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Abstract

The signaling lymphocytic activation molecule (SLAM) family of receptors is constituted
by six canonical members (SLAMF1, SLAMF3, SLAMF4, SLAMF5, SLAMF6, and
SLAMF7) and, traditionally, one non-canonical member named CD48 (also known as
SLAMF2). Recently, two other non-canonical family members, SLAMF8 and SLAMF9,
have gained attention as their expression levels have been associated with diverse
pathological conditions. Most of the SLAM receptors have homotypic interactions, but in
the case of SLAMF8 and SLAMF?9, it is still unclear whether this occurs, or they have
uncharacterized ligands. Moreover, only a few studies describing a possible function for
these proteins have been done.

In this thesis, we have studied the role of some SLAM family members in macrophages.
First, we uncovered the function of SLAMF9 in this cell type. Using novel anti-SLAMF9
monoclonal antibodies and genetically engineered mouse models, we established that
SLAMF9 has a particular cellular localization associated with a central role in cytokine
production in response to pro-inflammatory stimuli. We found that SLAMF9 is required to
associate IL-6 mRNA with polysomes in macrophages. Moreover, we were able to show
the relevant role of SLAMF9 in the immune response regulation in mice infected with
murine cytomegalovirus (MCMV).

On the other hand, and using the MCMYV infection model, we described a new role for two
members of the SLAM family (2B4 and CD48) in memory-like NK cell contraction upon
MCMV infection. We showed that 2B4 on MCMV-activated macrophages suppressed the
pro-phagocytic function of LFA-1 in these cells, and as a result, the 2B4-CD48 axis
contributed to the regulation of the phagocytosis of NK cells by activated macrophages.
The new functions and mechanisms of action described for SLAMF9 and 2B4 will
contribute to the future development and implementation of immunotherapies for the

treatment of infectious diseases, cancer, and autoimmune disorders.



Résumé

La famille des récepteurs de la molécule d’activation de la signalisation lymphocytaire
(SLAM, Signaling Lymphocyte Activation Molecule) est constituée de six membres
canoniques (SLAMF1, SLAMF3, SLAMF4, SLAMF5, SLAMF6 et SLAMF7) et,
traditionnellement, d'un membre non canonigue nommé CD48 (SLAMF2). Récemment,
deux autres membres non canoniques de la famille, SLAMF8 et SLAMF9, ont attiré
l'attention car leurs niveaux d'expression ont été associés a diverses conditions
pathologiques. Dans le cas de SLAMF8 et SLAMF9, on ne sait toujours pas s’ils ont des
interactions homotypiques ou des ligands non caractérisés. Dans cette these, nous avons
étudié le role de certains membres non canoniques de la famille de récepteurs SLAM,
dans les macrophages. Nous nous sommes concentrés sur deux aspects: premiérement,
la fonction de SLAMF9 dans les macrophages. En utilisant de nouveaux anticorps
monoclonaux anti-SLAMF9 et des modeles de souris génétiqguement modifiés, que nous
avons geénérés, nous avons établi que SLAMF9 posséde une localisation cellulaire
particuliere associée a un réle central dans la production de cytokines en réponse a des
stimuli pro-inflammatoires. Par ailleurs, nous constater que SLAMF9 est nécessaire pour
'association de 'ARNm de I'lL-6 aux polysomes dans des macrophages stimulés. De
plus, nous avons pu démontrer le réle pertinent de SLAMF9 dans la régulation de la

réponse immunitaire des souris adultes et nouveau-nées infectées par le MCMV.

D'autre part, et en utilisant le modele d'infection par MCMV, nous avons décrit un nouveau
réle de deux membres de la famille SLAM (2B4 et CD48) dans la contraction des cellules
NK de type mémoire lors d'une infection par MCMV. Nous avons montré que 2B4 sur les
macrophages activés par MCMV supprimait la fonction pro-phagocytaire du LFA-1 dans
ces cellules et que, par conséquent, lI'axe 2B4-CD48 contribuait a la régulation de la
phagocytose des cellules NK par les macrophages activés. Les nouvelles fonctions et
meécanismes d'action décrits pour SLAMF9 et 2B4 contribueront au développement et a
la mise en ceuvre futurs d'immunothérapies pour le traitement des maladies infectieuses,

du cancer et des maladies auto-immunes
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Chapter 1. General introduction



1.1 Immune system and immune response

The immune system can be considered as a dynamic multiscale system involving genes,
molecules, cells and organs, which are organized in complex networks with synergistic
interactions, whose purpose is to respond to various types of hazards and promote an
effective host defence against pathogens including bacteria, viruses, parasites and fungi,
as well as against cancer cells.! It is also implicated in the pathogenesis of multiple human
diseases, namely inflammatory disorders like inflammatory bowel diseases, septic shock,
atherosclerosis and dementia, in addition to auto-immune diseases such as systemic
lupus erythematosus, rheumatoid arthritis and diabetes. To function, the different types
of immune cells, from innate myeloid cells to adaptive lymphocytes, gather signals from
different classes of receptors, producing specific effector molecules or functions to
respond to a stimulus.? The immune system is made up of two parts: the nonspecific

(innate) and specific (adaptive) responses.

In this thesis, | will report on the involvement of members of a family of receptors
expressed on immune cells, the SLAM family, in immune regulation. For the Introduction,
| will first outline the components of the immune system, including the adaptive and the
innate immune cells. Then, | will summarize the current knowledge of the SLAM family of
receptors. Finally, | will outline key knowledge regarding cytomegaloviruses, in particular
mouse cytomegalovirus, which was used as a tool to probe immune regulation in my

studies.
1.1.1 The adaptive immune response

Adaptive or acquired immunity is characterized by the provision of specific and long-
lasting protection against pathogens, making this type of immunity highly complex and
implying the involvement of various cellular and molecular mechanisms.2 The activation
of the adaptive immune response is tightly regulated by cues from the innate immune
system. 4° Thus, acquired immunity is implicated in the late phase of the elimination of
pathogens and cancer cells. Moreover, acquired immunity has been shown to be
implicated in the pathogenesis of auto-immune diseases and chronic inflammatory

syndromes.®



The hallmark of adaptive immunity is its ability to generate immunological memory, which
enables the host to generate an efficient, rapid, and robust immune response upon
subsequent exposure to the antigen.® In contrast with the innate immune response, the
adaptive immune system employs antigen receptors that are not encoded in the germ line
but are generated by rearrangement of precursor genes, leading to a targeted immune
response.3# It involves the generation of a diverse repertoire of antigen receptors. This
diversity is achieved through genetic recombination and somatic hypermutation, allowing
coding for antigen receptors, namely the B cell receptor (BCR) and the T cell receptor
(TCR).”8 Therefore, this immune response is considered antigen-dependent and antigen-

specific, involving a time lag between exposure to the antigen and the maximal response.?

The adaptive immune response relies on a complex interplay between specialized cells,
including B cells and T cells, which are responsible for humoral and cellular immune
responses, respectively.®8 In humans, these cells are generated from hematopoietic stem
cells (HSCs) specifically from the lymphoid lineage. After the differentiation of the
lymphoblast, the T cell precursors leave the bone marrow and migrate to the thymus for

maturation, while the B cells mature in the bone marrow or lymph nodes.®
1.1.1.1 T cells

T lymphocytes (T cells) are the main cellular components of the adaptive immune
response, responsible for cell-mediated immunity.1° Each T cell expresses a unique TCR,
and there are two classes of TCRs depending on the chain composition. The TCR is
composed of two ligand-binding chains (a and 3 or y and 0) that either form the TCR-
a/TCR-B (TCRap) heterodimer or the TCR-y/TCR-6 (TCRyd) heterodimer. Moreover, the
TCR is associated with the CD3 complex formed by the vy, &, €, and { subunits, which
remain constant and ensure signal transduction.1? Signal transduction is initiated by the
phosphorylation of conserved Immunoreceptor-Tyrosine-based-Activation-Motifs
(ITAMs) (Figure 1.1).13

T cell precursors migrate out of the bone marrow to the thymus to undergo maturation
and selection into functional T cells, a process known as thymic selection. This involves
both positive and negative selection mechanisms that allow T cells with a functional TCR

to survive and mature. Thymic selection guarantees that the available T cells will be useful
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via restriction by the major histocompatibility complex (MHC) and safe via self-tolerance.
These processes are orchestrated by various subsets of thymic antigen-presenting cells

(APCs) placed in specific thymic microenvironments and presenting self-antigens.**

In addition, CD4* and CD8* T cells arise in the thymus. CD4CD8 double-negative
precursors undergo TCR rearrangement to produce CD4*CD8* double-positive
thymocytes. After that, these cells undergo selection giving rise to CD4* or CD8* single

positive thymocytes, which finally migrate out the periphery as naive T cells.1>6

Peripheral T cells comprise different subsets such as naive T cells, with the capacity to
respond to new antigens; memory T cells that originate after antigen activation and
maintain long-term immunity; and regulatory T (Treg) cells, which have suppressive
functions and play a critical role in maintaining self-tolerance and controlling inflammatory

responses.t®

Cell-mediated immunity is a specific adaptive immune response that involves the
activation of naive T cells and their interaction with APCs in the lymph nodes as well as
the engagement of co-stimulatory molecules.!” The vast majority of TCRs recognize
antigens that are processed by APCs and presented by two types of MHCs. The first
comprises MHC class | molecules, recognized by CD8* T cells that are programmed for
cytotoxic functions, releasing perforin and granzymes to lyse the target cell, in addition to
secreting pro-inflammatory cytokines. The second consists of MHC class Il molecules,
recognized by CD4* T cells that are pre-programmed for helper functions, such as
assisting in the activation of other immune cells, including B cells and cytotoxic T cells,
by releasing cytokines and providing co-stimulatory signals.1%11

1.1.1.2 B cells

B lymphocytes (B cells) mediate the adaptive humoral immune response. B cells arise in
the bone marrow and, after sequential events, form immature B cells, which migrate to
continue their maturation in the spleen.® Immature B cells express a functional BCR; this
receptor consists of a membrane-bound immunoglobulin molecule composed of a heavy

chain and a light chain, in association with two transmembrane proteins Iga and Igp
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(CD79a and CD79b, respectively). Then, immature B cells undergo a selection process
in the bone marrow to prevent any self-reactivity, wherein the B cells that recognize self-

antigens with high affinity undergo receptor editing or apoptosis.®

After the selection process, mature B cells migrate from the bone marrow to the peripheral
lymphoid organs, such as the spleen and lymph nodes. There, mature B cells encounter
antigens and undergo further maturation and activation.’® Unlike T cells, B cells can
recognize antigens without the need for APCs.2 Antigen recognition by the BCR leads to
B cell activation, proliferation, and differentiation into antibody-secreting plasma cells or

memory B cells.31°

Memory B cells are “long-lived” survivors of past infections and continue to express
antigen-binding receptors. These cells generate a rapid and boosted response to
secondary challenges eliminating the antigen upon re-exposure. Plasma cells, on the

other hand, confer immediate protection through the secretion of specific antibodies.?°

T-cell receptor B-cell receptor
Antigen binding site Antigen binding site
Light chain g :
CD3 CD3 Heavy chain
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Figure 1.1. Schematic representation of the T-cell receptor-CD3 complex and the

B-cell receptor

The TCRap is composed of two ligand-binding chains (a and ) that form the TCR-a/TCR-
B heterodimer. the TCR is associated with the CD3 complex formed by the vy, &, €, and

subunits, which remain constant and ensure signal transduction. ITAM, Immunoreceptor



tyrosine-based activation motif. The BCR receptor, on the right, consists of a membrane-
bound immunoglobulin molecule composed of a heavy chain and a light chain, in
association with two transmembrane proteins Iga and IgB (CD79A and CD79B,

respectively).

