinical features did not develop in mice. In
contrast, the acute inflammatory response induced by the anti-CD3 in mice allowed to recapitulate
majority of clinical features observed in human patients.

An infiltration of monocytes/macrophages in the spleen and the liver was observed following injection
of the CAR T cells or the anti-CD3 mAb, together with a systemic up-regulation of chemoattractants,
such as MCP-1. The impact of depleting monocytes and macrophages in the anti-CD3 was investigated
using clodronate liposome. While macrophages were efficiently depleted from spleen and liver, the
treatment was ineffective at diminishing the cells from the lung, making the experiment inconclusive.
This was disappointing particularly as key role for monocytes/macrophages was demonstrated in mouse
models of CRS induced by CAR T cells9>1%,

Another widespread concern in CAR T cell therapy is the development of neurotoxicity®34. In the CAR T

cell model studied here, mice injected with the CD19-CAR T cells did not show overt neurological



symptoms, such as seizures, limb dyskinesia or paralysis. Nonetheless, efforts were done for
investigating inflammation in the brain, by flow cytometric and mRNA analysis, but without success due
to technical issue. The absence of obvious neurological disorders may be explained by the absence of IL-
1 up-regulation. Indeed, it was shown by others that IL-1 has a pivotal role in the development of
neurotoxicity during CAR-T therapy'®>'% and only IL-1 blockade by anakinra (an IL-1RA) was effective at
controlling neurotoxicity'®®. Nonetheless, clinical alterations and/or structural morphological changes
were not investigated. Therefore, the occurrence of neurotoxicity mediated by CAR T cells in this model

cannot be excluded.

The pathophysiology of CRS is poorly understood, largely because of the lack of experimental models
that recapitulate all toxicities seen in patients. Two models were developed in the aim of bridging this
knowledge gap; the first relying on potent in vivo T cell activation mediated by an anti-CD3e mAb, while
the second investigated CAR T cell-induced CRS in mice transplanted with A20 B cell lymphoma cells. The
anti-CD3 mAbs-induced CRS syndrome in mice is characterized by acute weight loss, splenomegaly and
hemotoxicity. The cytokine hierarchy in this CRS mouse model was described with inflammatory
mediators associated with T-cell and macrophage activation rapidly upregulated. In particular IL-2, IFN-y
and IL-6 preceded the development of several clinical and laboratory features of CRS. In addition, the
central role of the recruitment of pathogenic neutrophils and macrophages in organs was highlighted.
CRS mediated by mouse CD19-CAR T cells is also characterized by an up-regulation of pro-inflammatory
mediators, including Thl cytokines (IFN-y and TNF-a) and IL-6, most likely produced by
monocytes/macrophages. The latter, together with neutrophils, were also shown to infiltrate the spleen

and the liver, resulting in development of hepatosplenomegaly, a hallmark of human CRS.

Another important aim of the project was to address whether blockade of proinflammatory cytokines,
impacted clinical and laboratory features of CRS. In the anti-CD3 model, an anti-cytokine mAb cocktail,
targeting IFN-y, IL-6, TNF-a, and IL-2, reduced the clinical features of CRS in the first 24 hours, including
body weight loss, prostration, piloerection, some hemotoxicity parameters and lung inflammation.
While the benefit of the anti-cytokine cocktail was transient, it afforded a superior benefit as compared
to the monotherapy administration of the anti-cytokine mAbs. Monotherapy targeting either IL-6 or IFN-
v in the CAR T cells model of CRS also afforded benefit but the finding was not reproducible upon a
repeated experiment. Surprisingly, blockade of IL-6 or IFN-y did not impair the CAR T cell therapy

efficacy. Moreover, to further elucidate a beneficial vs pathogenic role for IL-6 in the model, the impact



of an anti-IL6R mAb that specifically inhibits the trans-signalling pathway was investigated. Preliminary
data suggested that the blockade of IL-6 trans-signalling reduced some CRS features including
monocytosis, hepatomegaly, and the associated myeloid cells infiltration. Hence, it suggests that IL-6-
trans-signalling may be linked to CRS parameters, but is not obligate for CAR-T cell induced tumour

control, since control of the tumour growth by CD19-CAR T cells was not impacted.

The systemic immune changes occurring during toxicity induced by anti-CD3-mediated activation of T
cells or CD19-CAR T cells were investigated in this project. It was shown that activation of T cells drove
subsequent activation of myeloid cells, resulting in an up-regulation of T cell- and
monocytes/macrophages-derived cytokines, including IFN-y, TNF-a, IL-2 and IL-6, and the recruitment of
those immune cells to organs. Hence, the data suggest that the early monitoring of blood biomarkers in
CRS-susceptible patients may help to identify risk profiles patients.