1.1.2 The innate immune response

Innate immunity is recognized as the first line of defence against any external pathogenic
agent, and in some cases, against cancer cells. It is characterized by a rapid reaction, but
a nonspecific and promiscuous response, because of the immune receptors involved,
which are restricted to recognizing evolutionarily conserved molecules, such as
lipopolysaccharide (LPS), peptidoglycans, nonmethylated CpG, and double-stranded
RNA. Some of these ligands are shared by infectious agents.?2?? These molecules are
usually expressed on pathogenic surfaces or damaged host cells and are referred to as
pathogen-associated molecular patterns (PAMPs), damage/danger-associated
molecular patterns (DAMPSs), microbe-associated molecular patterns (MAMPs) and
xenobiotic-associated molecular patterns (XAMPs).36.23.24 This immune response does
not result in immune memory so it cannot recognize the same infectious agent if the body

is exposed in the future.36:22

Molecular patterns are recognized by a restricted number of nonclonal germline-encoded
pattern recognition receptors (PRRs), eliciting an intracellular signaling cascade that
triggers processes involved in autophagy, cytotoxicity, cytokine processing, and
phagocytosis.®2* According to the protein domain homology, PRRs are classified into five
families, namely Toll-like receptors (TLRs), C-type lectin receptors (CLRS), nucleotide-
binding domain, leucine-rich repeat (LRR)-containing (or NOD-like) receptors (NLRS),
RIG-I-like receptors (RLRs), and AIM2-like receptors (ALRs).?®

Among all the PRRs identified, TLRs are the most evolutionarily conserved receptors,
with the most extensive spectrum of pathogen recognition.?32* TLRs are expressed on
various immune cells such as dendritic cells, macrophages, B cells, and some types of T

cells, as well as non-immune cells including fibroblasts and epithelial cells.®?¢ To date, in



humans, 10 TLRs have been identified and classified into two groups, depending on their
localization: cell surface TLRs that recognize microbial membrane components (TLR-1,
2, 4, 5, 6, and 10), and intracellular TLRs that recognize nucleic acids derived from
bacteria and viruses (TLR-3, 7, 8, and 9).%°

After a microbial infection or tissue damage, the innate immune response is activated and
both soluble and cellular mechanisms are stimulated, inducing a rapid inflammatory
response.?’” The main role of innate immunity is the recruitment of immune cells to sites
of inflammation through cytokines and chemokines. The binding of PRRs to PAMPSs or
DAMPs triggers the release of cytokines such as the tumor necrosis factor alpha (TNF-
a), interleukin 1 (IL-1), and IL-6, inflammatory cytokines that are key for initiating cell

recruitment and responding to the stimulus.328

Innate immunity includes physical barriers (skin and mucous membrane, physiological
factors (temperature, low pH, and chemical mediators), soluble mediators (the
complement cascade [ComC] proteins), as well as effector cells, which are a group of
myeloid cells, composed of granulocytes, macrophages, dendritic cells, NK cells, and
innate lymphoid cells (ILCs).? Table 1.1 resumes the characteristics of these cells in

humans. The major innate immune cell types will now be discussed in greater detail.

1.1.2.1 Dendritic cells

Dendritic cells (DCs) are bone marrow-derived immune cells found in practically all
tissues in an immature state.?® These cells are professional APCs critical for initiating and
regulating the acquired immune response.®3®® Human DCs are characterized by high
expression of MHC-Il molecules (HLA-DR).2%:31

Following an infection or tissue damage, DCs capture, internalize, and process antigens
(Ag), transforming proteins to peptides that are presented on MHC molecules. DCs
subsequently migrate to the lymphoid organs, such as the spleen, lymph node, and
Peyer's patch, where they activate Ag-specific T cells, thereby initiating antigen-specific
immune responses.30-32 This ability to activate antigen-specific naive T cells is considered

the hallmark of mature DCs.2°



When DCs interact with CD4* T cells, they induce the differentiation of T cells into
subtypes, including regulatory T cells (Tregs) and T helper (Tw; subsets, such as Tul,
Tu2, Tul7, and T follicular helper cells (TrH). When DCs interact with CD8* T cells, they
induce the activation of the CD8* T cells that become specific cytotoxic cells that carry
out their killing function by releasing perforin and granzymes. These processes depend
on factors, including cytokines present in the microenvironment that act as the main
messengers between innate and adaptive immunity.? Although the activation of CD8* T
cells is known to require CD4* T cell help,®? cross-presentation ability to elicit CD8* killer
T cells is a distinctive characteristic of DCs,?® permitting the establishment of

immunological memory.3°

1.1.2.2 Granulocytes and mast cells

Granulocytes are a type of immune cells characterized by the presence of small granules
in their cytoplasm. The three populations are neutrophils, eosinophils and basophils.
Neutrophils are the most abundant type of granulocytes circulating in the body, playing a
significant role in innate immunity with three functions: phagocytosis, degranulation, and
the release of DNA fibers and proteins from the granules that form neutrophil extracellular
traps (NETs).33 Eosinophils also play an important role in the inflammatory response
through the release of cytotoxic granules and secretion of a variety of cytokines,
chemokines, lipids, and neuro-mediators, as well as growth factors. On the other hand,
basophils are potent effectors of Th2 immunity with the production of specific cytokines
such as IL-4 and IL-13.34

Mast cells have a key role in the initiation of the inflammatory and immune responses

through the production of pro-inflammatory cytokines and histamine.3536

1.1.2.3 Natural killer (NK) cells

NK cells are lymphocytes that lack polymorphic Ag-specific receptors, with a pivotal role

in immune responses to viral infections and cancer.®” NK cells, like cytotoxic T cells, can



kill infected or cancerous cells through cytolysis using granules that contain perforin, a
membrane pore-forming molecule, and granzymes that disrupt cell cycle progression,

inducing DNA damage.33’

Additionally, NK cells are regulated by receptors that convey activating or inhibitory
signals, such as natural cytotoxicity receptors (NCRs), DNAX accessory molecule-1
(DNAM-1), NK group 2 member D (NKG2D), and killer immunoglobulin receptors (KIRS).
Through KIRs, NK cells recognize MHC-I molecules, exemplifying the importance of MHC
molecules not only in adaptive immunity, but also in innate immunity.38 Finally, NK cells
induce apoptosis in target cells through death receptor pathways, which are stimulated
by ligands such as TNF-a, Fas ligand (FasL), and/or tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL).383°

The production of interferon-gamma (IFN-y) from activated NK cells has an important
effector function, helping to mobilize APCs and promote the development of effective
antiviral immunity.® Likewise, NK cell-derived IFN-y and TNF-a can activate and induce
the maturation of DCs, macrophages, and T cells; thereby, NK cells can limit or

exacerbate immune responses.*°

1.1.2.4 Memory-like NK cells

Unlike T and B cells, NK cells were long considered to be devoid of memory capacity
during the immune response. Still, some early studies from around 15 years ago
suggested the existence of certain NK populations with memory-like responses in a model
of infection by murine cytomegalovirus (MCMV).#! Several other studies also showed that
NK cells stimulated in combination with IL-12 and IL-18 developed a phenotype
characterized by high production of IFN-y followed by a resting phase. Then, after
stimulation or engagement of activating receptors, these cells exhibited enhanced IFN-y
production, which resembled the properties of adaptive memory cells.*4? Years later, it
was elegantly demonstrated the existence of MCMV-specific memory NK cells in
experiments where NK cells isolated from previously infected mice were able to protect

naive recipient mice against MCMV infection.*® Additionally, virus-specific NK cells were



shown to expand after the protein m157 (encoded by MCMV and expressed by infected
cells) was recognized by the NK cell activating receptor Ly49H. Studies using the MCMV
infection model have shown that memory-like NK cells have three expansion phases:
activation, proliferation, and contraction.* Different molecules have been identified as
part of the signaling transduction machinery involved in all these phases.*>4% However,
the contraction phase is poorly understood, and only certain features have been
described. In general, the majority of the Ly49H"* cells that proliferated during the previous

phase are eliminated by unclear mechanisms.4’

1.1.2.5.1 Macrophages

Macrophages and monocytes are essential components of the innate immune system,
specifically the mononuclear phagocyte system. Monocytes are leukocytes derived from
the bone marrow that reside in the blood but differentiate into macrophages and DCs

when they enter tissues.*?

Macrophages are long-lived cells that act as sentinels in the tissues and play a critical
role in functions including inflammation, tissue repair, and both innate and adaptive
immune responses.®484° They can ingest and degrade dead cells, debris, tumor cells,
and foreign materials, secrete cytokines and chemokines to recruit other immune cells,
and present Ags to T cells.*® Macrophages are equipped with PRRs, including TLRs,
CLRs, scavenger receptors, RLRs, and NOD-like receptors that allow them to detect and
respond to pathogens or tissue damage.>® Phagocytosis is considered one of the main
effector mechanisms of macrophages, for which they use several pro-phagocytic
receptors for various types of targets. Among the most important, we can mention the
receptors for opsonins such as the fragment crystallizable region receptor FCRs (Fc
receptors) and the complement component C1g receptor protein (C1gR); low-density
lipoprotein receptor-related protein 1 (LRP-1); signaling lymphocytic activation molecule-

7 (SLAMF7), and integrins such as macrophage-1 antigen (Mac-1).5%5?

Upon maturation, macrophages assume different phenotypes and functions that impact
immune responses. The ability to change functions in a signal-dependent manner is

known as polarization. The spectrum of polarization states in macrophages lies between
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the so-called (albeit debatedly) M1-like (classically activated) and M2-like (alternatively
activated) macrophages, with each state having distinct roles in immune responses and
pathological conditions.>® Tul cytokines, such as IFN-y, TNF-a and colony-stimulating
factor (GM-CSF), induce polarization to M1-like macrophages, which express pro-
inflammatory cytokines, such as IL-1, IL-6, IL-12, IL-23 and TNF-a, and chemokines
including the chemokine (C-X-C motif) ligand (CXCL)1-3, CXCL5 and CXCL8-10.4%54 In
addition, M1-like macrophages are characterized by enhanced phagocytic activity and

Ag-presenting capacity.>®

In contrast, Th2 cytokines such as IL-4 and IL-13 polarize macrophages to the M2-like
state, producing anti-inflammatory cytokines such as IL-10 and transforming growth
factor-beta (TGF-B).°® M2-like macrophages promote angiogenesis and
neovascularization, stromal activation, remodelling, and tissue repair.>*5¢ Macrophage
polarization has been shown to have significant effects in several diseases, including
cancer growth and the anti-tumour immune response. In cancer progression, M2-like
macrophages, known as tumour-associated macrophages (TAMSs), are associated with a

poor prognosis in solid tumours, promoting tumour cell motility and invasion.®’

1.1.2.5.2 Trained immunity in macrophages

For a long time, it was considered that monocytes and macrophages were devoid of any
adaptive characteristics. However, several investigations showed that these cells could
confer greater protection against reinfections.>® These cell types have the capacity to
develop “trained” immunity. The first evidence was provided by Foster et al. (2007),%°
where they used an in vitro system to demonstrate that murine macrophages had
adaptive features in response to repeated or prolonged stimulation with LPS, a
phenomenon known as LPS tolerance. The bases of the adaptation were differential
epigenetic mechanisms induced by the TLR-4 signalling. Then, several studies showed
that, in vivo, murine macrophages were able to mount trained immune responses against
some components of bacteria, fungi, and parasites.®%-%2 Notably, Saeed et al. (2014)%*
reported the transcriptome and epigenome of monocyte to macrophage differentiation in

the context of tolerance and training. It was shown that trained macrophages presented
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two major types of chromatin modifications in two types of DNA regions, distal regulatory
elements and promoters. The preferred epigenetic modifications were H3K27ac
(acetylation of the lysine residue at N-terminal position 27 of the histone 3 protein) and
H3K4mel (mono-methylation at the 4th lysine residue of the histone H3 protein). These
histone modifications occurred differentially across tolerant and trained macrophages,
and the major differences were the number and location in the distal regulatory elements

and gene promoters.

Remarkably, trained immunity in macrophages has been shown to occur and have a
relevant role in the development of several diseases other than infectious pathologies.
For instance, it has been shown that this phenomenon occurs in atherosclerotic
cardiovascular disease, dyslipoproteinaemia, neurogenerative diseases and tumour
development.®® In the context of tumorigenesis, trained cells contribute with the
production of cytokines such as IL-6 and TNF-a that promote the metastasis in lung,

kidney and breast cancer.5364

Hence, monocytes, macrophages, and their myeloid progenitor cells have an essential
role in the immune response towards foreign agents but also against tumor cells.
Macrophages not only use the arsenal of cytokines, receptors and cytolytic molecules
proper of the innate response, but also can adapt to external stimuli and generate a
stronger or tolerant response depending on the epigenetic modifications that occurred

during their activation.
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Table 1.1. Major characteristics of cells from the innate immune system in humans

Cell

Image

Percentage in
the blood

Function

Dendritic cells

0.5-2%

¢ Antigen presentation to T cells.
¢ Act as messengers between innate
and adaptive immunity.

¢ Phagocytosis.

Mast cells

>10%

e Recruitment of immune cells.
e Activation of T cells.
¢ Activation and migration of DCs.

e Degranulation.

Eosinophils

1-6%

¢ Cytotoxic effector function.
¢ Degranulation.
¢ Modulate DCs function.

e Activation of T cells.

Basophils

<1%

e Degranulation.
e Secrete IL-4 and IL-13 to recruit
inflammatory cells.
¢ Induce TH2 immunity.

e Activation of T cells.

Neutrophils

40-75%

¢ Phagocytosis.
¢ Degranulation.
e NETosis.
¢ Antigen presentation to T cells and
B cells.
¢ Regulation of macrophages.
¢ N1 pro-inflammatory functions.

¢ N2 immunosuppressive functions.

Natural killer
(NK) cells

5-15%

e Cytolysis through granules
containing perforin and granzymes.

¢ Induction of apoptosis.
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e Activation and maturation of DCs,

macrophages, and T cells.

¢ Phagocytosis.

Macrophages 0.8% ¢ Recruitment of immune cells.
- (o]

¢ M1 pro-inflammatory functions.

¢ M2 anti-inflammatory functions.

Among the wide repertoire of proteins that are exclusive from the cells of the immune
system, we find several families of receptors that have crucial roles in beginning,
containing, controlling and ending the immune response. One of these families will be

presented as follows.

1.2 The SLAM family of receptors

1.2.1 The SLAM family of receptors

The signalling lymphocytic activation molecule (SLAM) family of receptors is a CD2
subgroup of the immunoglobulin (1g) superfamily solely expressed in hematopoietic cells.
The SLAM family receptors (SFRs) comprise six canonical members, namely SLAM
(SLAMF1, CD150), Ly-9 (SLAMF3, CD229), 2B4 (CD244, SLAMF4), CD84 (SLAMF5),
SLAMF6 (NTB-A in humans, Ly108 in mice) and SLAMF7 (CD2-like receptor—activating
cytotoxic cells (CRACC, CD319, CS1).% In addition, there are non-canonical members:
CD48 (SLAMF2), SLAMF8 (BLAME, CD353), and SLAMF9 (CD2F-10, CD84-H1) (Figure
1.2). The separation between canonical and non-canonical SLAM receptors is necessary

and convenient given the marked and unique features of each group (discussed below).
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Figure 1.2. Schematic representation of the extended SLAM family of receptors.
Canonical and non-canonical members of the family are depicted. These receptors have
two (or four, in Ly-9) immunoglobulin (1g)-like domains in their extracellular domain. Most
SLAM family receptors are self-ligands, except for 2B4, which has CD48 as ligand. SLAM
family canonical receptors comprised a single transmembrane segment and a
cytoplasmic domain bearing variable number of tyrosine—based motifs (ITSMs) which can
be phosphorylated to transduce signals. On the other hand, non-canonical members do
not posses any intracellular ITSM. V, variable-type Ig-like domain; C2, C2-type Ig-like
domain; SLAM, signaling lymphocytic activation molecule.

Nevertheless, some common characteristics bring together the SLAM family members,
despite some exceptions. First, all canonical SFRs and CD48 are located in the same
locus of about 400 kilobases (kb) on chromosome 1 in humans and mice. In addition,
SLAMF8 and SLAMF9 are located around 400 kb from the rest of the SLAM family
members. Their shared genomic organization suggests that they were all generated by
the serial duplication of a single ancestor gene (Figure 1.3).%° Second, SFRs contain two
or, in the case of Ly-9, four Ig-like domains in their extracellular region. These Ig-like
domains correspond to one amino-terminal variable (V)-like domain and one carboxyl-
terminal constant 2 (C2)-like domain, an arrangement repeated in tandem in Ly-9. Third,

SFRs have a single transmembrane domain and an intracytoplasmic portion, except for
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CD48, which is anchored to the cell membrane by a glycosylphosphatidylinositol (GPI)
linkage.®® Finally, SLAM family members are mostly homotypic receptors, meaning that
their ligands are molecules of the same receptor expressed on another immune cell. The
only exceptions to this rule are CD48 and 2B4, which recognize each other. Remarkably,
two members of the family, SLAMF8 and SLAMF9, can be considered orphan receptors

as their ligands are unknown and evidence for self-interaction is scarce or inconclusive.6-
69

Human SLAM locus

SLAMF8  SLAMF9 SLAMF6 SLAMFS SLAMF1 SLAMF2  SLAMF7 SLAMF3  SLAMF4
(SLAMF8)  (SLAMF9) (SLAMF6) (CD84) (SLAMFT) (CD48)  (SLAMF7) (Ly-9) (2B4)

=/ GG =

Mouse S/am locus 50 Kb
Slamf4 Slamf3 Slamf7  Slamf2 Slamf1 Slamf5 (Slamf6) Slamf9 Slamf8
(2B4) (Ly-9) (SLAMF7) (CD48) (SLAMFT1) (CD84) (SLAMF6) (SLAMF9)  (SLAMF8)

e S e o i S i m—— eV m S mm—n S

Figure 1.3. Schematic representation of the Organization of the SLAM locus in

humans and mice.

The distribution of the genes coding for SLAM family receptors on chromosome 1 is
shown. The human and the mouse loci are shown. The direction of gene transcription is

depicted by arrows. Kb: kilobases. SLAM: Signaling lymphocytic activation molecule.

Perhaps the most relevant difference between canonical and non-canonical SFRs is the
intracytoplasmic domain. In canonical SFRs, the cytoplasmic tail bears one or more
immunoreceptor tyrosine-based switch motifs (ITSMs; TI/VpYxxV/I [where T is threonine,
| is isoleucine, V is valine, pY is phosphotyrosine and x is any residue]). The number of

these motifs varies among members, ranging from one in SLAMF7 to four in 2B4.5% On
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the other hand, non-canonical members do not have any ITSMs in their intracellular
domain. As mentioned before, CD48 is a GPIl-anchored protein, and in the case of
SLAMF8 and SLAMF9, a short cytoplasmic domain (about 30 amino-acids) that has not

been shown to have any signal transduction-related domains is present.

Canonical SLAM family members transduce intracellular signals by way of their
cytoplasmic domain. Once the SLAM molecule engages with its ligand, the ITSM motifs
are phosphorylated, allowing the SLAM receptor to associate with members of a family
of small intracellular proteins with an Src homology 2 (SH2) domain called the SLAM-
associated protein (SAP) family. This family of adapters (described in detail below)
transduces active biochemical signals that promote the activating function of SFRs. In
addition to SAP family adapters, the ITSMs of SFRs can interact with other intracellular
SH2 domain—containing molecules, particularly SH2 domain—containing inositol
phosphatase (SHIP)-1 and SH2 domain—containing protein tyrosine phosphatase (SHP)-
1 (Figure 1.4).797t Both SHIP-1 and SHP-1 are well-known inhibitors of immune cell
activation. Evidence suggests that SAP family adapters compete with these inhibitory
molecules for binding to the ITSMs of SFRs, leading to the classification of ITSMs as

“switch” motifs, although definitive support for this model is still lacking (Figure 1.4).%°

1.2.2 SAP family adapters

The SAP family is a group of three intracellular adapters in the mouse and two in humans.
These are small proteins with only an SH2 domain and a short carboxy-terminal tail. They
are named SAP (SH2D1A) and Ewing’s sarcoma-associated transcript (EAT)-2
(SH2D1B) in humans and mice, plus EAT-2-related transducer (ERT) in mice (Figure 1.4).
The most representative member of the family, SAP, is the gene mutated in X-linked
lymphoproliferative disease (XLP), a primary immunodeficiency characterized by the
development of fulminant Epstein—Barr virus infection, B cell lymphomas and humoral
immune defects.%>72 The expression pattern of SAP family members varies; SAP is
expressed in T cells, NK cells, and NKT cells, while EAT-2 is expressed in NK cells and,

at lower levels, in macrophages and DCs.°
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Figure 1.4 Mechanism of action of SAP family adapters.