The challenge to abrogate disease with an anti-cytokine approach highlighted the complexities of severe
T cell mediated CRS. This limitation also suggests that while an anti-cytokine therapy is a therapeutic
option for less-severe cases, the addition of potent corticosteroids may be needed as an option to
manage severe forms of CRS.

Taken together, this work describes two models of CRS which may offer insights to further decipher
mechanisms underpinning the CRS across multiple indications. Most importantly, these models could be
use as predictive tools for evaluation of novel anti-cytokine and additional innovative strategies (such as

JAK inhibitors) to manage CRS in patients.



ABBREVIATIONS

CRS: cytokine release syndromes

CAR: chimeric antigen receptor

IFN: interferon

IL: interleukin

TNF: tumour necrosis factor

mAb: monoclonal antibody

ARDS: acute respiratory distress syndrome
ICANS: immune effector cell-associated neurotoxicity
syndrome

HLH: hemophagocytic lymphohistiocytosis
MAS: macrophage activation syndrome
CRP: C-reactive protein

LDH: lactate dehydrogenase

DIC: disseminated intravascular coagulation
Ang: angiopoietin

RBC: red blood cells

SAA: serum amyloid A

MCP: monocyte chemoattractant protein
GM-CSF: granulocyte-macrophage colony-stimulating
factor

NO: nitric oxide

iNOS: inducible nitric oxide synthases
CD40L: CD40 ligand

IL1-RA: IL-1 receptor antagonist

NOD: non-obese diabetic

SCID: severe combined immunodeficiency
NSG: NOD SCID gamma

MIP: macrophage inflammatory protein
EC: endothelial cell

CSF: cerebral spinal fluid

CNS: central nervous system

TIM-3: T cell immunoglobulin mucin 3
PD-1: programmed cell death protein 1
SARS-CoV-2: severe acute respiratory syndrome
coronavirus 2

ACE2: angiotensin-converting enzyme 2
ROS: reactive oxygen species

NET: neutrophil extracellular traps

BALF: bronchoalveolar lavage fluid

APC: antigen presented cell

SJIA: systemic juvenile idiopathic arthritis

PBMC: peripheral blood mononuclear cell
HSC: human hematopoietic stem cells

HuHep: human hepatocytes

BLT: bone marrow-liver-thymus

X-GVHD: xenogeneic graft-versus-host disease
HSPC: hematopoietic stem and progenitor cell
nHUSGM3: newborn SGM3 mice transplanted with HSPCs
RA: rheumatoid arthritis

EMA: European Medicines Agency

BiTE: bispecific T cell engager

FDA: Food and Drug Administration

mIL-6R: membrane IL-6 receptor

sIL-6R: soluble IL-6 receptor



ANNEX

Arm1:
ACTAGTGCTTACATAGTCTAACTCGCGACACTGTAATTTCATACTGTAGTAAGGATCTCAAGCAGGAGAGTATAAA
ACTCGGGTGAGCATGTCTTTAATCTACCTCGATGGAAAATACTCCGAGGCGGATCACAAGCAATAATAACCTGTAG
TTTTGCTGCATAAAACCCCAGATGACTACCTATCCTCCCATTTTCCTTATTTGCCCCTATTAAAAAACTTCCCGACAA
AACCGAAAATCTGTGGGAAGTCTTGTCCCTCCAATTTTACACCTGTTCAATTCCCCTGCAGGACAACGCCCACACAC
CAGGTTAGCCTTTAAGCCTGCCCAGAAGACTCCCGCCCATCTTCTAGAAAGACTGGAGTTGCAGATCACGAGGGA
AGAGGGGGAAGGGATTCTCCCAGGCCCAGGGCGGTCCTCAGAAGCCAGGAGGCAGCAGAGAACTCCCAGAAAG
GTATTGCAACACTCCCCTCCCCCCTCCGGAGAAGGGTGCGGCCTTCTCCCCGCCTACTCCACTGCAGCTCCCTTACT
GATAACAACTCAGAGCGACTTTGGGAGAGCAAGTGCTTCCTGCCTCCAAAACAGCCCAACTGAGCCCTCGCTCCTT
CCCTCCACTCCCCGGAGTGCGCGATGGAGGTCTGGCTCAGCACGCCCCTCTTGAGGCAACTCAAGTCGGAAACGT
GCTTGCACCCGCCCCGCAGCCGCTCAGCCCTACTGCCCGTCCCCGCCCCCAGCGCGLCGLCTTCCTGCCACGTCGGCA
TAA