SAP and EAT-2 control the signals and functions of SLAM family receptors (SFRs) by a
dual molecular mechanism. (a), they are proposed to prevent the coupling of SFRs to
inhibitory molecules such as the Src homology 2 (SH2) domain-containing protein
tyrosine phosphatases (PTPs), SHP-1 and SHP-2, or 50 lipid phosphatase SHIP-1. (b)
they also couple SFRs to active signals. In the case of SAP (left), this is through the ability
of SAP to recruit and activate the protein tyrosine kinase (PTK) Fyn, which binds SAP via
arginine 78 (R78) of SAP and the Src homology 3 (SH3) domain of Fyn. Activation of Fyn
leads to tyrosine phosphorylation and activation of the exchange factor Vav-1. In the case
of EAT-2 (right), this activity is via the capacity of EAT-2 to bind and activate
phospholipase C (PLC)-y, which interacts with phosphorylated tyrosine 127 (Y127) of
EAT-2 by way of the amino-terminal SH2 domain of PLC-y. This interaction leads to
activation of the Erk kinase and calcium fluxes. SAP, SLAM-associated protein; EAT,
Ewing’s sarcoma—associated transcript; SHP, SH2 domain—containing protein tyrosine
phosphatase; SHIP, SH2 domain—containing inositol phosphatase. Figure adapted from

Veillette et al., 20165° with author’s authorization.
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1.2.3 Function of SLAM family receptors in the immune system

Most of the initial evidence for the characterization of the SLAM family receptor function
came from the description of several immune pathologies. Perhaps the best example is
the pathophysiology of XLP disease caused by SAP deficiency. This disease is
associated with mutations in SAP in about 70% of the cases.”® The loss of SAP has a
marked effect on the function of SFRs in NK cells, NKT cells, and T cells. Under this
condition, SFRs have an enhanced inhibitory role that overpowers the activation induced
by receptors such as the T cell receptor and activating NK cell receptors. These defects
lead to compromised activation of such immune cell populations. Subsequent studies
using antibodies and mice lacking individual or multiple members of the SLAM family
elucidated the roles of SFRs in non-pathological settings. One of the issues with studies
using antibodies, however, is that it is unclear if the antibodies were agonistic or

antagonistic, providing confusing data regarding SFR functions.”*

In this section, the major functions ascribed to SFRs are going to be described focusing
on macrophages and NK cells, immune cell types with special relevance in my thesis. In
addition, a summary of this information is shown in Tables 1.2 and 1.3. There is still much
confusion about the roles of several SFRs. However, the current knowledge will be

summarized.

Of note, as macrophages are a heterogeneous population with different origins,
phenotypes and functions, mostly determined by the surrounding cells and tissues, it is
not possible to generalize accurately the expression pattern of SFRs in these cells.
Instead, it should be noted that a lack of expression of one SFR in a particular
macrophage type does not mean that this molecule is not expressed in other

macrophages, and perhaps the expression of this SFR is critical for this cell’s function.

19



1.2.3.1 Canonical SFRs and CD48

1.2.3.1.1 SLAMF1

SLAMF1, also known as SLAM and CD150 was discovered as a receptor involved in T
cell activation. The authors showed that the engagement of SLAMF1 with monoclonal
antibodies (mAbs) enhanced the antigen-specific proliferation and IFN-y production of
CD4* T cells in a CD28-independent manner.”> SLAMF1 is expressed mainly in
hematopoietic stem cells, B cells and T cells, but also in activated macrophages and
platelets.®®> In addition, SLAMF1 has been described as the major receptor for
Morbilliviruses, a viral genus that infects multiple mammalian species.’®

Further experiments with SLAMF1 KO mice provided more evidence for the role of this
molecule in cytokine production by CD4* T cells. SLAMF1 KO CD4*T cells had reduced
production of IL-4 in response to TCR signaling, compared to wild-type (WT) CD4* T
cells.”® Moreover, platelet aggregation was shown to be a process stabilized by SLAMF1
expression.’” Finally, on human B cells, SLAMF1 engagement using a recombinant form
of soluble or membrane-bound SLAMF1 has been shown to promote B-cell proliferation

and antibody production while inhibiting the production of IL-6.78.7°

1.2.3.1.2 SLAMF1 in macrophages

In macrophages, SLAMF1 can act as a receptor for proteins of gram-negative bacteria,
contributing to the internalization and intracellular destruction of these pathogens.52° |t
has been shown that this protein is expressed in resting and lipopolysaccharides (LPS)-
treated peritoneal macrophages and serves as a TLR-4 coreceptor. Lack of SLAM impairs
the production of TNF-a and IL-12 while promoting the production of IL-6. Interestingly,
the overproduction of IL-6 occurs even in the absence of any stimuli.®! Earlier studies
showed that SLAMF1 was unique among the monocyte activation markers because its
expression was induced only by a bacteria-derived ligand of TLRs (i.e. flagellin) but not
by stimulation with inflammatory cytokines. Similarly, SLAMF1* monocytes and

macrophages were described as abundant in colon samples from patients with Crohn’s
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disease.?? Another important role of SLAM pertains to alveolar macrophages and DCs of
the lower airways, where SLAM is the receptor for the measles virus, and the initial
infection of these cell types is required for viral spread and systemic infection via other

cell types.83

Together, these data suggested that SLAMF1 has a relevant role in the activation and
cytokine secretion of CD4* T cells and B cells, as well as in the activation of other immune
components, such as macrophages and platelets during coagulation. In macrophages,
SLAMF1 is required for the adequate production of cytokines during the inflammatory

response.

1.2.3.1.2.1 Ly-9

Ly-9, also known as SLAMF3 and CD229, is widely expressed in hematopoietic cells.
Studies using Ly-9 deficient mice showed that it was essential for adequate cytokine
production in mouse T cells while having an inhibitory role in innate memory—like CD8* T
cells and NKT cells.8485 Moreover, in human cells particularly, Ly-9 is shown to be
expressed in B cells, CD4+, CD8+, and double-negative (DN) T cells, and at a lower level,
in NK cells.82 Several studies have suggested an important role for Ly-9 in the
pathogenesis of systemic lupus erythematosus (detailed by Comte et al. in 2019),8%
particularly in the production of and sensitivity to IL-2 by T cells. Thus, anti-Ly-9
monoclonal antibodies have been proposed as a plausible therapy for this and other

diseases where IL-2 production or signalling is decreased.

1.2.3.1.2.2 Ly-9 in macrophages

Even though Ly-9 (CD229) has been better studied in T, B and NK cells, some reports
have described its role in macrophages. Around two decades ago, one of the first studies
reporting the generation of Ly-9 KO mice described that contrary to the phenotype of Ly-
9 KO T cells, macrophages with this condition did not differ from their WT counterparts,

showing similar levels of internalization and killing of gram-negative bacteria to those of
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control WT cells. Additionally, peritoneal macrophages from Ly-9 KO and WT mice
produced comparable quantities of IL-6 and IL-12 upon stimulation with LPS or CpG
oligodeoxynucleotides (CpG).8® Interestingly, a recent study has suggested that Ly-9,
along with 2B4, could act as an immune checkpoint that limits the macrophage
phagocytosis of hematopoietic tumor cells, cataloging SLAMF3 and 2B4 as “don’t eat me”

receptors on macrophages.®’

Then, Ly-9 seemed to have a more relevant role in T cells, contributing to the regulation
of cytokine production. In macrophages, this molecule seems to have a relevant role in
the inhibition of phagocytosis of tumor cells.

1.2.3.1.3.1 2B4

2B4 is also known as SLAMF4 and CD244. It can act as an activating or inhibitory
receptor depending on the cell type, species and stimulus. The immune cells expressing
this protein include hematopoietic multipotent progenitors (HMPs), NK cells, activated
CD8"* T cells, macrophages, DCs, mast cells, monocytes, eosinophils and basophils.5°88
2B4 is the only canonical SFR that is not a homotypic receptor, as its ligand is the GPI-
anchored protein CD48. Remarkably, mouse CD48, but not human, also recognizes CD2

as a ligand.

It seems that the role of 2B4 may be opposite in human and mouse NK cells. The best
evidence for the role of 2B4 in the mouse came from studies with 2B4 KO mice. Using a
peritoneal tumor clearance assay, it was found that 2B4 KO mice had increased
clearance of CD48* tumor cells compared to WT mice. Consequently, it was suggested
that 2B4 inhibited NK cell lysis activity. These experiments clarified previous findings that
had suggested an activating role of 2B4 when using anti-2B4 antibodies to engage this
receptor. In this setting, it is possible that the anti-2B4 antibodies were blocking
antibodies. On the other hand, an inhibitory role of 2B4 was also described in exhausted
mouse memory CD8* T cells.

Currently, we know that contrary to what is observed in mice, in humans, it seems that

2B4 promotes IFN-y production and cytotoxicity in NK cells. However, it is not discarded
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that 2B4 may have a dual nature that might depend on several factors, such as the 2B4
isoform expressed (two in the mouse, short isoform with one ITSM and long isoform with
four ITSMs), the existence of mutual expression of 2B4 and CD48 by the effector and
target cells, facilitating bi-directional signalling, the density of CD48 ligand in the target

cell and the availability of intracellular SAP proteins.8?

1.2.3.1.3.2 2B4 in macrophages

A variety of studies have shown the inhibitory role of 2B4 in macrophages and DCs in
different physiological and pathological conditions.®%°1 Many studies on the role of 2B4 in
macrophages stemmed from the assessment of the immune response against tumors.
For example, 2B4 is reported to be highly expressed in myeloid-derived suppressor cells
(MDSCs), which correlates with a strongly immunosuppressive tumor environment.®* A
recent study showed that melanoma tumors in mice and patients are enriched in 2B4*
monocytes and macrophages, which promotes dysfunction and exhaustion within the
tumor microenvironment (TME).®? In the same sense, 2B4 was also shown to be a
potential immune checkpoint that constrains the phagocytosis of hematopoietic tumors
by macrophages, a function shared with Ly-9.87 In this last work, authors showed that
these SFRs decreased LRP1-mediated activation of mMTOR and Syk signaling via SH2

domain—containing phosphatases.

Thus, in various immune cells, 2B4 can be either activating or inhibitory, depending on
several factors such as the stimulus, the species, the cell type and the availability of its
ligand and intracellular adaptors. In macrophages, 2B4 has been showed as a marker of
these cells in an immunosuppressive microenvironment, and consequently, has been
proposed as a potential immune checkpoint that constrains the phagocytosis of tumor

cells.
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1.2.3.1.4.1 CD84

CD84 (SLAMF5) is highly expressed in platelets but also expressed broadly at lower
levels in several hematopoietic cells. CD84 has multiple splicing variants, mainly
changing the length of the intracellular domain; however, the isoform that lacks exon 5

seems to be the most relevant, at least in humans.®3

Experiments in CD84 KO mice revealed that there was a defective germinal center (GC)
reaction due to abnormal function of the Tth cells. It was also shown that CD84 KO mice
exhibited defects in antibody-mediated responses to T cell-dependent antigens. Then

these experiments showed a relevant role for CD84 in T cell: B cell interactions.®*

Recent experiments have shown that a lack of CD84 in platelets is associated with
reduced thrombotic activity in an experimental mouse model of stroke. Similarly, in
humans, arterial blood directly taken from ischemic cerebral circulation showed local
shedding of platelet CD84, and more importantly, high platelet CD84 expression was
associated with poor outcomes in patients after stroke.®® CD84 is also expressed in most
T and B cells in humans but has significantly higher levels in the memory cells of both
populations.®® It has been shown to promote IFN-y secretion in activated T cells and the
recruitment of CD4* T cells to the brain after stroke.®3% Other cells with CD84 expression
include myeloid APCs, such as monocytes, monocyte-derived DCs, plasmacytoid DCs
(pDCs) and granulocytes. Among the most notorious functions of CD84 in these

populations is the positive regulation of autophagy in several types of DCs.®3

1.2.3.1.4.2 CD84 in macrophages

CD84 has been shown to have a relevant role in the modulation of cytokine production in
response to LPS in transfected RAW-264.7 cells. CD84 promoted the phosphorylation of
mitogen-activated protein kinase (MAPK) and the activation of NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) with consequent Monocyte
chemoattractant protein-1 (MCP-1) and TNF-a production while suppressing the
production of IL-6 and IL-10.%¢ The role of CD84 in cytokine production and phagocyte
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biology was evidenced in another report showing how CD84 positively regulated
autophagy in monocyte-derived DCs through the inhibition of the proteolytic degradation
of interferon regulatory factor 8 (IRF-8) and the silencing of CD84 associated with
dysregulated cytokine production characterized by higher production of IL-18 and IL-23
and lower production of IL-12.%7

Thus, CD84 is mainly expressed in Trn cells and platelets, and it is crucial for cell: cell
interaction and coagulation, respectively. In macrophages, this protein has an important
role in the production of several cytokines in response to TLR stimuli.

1.2.3.1.5.1 SLAMF6

SLAMF6 is expressed on B cells, T cells, some NK cell populations, some macrophage
populations, DCs, eosinophils, and neutrophils.®> Experiments with SLAMF6 KO revealed
that this molecule is important for an efficient activation of T cells and neutrophils.®®
SLAMF6 was also shown as patrtially required for the development of NKT cells using this
model.?® In addition, a recent work described that CD8* T cells lacking SLAMF6 had
augmented tumour killing capacity, supporting the notion that in T cells the role of this

molecule is inhibitory.1%0

1.2.3.1.5.2 SLAMF6 in macrophages

There are not many works that evaluate the role of SLAMF6 in macrophages. It was
described that a lack of SLAMF6 on peritoneal macrophages did not lead to differences
in bacterial phagocytosis and killing, while marked differences were observed in
neutrophils.®® Furthermore, SLAMF6 on TAMs of hepatocellular carcinoma contributed to

M2 macrophage polarization and tumour growth.1%?
In summary, SLAMF®6 is expressed in several immune cell types, and its role has been

studied mostly on T cells, NKT cells and neutrophils. Its function in macrophages is mostly

unknown.
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1.2.3.1.6.1 SLAMF7

SLAMF7, also known as CRACC, CS1 and CD319, is expressed in B cells (including
plasma cells), activated T cells, NK cells, macrophages and DCs. Unlike other SLAM
family members, SLAMF7 binds EAT-2, but not SAP.%°

SLAMF7 KO mice showed defects in NK cell activation, compared to WT mice,
suggesting that this molecule has an activating role in NK cells.”* Recent studies have
shown that SLAMF7 on T cells has a role in promoting cell exhaustion through the
induction of Signal transducer and activator of transcription (STAT)1 and STAT3

phosphorylation and the expression of multiple inhibitory receptors.1092.103

As SLAMF7 is highly expressed in multiple myeloma cells, the anti-hSLAMF7 monoclonal
antibody, elotuzumab, is currently used to treat this disease. Its mechanism of action is
mostly attributed to antibody-dependent cellular cytotoxicity (ADCC) of the myeloma cells.
Elotuzumab coats the cells and is then recognized by the fragment crystallizable (Fc)
receptors on NK cells.”

1.2.3.1.6.2 SLAMF7 in macrophages

Among the SFRs, SLAMF7 on macrophages is shown to be the only pro-phagocytic
receptor of hematopoietic tumour cells as well as a major suppressor of inflammation
during sepsis, showing that it is critical for macrophage biology.1%41% Regarding
SLAMF7* tumour cells, SLAMF7 expressed in macrophages interacts with the integrin
macrophage-1 antigen (Mac-1) and promotes their phagocytosis. Remarkably, this
interaction is independent of SAP adaptors.l®” A recent report showed that using
bispecific nanoconjugates to decorate SLAMF7~ solid tumors with SLAMF7 molecules
induced robust phagocytosis by macrophages, demonstrating a strategy that converts
poorly immunogenic solid tumor cells into SLAMF7"9" targets.108
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During the immune response against pathogens, SLAMF7 is upregulated in monocytes
and macrophages, and several reports highlighted the association of this overexpression
with the pro-inflammatory response, particularly in the production of cytokines such as

TNF-a, IL-6 and IL-1B in response to TLR stimuli.105109-111

Thus, SLAMF7 is a SFR selectively expressed in the immune system and seems to have
an activating role in these cells. Its high expression in multiple myeloma cells has allowed
the use of elotuzumab to activate ADCC of NK cells towards tumor cells. In macrophages,
is it a pro-phagocytic receptor of hematopoietic tumour cells, and has been suggested as

a major regulator of inflammation during sepsis,

1.2.3.1.7.1 CD48

CD48 (SLAMF2) is the counter-receptor of 2B4 and CD2. It is expressed in all
hematopoietic cells in humans and mice, except mouse neutrophils and some
hematopoietic progenitors. Remarkably, like many GPIl-anchored receptors, CD48 exists
in both a membrane-bound (mCD48) and a soluble (sCD48) form.®® Studies with CD48-
deficient mice have shown that this molecule has a role in T cell activation and
proliferation, degranulation of granulocytes (especially basophils and eosinophils), and
the regulation of the cytolytic activity of CD8* T cells and NK cells.12113 Recently, it was
described that CD48 interacted in cis with CD2 on T cells, and this interaction functionally
predominated over the trans ones for most T cell activation responses. However, both cis
and trans CD2-CD48 interactions were activating, and synergistic for cytotoxicity

effects.114

1.2.3.1.7.2 CD48 in macrophages

Earlier studies showed that CD48 KO mouse macrophages had a modest defect in
production of TNF-a and IL-12, compared to WT cells upon stimulation with LPS.
Moreover, peritoneal macrophages also showed a decrease in clearance of gram-

negative bacteria in vitro.''> This non-canonical SLAM member is also known for its
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interaction with the bacterial adhesin protein FimH (fimbrin D-mannose specific
adhesin).**? A study by Moller et al., (2013) described how CD48 on macrophage
filopodia, and FimH from E. coli interacted so that the bacteria internalization occurred in
an opsin-independent, but mannose-specific fashion.''® Finally, a recent review by
Kitarama (2023)''” addressed the potential of CD48* TAMs to improve NK cell-based
immunotherapies. Among the cited experimental evidence, it was shown that LPS-
activated human monocyte-derived macrophages promoted the proliferation, IFN-y
secretion, and cytotoxicity of NK cells in a CD48-2B4-dependent manner.

Hence, CD48 has functions in trans and in cis with the receptors 2B4 and CD2,
respectively. This protein has important roles in the activation of T cells and NK cells. In

macrophages, acts as a receptor for FimH expressed on some bacteria cells.

1.2.3.1.8.1 SLAMF8 and SLAMF9 on phagocytes

SLAMF8 and SLAMF9 are the only two members of the extended SLAM family that do
not possess any ITSMs, being integral membrane proteins. Investigations of these two
proteins are scarce, and many of their characteristics are still unresolved,®118-120 the
most relevant of which include the identity (if any) of their ligand, their role in the immune

system and, most importantly, their mechanism of action.

Among the wide repertoire of immune cells, it seems that both SLAMF8 and SLAMF9 are
preferentially expressed in macrophages and DCs.66118.119.121.122 However, their

expression on specific B cell populations has also been reported.122.123

Only two reports have provided experimental evidence that suggests a homotypic
interaction for SLAMF8. Both used SLAMF8-Fc chimeric proteins to label cells expressing

SLAMFS8 on the surface and followed by evaluation with flow cytometry.124125

SLAMF8 has been reported to negatively regulate the inflammatory response in
macrophages after stimulus with bacteria or IFN-y.%8 According to this report, SLAMF8
acts as a negative regulator of Nox2 (NADPH oxidase 2) activity in bacterial phagosomes

and dampens an ongoing innate immune response. Interestingly, another report stated
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that this downregulation of the microbicidal mechanism involved Erk1/2 and p38 MAPK.®°
These and other studies contrasted with a study describing a variant of the mouse
macrophage cell line RAW 264.7 deficient in SLAMF8 that did not have any change in
phenotype compared to parental cells; only double SLAMF8/SLAMF9 KO cells showed a
deficient pro-inflammatory response.!!® Similarly, this paper claimed that SLAMF8 and
SLAMF9 have a potential functional redundancy.

On the other hand, SLAMF9 has been described as a key regulator of the development,
migration and production of cytokines (IFN-a and TNF-a) in pDCs.'8 A previous study
reported that SLAMF9 mRNA was upregulated in human monocyte-derived DCs under

chronic hypoxia.t?®

Regarding mouse monocytes and macrophages, SLAMF9 is expressed in mononuclear
cells negative for Ly6C and positive for CD11lb, CD11lc, F4/80low, MHC-II and
CX3CR1.1?2 Likewise, SLAMF9 was reported on the cell surface of small (F4/80low) but
not large (F4/80high) peritoneal macrophages,'??> Kupffer cells in the liver,*'° kidney-
resident phagocytes,'?” and TAMs in melanoma patient samples.1?®

Like in the case of SLAMF8, a comprehensive understanding of SLAMF9 function and
mechanisms of action is still elusive, and more studies are required for their discovery
and the clarification of some contradictory results. In general, SLAMF9 seemed to
promote the inflammatory response and activation of macrophages, for example, in
response to systemic challenge with Salmonella?? and LPS.''° Interestingly, recent
reports have shown that SLAMF9 was one of the top upregulated genes in immune cells
during severe acute respiratory syndrome coronavirus-2 (SARS-COV-2) infection of
hamster and mouse lungs.?*-13! Furthermore, Slamf9 was upregulated in response to
H1N1 influenza virus infections in mice.'*? These data suggested that SLAMF9 may have
a relevant role in the development of diseases caused by these viruses and other

pathologies where the inflammatory response is exacerbated and life-threatening.

Thus, SLAMF8 and SLAMF9 are non-canonical SLAM family members with special

relevance in the macrophage biology and with promising perspectives in the study of
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several pathologies such as cancer, inflammatory diseases, and autoimmune disorders.

However, more conclusive, and mechanistic studies are lacking.

Table 1.2. Summary of the expression pattern, ligands, and functions of the extended
SLAM family of receptors. This table is based on and modified from previous works by
Veillette (2010) and Velillette et al., (2016).