Arm2:
GATCCAGGGGCGCGCGGCCAGACTCTGCGGCGCGGGGCCGAGGGGAGGGCCGGAACCTGGGAGCGCCTCCTCG
CCGCCCCCGCTGGCCGGCGGATGGACTCAACTTGCACGAACACGAGCCAATGGCAAGGGCCAGTTTTCTGGGCCC
CGAGAGCCAATCAGACGACGAGGCCCGGCCGGCGGCGGGTAAAACGACTCCCCCAGAGGAAGGGGAGGGTGG
GCGGCCGCTCGCGCGCGAGCTACTTTCGCTGACCCTCCCTCCCCTCCCCCGCCCCGLCCAGAGGLLCGACCGLaeeca
CACGTCCAGCTCGCCTCACCCCACCTACCTCCCGCCCCACCCAGTGGGCAGAGCGAGGLCTGCCGGLCGGLTGLGCA
CTCCGGCTGCCGTTAACTGACAGGCGCCTTACGCCAACCAAAACACGCCATTTGTGTTTTCACACACGGCGGGAGG
AAAAGAAGCCAATCAGCGACGAGACGTCGGCCGGAAGCGCTCCTCCGCTGCCCCCCCCCCCCCGAGCCATGGLCG
CGTCCGGTGGAGACTTTTCCGCTCCCTTCTCCCTCCCCCTCCGGTTGCTGCAGGGCGGACCGCATTCCTGCCCACCA
CCCGCTTGCCCCTTCCAGCGTCACGACTCGTACCCGGCTGTCTCACAGAACGGCTCCACCACGCTCGGAGGGCCTG
CCGCGGCCGCCCATCCCCGCAAACGCACCAAGCCGCCCTCCCGCCAGAGTCCCGATCCCCTACCTAGCCGAGGCTC
TCTGAGGAGCCG

Annex 1: DNA sequence of the homology arms for A20 genome editing into Rosa26 locus.
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Annex 2: Bioluminescence images of mouse bearing A20-Luc lymphoma treated with CAR T cell therapy. Seven days post A20-
Luc lymphoma engraftment, mice were imaged, randomized, and received i.p. indicated dose of CTX. The day after, mice were
infused with Control-CAR or CD19-CAR T cells. Tumour growth was followed by bioluminescence.



2000+

1500+ 43 mgl/kg

63 mg/kg
90 mg/kg
130 mg/kg
170 mg/kg
250 mg/kg

1000+ .

pg/mL

500 s ) s

oL A ﬁ

IFN-y CXCL10 IL-2 CXCL1

NONNOO

e

=N
o
R
=t -

Annex 3: Cytokine expression depends on the CTX-pre-conditioning dose prior CAR T cells infusion. Mice bearing A20 lymphome
model were treated with CAR T cell therapy. On day prior treatment administration, different CTX doses were i.p.
administrated. Two- or three-days post treatment, plasma was collected by tail vein micro-bleeding and cytokines quantified
using a multiplex assay. Data representative of two experiments, n=3-5 mice per condition.
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Annex 4: Gating strategies for flow cytometry analysis. Single-cells suspension were prepared from spleen (A) and liver (B).
After the exclusion of debris, doublets and dead cells, Control- and CD19-CAR T cells were identified as CD45*GFP* cells and
other immune cells were identified by CD45 positive staining. A sequential gating strategy was then used to identify populations
expressing specific markers: natural killer (NK) cells (NKp46*), neutrophils (CD11bhe"Ly6G*). Identification of populations with
overlapping expression patterns was done as followed: lymphoid cells, CD11c"CD11b"; myeloid cells, CD11cP°sCD11bP%s. From
myeloid cells, subtypes distinction was done as followed: macrophage (or Kupffer cell) F4/80P°sMHCIIPosLy6C'W; inflammatory
monocytes/macrophages MHCIlnt/high| y6Chigh; resident monocytes/macrophages, MHCII'owLy6C7/'ow, Definition of abbreviations:
NK, natural killer; M, macrophages; inf.Mo/Md, inflammatory monocytes/Mo; res.Mo/Mo, resident monocytes/Md; MHCII,
major histocompatibility complex class II; FSC, forward scatter; SSC, side scatter.
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Annex 5: Highest dose of anti-IL-6R did not improve therapy benefit. (A) Mice bearing lymphoma model were treated with
Control- or CD19-CAR T cell therapy and anti-IL-6R mAbs, clone 25F10 or 2B10. (B) bioluminescence follow-up. (C) Spleen and
liver weight. (D) Blood parameters including lymphocyte, monocyte and platelet counts. (E) Plasma cytokines and chemokines
quantification using MSD U-PLEX assay kits or ELISA assays. (F) Single cell-suspensions from the spleen and liver were prepared
4 days post CAR T infusion, followed by immunophenotyping. Neutrophils and inflammatory monocytes/macrophages (inf.
Mo/M®) frequencies are expressed as a percentage of viable cells. Gating strategies are available in Annex 4. Preliminary data
from of one single experiment, n=5-6 mice per group. Values are displayed as mean + SEM.
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