SLAM receptor
(most commonly used | Physiological ] ) )
) ] Expression pattern Phenotypes in KO mice
name and alternative Ligand
names)
SLAM SLAM T, B, DC, Mf, plat., T, Mf, plat., NKT (with
(CD150, SLAMF1) HSCs SLAMF®)
NK, activated CD8p
2B4 T, CD8p
CD48 ) NK, CD8* T
(CD244, SLAMF4) iELs, DC, Mf, eos.,
mast, baso.,
Ly9
Ly9 T, B, NK, DC, Mf T, NKT
(CD229, SLAMF3)
CD84 T, B, NK, DC,
CD84 T,B
(SLAMF5) neutro., eos.
SLAMF6 T, B, NK, DC, Mf,
SLAMF6 T, neutro., NKT
(NTB-A, Ly108) plat., mast, eos.
T (activated), B, NK, ]
SLAMF7 NK, innate CD8p T,
SLAMF7 DC, Mf, neutro. _
(CRACC, CD319) thymic NKT, mf
All hematopoietic
CD48 )
2B4 cells except in T, eos, neu, mf
(SLAMF2)
mouse neutro.
Some
SLAMF8 evidence )
Mf, DCs Mf (with SLAMF9)
(BLAME, CD353) suggests
SLAMF8
DCs, Mf, peritoneal
SLAMF9 .
Unknown B1b cells, plasma pDCs, mf (with SLAMF8)
(CD2F-10, CD84-H1) I
cells
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T, T cells; B, B cells; DC, dendritic cells; Mf, macrophages; plat., platelets; NK, natural
killer cells; eos., eosinophils; neutro., neutrophils; baso., basophils; mast, mast cells;
NKT, natural killer T cells; CD8p iELs, CD8p intraepithelial lymphocytes.

Table 1.3. Summary of the functions of the extended SLAM family of receptors in

macrophages.

SLAM receptor
(most commonly used name Suggested function in macrophages

and alternative names)

SLAM
(CD150, SLAMF1)

-Binds bacteria proteins and enhances internalization
- Promotes TNF-a and IL-12 while downregulated the production of
IL-6
-In alveolar macrophages and other phagocytes of the lower airways

is the receptor for the measles virus

2B4
(CD244, SLAMF4)

-Highly expressed in MDSCs and correlates with a strong
immunosuppressive in TME
-Shown to be a potential immune checkpoint that constrains the

phagocytosis of hematopoietic tumours, a function shared with Ly-9

Ly9
(CD229, SLAMF3)

-Could act as an immune checkpoint that limits the macrophage

phagocytosis of hematopoietic tumoral cells. Shared function with

2B4
cDs4 - Promotes MCP-1 and TNF-a production while suppresses IL-6 and
IL-10 upon LPS stimuli
(SLAMF5) P
SLAMF6

(NTB-A, Ly108)

-No differences between WT and KO cells observed.

SLAMF7
(CRACC, CD319)

- Promotes the phagocytosis of SLAMF7* tumour cells via interaction
with the integrin Mac-1.
-Upregulated during inflammatory response and regulats the

production of cytokines such as TNF-a, IL-6 and IL-13

CD48
(SLAMF2)

-Binds to the FimH bacterial protein and promotes bacteria

internalization
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- Negatively regulates the inflammatory response in macrophages
SLAMF8 after stimulus with bacteria or IFN-y

(BLAME, CD353) - Negative regulator of Nox2 activity inl phagosomes and dampens

an ongoing innate immune response

SLAMF9 -Promotes inflammatory response and activation of macrophages in
(CD2F-10, CD84-H1) response to systemic challenge with Salmonella or LPS

In this thesis, we employed several biological tools to study some members of the
extended SLAM family, one of these tools was the MCMV (murine cytomegalovirus). As
this was an important model of study, the following section of this chapter is going to

describe some of the most important characteristics of this pathogen.

1.3 MCMV infection model for immunological studies

1.3.1 Structural and molecular features of Cytomegaloviruses (CMVs)

Cytomegaloviruses (CMVs) are a group of the family Herpesviridae and the subfamily
Betaherpesvirinae. These viruses are species-specific and infect many mammalian
species, such as humans, mice, guinea pigs, rats and several primates.'33 The name
refers to the phenotype of infected cells, characterized by increased size due to
cytoskeletal filament defects. This group includes important pathogens, such as human
herpesvirus 5 (HHV-5), also known as human cytomegalovirus (HCMV), which is one of
the causes of infectious mononucleosis, an infectious disease characterized by enlarged
lymph nodes, fever, weakness and, if complications occur, spleen and liver
enlargement.'3413% This virus is also an important cause of infection in newborns and
immunocompromised patients, where it can cause end-organ disease (EOD), a serious

pathology considered a leading cause of morbidity and mortality.13°
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It is estimated that about 60% of human adults in developed countries and 90% in
developing countries have been infected with HCMV.13®> Most of these cases are
asymptomatic. However, HCMV infection is a serious complication in patients who have
undergone a transplant or are infected with human immunodeficiency virus (HIV). In fact,
it is considered the most serious opportunistic infection after solid organ or hematopoietic
transplantation.® It is noteworthy that the virus has a complex interaction with the
immune system and host cells that allows immune evasion and viral latency. This causes
lifelong infections of the host, and reinfections are common despite the presence of a

substantial immune response. 133135

CMVs, like other herpesviruses such as HHV-6 and HHV-7, are characterized by an
encapsidated linear double-stranded DNA genome and broad tissue tropism. Moreover,
a CMV virion measures about 150-200 nm in diameter and comprises an icosahedral
nucleocapsid surrounded by a structured protein layer known as the tegument and a lipid
envelope enriched in glycoproteins.136137 The coding sequence of CMV is more than 230
kb, making it the largest human viral pathogen with respect to genetic content and
complexity. The genome is divided into two segments, a unique long (UL) and a unique
short (US) segment. Consequently, all the gene products are designated by their position
in the UL or US segments, with a number assigned according to their location (from left
to right) in the viral genome. As an example, the glycoprotein B (gB gene product) is
designated UL55, meaning that it is the 55 open reading frame (ORF) in the UL region

of the genome.*3®

HCMV has about 165 predicted ORFs, although this number changes among different
strains and clinical isolates.'®® Surprisingly, less than 100 predicted genes and gene
segments are well characterized. The glycoprotein complex (gH-gL-pUL128-pUL130-
pUL131) that is part of the virion envelope can be listed among the most important
proteins. Likewise, the genes UL122 and UL123 encode proteins involved in immediate-
early transcriptional regulation.®” In addition, multiple micro-RNAs (miRNASs) that target
viral and host genes are present; the targets include genes important for the immune
system, such as MICB (MHC class | polypeptide-related sequence B) and TRIM28

(tripartite motif containing 28). Genes that control homeostasis, such as CCNE2 (cyclin
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E2), H3F3B (H3 histone, family 3B) and ERAP1 (endoplasmic reticulum aminopeptidase

1) are also targeted.'*®

1.3.2 Murine cytomegalovirus (MCMV)

MCMV has been extensively used as a model of HCMV due to the similarities between
them, and between their mechanisms of infection and viral spread. This model of infection
has allowed researchers to discover several immune-evasive genes and elucidate the
pathogenesis of CMV infection.**®* MCMV infects wild and laboratory mice, and multiple
strains of MCMV coexist in individuals and populations. Most laboratory MCMV strains
are derived from the original Smith strain isolated in 1934 and can be expanded efficiently
in cultures of 13-16-day mouse embryo fibroblasts (MEFs) and some mouse cell lines.
Interestingly, this virus can also propagate in hamster, rabbit, monkey and sheep cell
cultures. Nevertheless, the passage of MCMV in mouse tissue culture considerably
attenuates its virulence, meaning that there are many differences between laboratory

strains and MCMV isolated from mice, typically from salivary glands.4°

The susceptibility of laboratory mouse strains changes dramatically and depends on the
virus titer and the route of entry (intranasal, intraperitoneal, subcutaneous [most
commonly footpad] or intravenous injection). The most common mouse strains used are
C57BL/6 and BALB/c. Newborn BALB/c mice are more resistant to infection than
C57BL/6 mice, while the opposite is true for adults.'®® Furthermore, newborn mice are
much more susceptible than adults, and doses of about 100 plaque-forming units (PFUs)
of cell culture-derived virus are used to induce disease. On the contrary, an adult mouse
needs about 1-5x10° PFUs or more depending on the strain and route of

inoculation.133.139

1.3.3 The immune response to MCMV

As the MCMV infection model has been extensively employed, the body of knowledge

generated about the immune response to this virus is large and well-supported.?3 In fact,
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several important insights into the broad defence mechanisms of the immune system
have been elucidated using MCMV. Examples of these are the demonstration of the
development of long-lasting NK memory cells and the identification of a CD4* T-cell
population with cytotoxic function (presence of granzyme B and perforin and direct killing

of target cells in an Ag-specific fashion).4t

The immune response to MCMV depends on the point of entry and consequent spread
to organs. Thus, most studies are in models of viremia (intraperitoneal and tail vein
inoculation), viral latency (footpad inoculated at 2 weeks of age), pneumonitis (intranasal
inoculation of adults or newborns), hepatitis (intraperitoneal injection), ocular infection
(intraocular inoculation), viral myocarditis (intraperitoneal injection), infection post bone
marrow transplantation (irradiated mice inoculated with virus prior to intravenous bone
marrow stem cell) and brain infection in immunosuppressed mice or newborns

(intracranial infection of adults or intraperitoneal injection of newborns).133

Of all the innate immune system components, NK cells play the most relevant role in the
defence against MCMV infection. Remarkably, the presence of activating receptors on
NK cells and the Ag-specific inflation of NK cell populations are the major reasons for the

increased resistance of C57BL/6 compared with BALB/c mice.142143

Contrary to the role of NK cells in CMV defense, myeloid cells such as monocytes,
macrophages, and DCs are infected by the virus and have been shown to act as

reservoirs and contribute to its spread to other organs from the initial site of infection.144145

Even though both humoral and cellular immunity are induced by MCMYV infection, virus-
specific CD8* T cells play a major role in most organs.'® In some cases, the T cell
response elicited is so strong that it remains at a high level for prolonged periods, a
phenomenon termed memory T cell inflation. This phenotype is in part caused by the low
expression of inhibitory receptors such as PD-1, TIM-3, CD160 and 2B4 on CD8* T cells.
This contrasts with their expression levels on the same cells in other viral infections, such
as hepatitis B virus (HBV) and HIV.146

During infection by MCMV, pro-inflammatory and anti-inflammatory cytokines, as well as

antiviral mediators such as IFNs, play a critical role. Initial reports described the existence
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of early cytokine responses characterized by high systemic levels of IL-12, IFN-y, IL-1,
IL-6 and TNF-a. Of these, IL-6, in particular, was shown to be critical for the induction of
the pivotal mediator of the glucocorticoid response. On the other hand, IL-12 and IFN-y
are regulators of multiple functions of NK cells. For instance, IFN-y is a strong promoter
of NK cell chemotaxis to virus-infected organs. Furthermore, it induces NK cell
cytotoxicity. Regarding IL-12, this cytokine has been shown to stimulate NK cells to

secrete IFN-y and act redundantly with IFN-y to enhance cell cytotoxicity.'#’
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1.4 Rationale, hypothesis, and objectives

1.4.1. Rationale

SLAM family of receptors (SFRs) have various and distinct roles in the cells of the immune
system. Canonical and non-canonical SLAM receptors have been shown to promote or
inhibit important functions in all the immune cells. However, in macrophages, the function
of these receptors in crucial processes such as phagocytosis and cytokine production
remains elusive. Consequently, in this project, we sought to elucidate novel roles of some
SFRs in mouse macrophages. Uncovering new functions and mechanisms of action for
SFRs in these cells will contribute to the future development and implementation of
immunotherapies for the treatment of infectious diseases, cancer and autoimmune

disorders, among others.

Two chapters of this thesis (Chapters 2 and 3) focus on the study of the non-canonical
SLAM family member SLAMF9, a scarcely studied SFR with contradictions in the extant

literature.

Similarly, in Chapter 4, | present evidence for a new role of 2B4 in macrophages and
describe the contribution of these phagocytes to the regulation of the contraction phase
observed in vivo for Ly49H" memory-like NK cells after MCMV infection.

1.4.2. Hypothesis
The non-canonical SLAM family receptor SLAMF9 has a key role in macrophage biology,
either in homeostasis or during the response to external stimuli. Likewise, SFRs are

necessary for the phagocytosis of memory-like NK cells after MCMV infection.
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1.4.3. Objectives

General objective:
To describe novel functions for some members of the SLAM family of receptors in

macrophages.

Specific objectives:

- To generate and characterize novel anti-mSLAMF9 monoclonal antibodies and SLAMF9
KO mice

-To determine the expression pattern of SLAMF9 in mouse immune cells

-To uncover the function of SLAMF9 in macrophage biology

-To elucidate the role of SLAM family members in the regulation of the phagocytosis of

activated NK cells by macrophages after MCMV infection

38



Chapter 2. Generation and characterization of SLAMF9 monoclonal
antibodies and SLAMF9-deficient mice
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Preface

The manuscript presented in Chapter 2 is being prepared to submit for publication. It
describes the generation of SLAMF9 monoclonal antibodies, the expression pattern of
SLAMF9 in mouse and human cells, and the generation and initial characterization of
SLAMF9-deficient mice. As we found that SLAMF9 is highly expressed in macrophages
and our team has an interest in macrophage biology, we focused our work on the role of
SLAMF9 in these cells.
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2.1. Abstract

The signaling lymphocytic activation molecule (SLAM) family of receptors is constituted
by six canonical members (SLAMF1, SLAMF3, SLAMF4, SLAMF5, SLAMF6, and
SLAMF7) and, traditionally, one non-canonical member that acts as the ligand of SLAMF4
(also known as 2B4) named CD48 (also known as SLAMF2). Two relatively hew non-
canonical family members, SLAMF8 and SLAMF9, have gained attention as their
expression levels have been associated with diverse pathological conditions such as
cancer, autoimmunity, and infectious diseases. Herein, we described well-characterized
novel SLAMF9 KO mouse models and anti-SLAMF9 monoclonal antibodies able to
recognize the protein in both flow cytometry and western blot. Moreover, we extensively
analyzed the expression pattern of SLAMF9 at the protein level in mice and showed that
SLAMF9 is preferentially expressed in selected macrophage, dendritic cells and B cell
populations. Finally, using mouse bone marrow-derived macrophages (BMDMs) as our
major cellular model, we observed that SLAMF9 expression increased in response type-
I, type-Il interferon, and the TLR-3 agonist Poly I:C but not LPS or anti-inflammatory
cytokines as IL-4 and IL-10. Moreover, we studied the phenotype of multiple surface
markers in SLAMF9 KO macrophages and compared it to markers in WT cells. Finally,
we performed RNA-seq in SLAMF9 KO macrophages and observe distinct gene
expression signatures found in these cells. Together, these data suggested that SLAMF9

plays a key role in macrophage gene expression and functions.

2.2. Introduction

The signaling lymphocytic activation molecule (SLAM) family of receptors is constituted
by six canonical members (SLAMF1, SLAMF3, SLAMF4, SLAMF5, SLAMF6, and
SLAMF7) and, traditionally, one non-canonical member that acts as the ligand of SLAMF4
(also known as 2B4) named CD48 (also known as SLAMF2).148 With the exception of
CD48, they all possess an extracellular domain, a transmembrane region and an
intracellular segment. In contrast, CD48 lacks transmembrane and intracellular domains

and is attached to the plasma membrane via a glycosylphosphatidylinositol (GPI)-linked
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moiety. The cytoplasmic domain of SLAM family receptors possesses immunoreceptor
tyrosine-based switch motifs (ITSMs), which enable binding to the SAP family of adaptors
that controls signals emanating from SLAM family receptors. Most SLAM family receptors

have homotypic interactions, meaning they are self-ligands, except for 2B4 and CD48.

Recently, two non-canonical family members, SLAMF8 and SLAMF9, have gained
attention as their levels of expression have been associated with diverse pathological
conditions such as cancer, autoimmunity, and infectious diseases.11%14% However, most
of the studies of SLAMF8 and SLAMF9 are descriptive and have failed to resolve the
functions and mechanisms of action of these molecules. Like canonical SLAM family
receptors, SLAMF8 and SLAMF9 encompass extracellular, transmembrane, and
intracellular segments. However, unlike canonical SLAM family receptors, SLAMF8 and
SLAMF9 do not possess ITSMs) in their intracellular domain and, consequently, cannot
transduce signals in a manner analogous to the canonical members of the SLAM

According to the ImmGen database, which describes the RNA expression patterns of
various molecules in immune cells, SLAMF9 is highly expressed in alveolar
macrophages, microglia, and plasmacytoid dendritic cells (DCs), among others,
suggested a role in macrophages and DCs.**! But, few studies have been done to identify
SLAMF9 at the protein level or to elucidate its role in the immune response. Some reports
have suggested that SLAMF9 plays a role in immune cell migration and
immunomodulation of tumor-associated macrophages and plasmacytoid DCs.118120
Moreover, Wilson et al. reported that SLAMF9 may promote inflammation and resistance
to Salmonella sp. infection.'?? Thus, these results suggested that SLAMF9 may have a
role in immunomodulation, and raised the possibility that it may be a target to treat certain

human diseases such as inflammatory disorders and infections.

As SLAMF9 is an orphan receptor with no known ligand, another critical question is the
identification of its ligand(s). Even though it is possibly another member of the family, only
a few studies have tried to address this issue, and the description of the methodology
used, and the results are not complete and detailed.?? In part, the limited reliable knock-

out (KO) mouse models and reagents such as polyclonal and monoclonal antibodies.
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Based on the known functions of other SLAM family members and the expression pattern
of SLAMF9, we hypothesized that SLAMF9 has a central role in the control of the
inflammatory response. To test this hypothesis, herein, we described well-characterized
novel SLAMF9 KO mouse models and anti-SLAMF9 monoclonal antibodies able to
recognize the protein in both flow cytometry and western blot. Moreover, we extensively
analyzed the expression pattern of SLAMF9 at the protein level in mice and showed that
this protein is preferentially expressed in selected macrophage and DC populations. In
addition, we analyzed the expression pattern of SLAMF9 at mMRNA and protein levels in
mouse and human cell lines. We found that SLAMF9 mRNA is expressed in diverse
human tumors such as melanoma, non-small cell lung cancer, and multiple myeloma.
Similarly, we presented evidence that described the SLAMF9 correlation with patient
survival in sarcoma, paraganglioma, esophageal squamous, and other types of cancer,
showing that studying SLAMF9 function might be promising and contribute to tumor
biology understanding.

Using mouse bone marrow-derived macrophages (BMDMSs) as our major cellular model,
we observed that SLAMF9 expression increased in response type-I, type-ll interferon,
and the TLR-3 agonist Poly I:C but not LPS or anti-inflammatory cytokines as IL-4 and IL-
10. Moreover, we studied the phenotype of multiple surface markers and phagocytic
capacity of SLAMF9 KO macrophages and compare them to wild type (WT) cells. Finally,
we performed RNA-seq in SLAMF9 KO macrophages and observe distinct gene
expression signatures found in these cells. Together, these data suggest that SLAMF9
plays a key role in macrophage functions and may have a relevant role in the biology of

some types of human tumors.
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2.3. Results

2.3.1. Production and characterization of SLAMF9 monoclonal antibodies

To generate mouse SLAMF9 monoclonal antibodies (MAbs), SLAMF9 KO mice were
immunized with recombinant mSLAMF9-Fc fusion proteins. Then, splenocytes from
hyperimmune mice were fused with FO cells. Hybridomas were initially screened by
ELISA using the mSLAMF9—Fc fusion protein and subsequently subjected to two rounds
of sub-cloning. After cell expansion, subclone supernatants were tested by flow cytometry
assays using a variant of the T cell line BI-141 ectopically expressing mouse SLAMF9
(BI-SLAMF9) (Figure 2.1A). We screened around 20 subclones and selected 3 for further
characterization (2G8, 2C9, and 2D5). All subclones were IgG1 isotype as determined by
ELISA (Figure 2.1B). Furthermore, all mAbs showed strong staining signals in flow
cytometry assays (Figure 2.1A). However, only clone 2D5 showed specificity and efficacy
in recognizing mouse SLAMF9 in a western blot set up under denatured conditions
(Figure 2.1C-D). Importantly, none of the mAbs showed cross-reaction with human
SLAMF9, as revealed by flow cytometry assays using BI-141 cells expressing human
SLAMF9 (BI-hSLAMF9) (Figure 2.1E).

2.3.2. Lack of evidence that SLAMF9 is a receptor for another SLAM family member

As SLAMF9 possesses putative extracellular and transmembrane domains, it may be a
receptor for a ligand, a relevant question that we and others have tried to answer.'?? As
most SLAM family receptors are self-ligands, and in the case of 2B4 and CD48, they are
ligands to each other, we hypothesized that the SLAMF9 ligand might be a family
member. We performed flow cytometry-based binding assays, using chimeric proteins
containing the extracellular domain of each SLAM family member and the fragment
crystallizable region (Fc) of human immunoglobulin (Fc fusion proteins), and cells
overexpressing SLAMF9. We did not observe the binding of SLAMF9 to any family
member, including SLAMF9 itself. Details of this assay are presented in Figure S1 in the

appendix.
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2.3.3 Expression pattern of SLAMF9 in cell lines

2.3.3.1 Mouse cell lines

As mouse cell lines are extensively used as an in vitro model for studying the immune
system, we assessed the SLAMF9 expression in several mouse cell lines from different
cell types (Figure 2.2A). mRNA levels were relatively high in B cell lines like J558, SP2/0,
L1210, and others. Also, it was high in the murine erythroleukemia (MEL) cell line.
Intermediate mMRNA levels were found in the macrophage cell line RAW 264.7 and T cell
lines like EL-4 and BI-141. Of note, there were cell lines from all these types that showed
little or no Slamf9 MRNA, suggesting that the expression of this gene is neither exclusive
nor restricted to a particular cell lineage, at least in cell lines. We also detected SLAMF9
at the cell surface of some of these cell lines by flow cytometry (Figure 2.2B). Notably, B
cell lines showed the highest protein expression, corresponding to the previously
described mMRNA levels. RAW 264.7 cells also expressed SLAMF9; however, the
histogram separation was not complete, and attempts to improve the staining with higher
concentrations of primary anti-SLAMF9 antibody or secondary anti-lgG1 F(ab')2 were not
successful, suggesting that these cells have high heterogeneity and cells with no SLAMF9

expression on the surface are part of the population.

2.3.3.2. Human cells

We sought to evaluate SLAMF9 expression in human cell lines and some tumor cells.
Unfortunately, there are no reliable commercial human anti-SLAMF9 antibodies, and our
mouse monoclonal antibodies do not cross-react with the human protein, as mentioned
previously. Consequently, we could only evaluate mRNA levels. According to the Cancer

Cell Line Encyclopedial®? (CCLE, https://sites.broadinstitute.org/ccle), human melanoma

cell lines express the highest SLAMF9 mRNA levels (Figure 2.3A). Among the other cell
lines with significant expression are several non-small cell lung cancer, multiple myeloma,
and glioma cell lines. We screened several cell lines from different lineages to corroborate
these data experimentally and obtain new information about the expression pattern of

SLAMF9 in human cells (Figure 2.3B). Among the B cell lines, expression was relatively
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high in multiple myeloma cell lines such as U266, KMS-11, IM-9, RPMI-8226, and MM1.S.
It was also significant in monocytic cells such as U937, HL-60, and HEL and exceptionally
high in THP-1. Since SLAMF9 has been reported to be expressed in melanoma tumors,*2°
we tested the SKMEL-28 cell line. SLAMF9 mRNA levels were higher than in other lines,
confirming that human melanoma cells can express this gene. Interestingly, other non-
hematopoietic cell lines expressed SLAMF9 too, such as the HEK-293 and HeLa cell lines
(Figure 2.3B). SLAMF9 mRNA was not detected in the NK cell line YT-S, and very low in
the B lymphoblast cell lines Daudi and NCI-H929.

Finally, we evaluated whether the expression of SLAMF9 mRNA in human primary tumors
from diverse origins correlated with patient survival. Using a comprehensive online
analysis platform from the China National Center for Bioinformation (CNCB)

https://ngdc.cncb.ac.cn/cancerscem/analysis, we retrieved data from The Cancer

Genome Atlas (TCGA) for various cancer types and analyzed their SLAMF9 expression.
Dividing the patients into two groups, based on the SLAMF9 mRNA expression, “low” and
“high,” we were able to show how SLAMF9 expression correlated with the survival in
sarcoma, paraganglioma, pancreatic ductal, colorectal, kidney, and esophageal
squamous cancer (Figure 2.4). Low expression was associated with higher survival
probability in all the cancer types except for esophageal squamous cancer, where a high

expression correlated with higher survival probability (Logrank test p < 0.05).

2.3.4 Generation of SLAMF9-deficient mice

Mice lacking SLAMF9 (SLAMF9 KO) were generated in our laboratory using fertilized
C57BL/6J oocytes and CRISPR-Cas-based genomic editing. The guide RNA (gRNA)
targeted a complementary  sequence in the second exon (5'-
GCAGTGGATCCTCGATACCG-3’; Figure 2.5A). After birth, mice were screened by PCR
and Sanger sequencing of the Slamf9 gene. We screened around 100 newborn mice to
find Knock-Out (KO) mouse founders for the Slamf9 gene. We identified four candidates
with deletions of nucleotides that caused frameshift mutations (Figure 2.5A-B) These
deletions located in the exon 2 of the Slamf9 gene were between 5 and 539bp (Figure

2.5B). Using adequate primers and standardized PCR conditions for each mutation, we
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were able to obtain specific amplicons (Figure 2.5C). We selected 2 Slamf9 KO mouse
lines for experimental purposes, Q95 (5bp deletion) and S294 (110bp deletion).

2.3.5 Expression pattern of SLAMF9 in mouse primary cells

We assessed the expression of SLAMF9 at the protein level on the cell surface of different
mouse immune system cell populations, using our SLAMF9 MADbs. As shown in Figure
2.6A-B, SLAMF9 was not found on the major lymphocyte populations from spleen (B cells
identified as B220* and CD19*, T cells identified as CD3", either CD4* or CD8*, and NK
cells identified as NK1.1%). It was also not detected on thymocytes, neutrophils, and major
monocyte populations from peripheral blood, although it was found in a small population
of Ly6C- CD11b* mononuclear cells that likely represented a monocyte subpopulation
reported to be more abundant in tissues than in blood.%31% However, SLAMF9 was
uniformly expressed on plasmacytoid dendritic cells from peripheral lymph nodes,
alveolar macrophages, microglia, and thioglycolate-elicited peritoneal macrophages
(Figure 2.6C). Remarkably, it was absent on other macrophage types, such as red pulp
splenic macrophages and resident peritoneal macrophages (Figure 2.6D), suggesting
that it is expressed on phagocyte populations but is not necessarily a universal marker
for these cells. As mouse bone marrow is a commonly used source for dendritic cells and
macrophages, we tested whether these cells expressed SLAMF9 upon appropriate
differentiation process with GM-CSF or M-CSF, respectively. Both bone marrow-derived
dendritic cells (BMDCs) and bone marrow-derived macrophages (BMDMs) showed
surface expression of SLAMF9 (Figure 2.6D), suggesting that these cells can be used as

a feasible in vitro model for studying SLAMF9 function.

As macrophages respond to different stimuli with multiple changes in protein expression,
including surface receptors, we treated SLAMF9 KO and WT BMDMSs with various stimuli
for 18 hours and performed flow cytometry analysis to assess the changes in some of

these proteins (Figure S2A-B in the appendix).

We also compared our SLAMF9 protein expression pattern results to the mRNA

expression levels reported in the Immunological Genome Project (ImmGen) database

47



https://www.immgen.org.'>* We concluded that in most cell populations reported to have

intermediate or high Slamf9 mRNA levels, the SLAMF9 protein was detected on the cell
surface. Interestingly, ImmGen reports considerable Slamf9 mRNA levels in some
specialized B cell populations, such as Blb cells in the peritoneal cavity, plasma cells in
the spleen, or specific B cell progenitors in the bone marrow (See Figure S3 in the
Appendix for the gating strategy used). Thus, we assessed the SLAMF9 protein on these
cells, and it was detected on the surface of splenic plasma cells only (Figure 2.6E). As
plasma cells are the immune cells in charge of the production of soluble antigen-specific
antibodies, we evaluated the levels of specific IgG and IgM upon immunization in
SLAMF9 KO mice and compared them to WT mice. No differences were observed (See

Figure S3E in the Appendix for details).

As shown in Figure 2.7A, in WT macrophages SLAMF9 increased on the cell surface after
stimulation with IFN-y or Poly I:C, but not upon LPS treatment. As shown in Figure 2.7B,
SLAMF9 expression increased significantly with Type-Il interferon treatment (IFN-y) and
type-Il interferon (a, B) and Poly I:C. Interestingly, SLAMF9 levels did not change upon
treatment with anti-inflammatory stimuli such as IL-4 and IL-10. To evaluate these
changes in tissue-resident macrophages, we obtained alveolar macrophages by
bronchoalveolar lavage (BAL) and treated them for 18 hours (Figure 2.7C). These cells
were identified as F4/80*, CD11c*, CD11b-, Siglec-F*, and SLAMF9* (Figure 2.7D; Figure
S4 in the appendix). Remarkably, SLAMF9 surface expression decreased in all the
evaluated conditions, as shown by the leftward shift of the histograms, and the mean
fluorescence intensity (MFI) decreased by more than 50% (Figure 2.7E, F). Finally, we
tested the response of thioglycolate-elicited peritoneal macrophages (Figure 2.7G and
Figure S5A-D), and there were no differences in surface SLAMF9 expression upon TLRs
or IFN-y-induced stimulation (Figure 2.7H). From these data, we concluded that, upon
TLR stimulation or induction of interferon response, diverse SLAMF9* macrophage types

showed different changes in the surface expression of this protein.

2.3.6 Phenotypic and functional characterization of mouse macrophages lacking SLAMF9
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2.3.6.1 Phenotypic characterization

As SLAMF9 is expressed in diverse macrophage populations, and SLAM family receptors
have been determined to have critical roles in macrophage function and
differentiation,04155-157 we focused on this cell type. Initially, we evaluated the expression
of other SLAM family members in SLAMF9 KO BMDMs and compared them with the
expression in WT cells (Figure 2.8A). Apart from the expected absence of SLAMF9, there
were no differences between WT and SLAMF9 KO. Likewise, we assessed the
expression of other surface molecules with crucial roles in macrophage adhesion,
signaling, and function as integrins (CD11a, CD11b, CD11c, and CD18), SIRPa, CD47,
CD200R1, and Fc receptors as CD32, CD16, and CD64 (Figure 2.8B). From this
evaluation, we identified that these macrophages have slightly lower expression of
SIRPa, as shown in Figure 2.8C. Other classical macrophage surface markers (F4/80
and CD206) were included and showed no difference (Figure 2.8D). Finally, as
macrophages express multiple members of the TLR family, we detected the expression
levels of TLR-4 on the cell surface and the intracellular levels of TLR-3, TLR-7, and TLR-
9. Interestingly, baseline expression of TLR-9 was reduced in SLAMF9 KO macrophages,
as shown by the decreased MFI of more than 50% (Figure 2.8E). Interestingly, at baseline
and upon stimulation, only one evaluated surface protein was consistently downregulated
in all the SLAMF9 KO macrophage populations studied; this was the case with the
inhibitory receptor SIRPa (Figure S5E).

2.3.6.2 RNA-seq analysis of SLAMF9 KO BMDMs

As SLAMF9 KO BMDMs showed some phenotypic differences compared to the WT cells,
we aimed to identify the gene expression signatures at baseline that these cells had in
comparison to their WT counterparts. The initial samples consisted of total RNA from
unstimulated SLAMF9 KO or WT BMDMSs, and after purification with poly-A capture, RNA-
seq was used to analyze the mRNA libraries. Using a Novaseq 6000 instrument and 300M

reads (50bp paired-end reads), we run WT and SLAMF9 KO samples in triplicate.
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Applying a fold change (FC) of 1,5, we identified around 20 upregulated and 20
downregulated genes in SLAMF9 KO cells, compared to WT cells (Figure 2.9). The heat
map in Figure 2.9A summarizes the findings obtained in triplicates and with statistical
significance (p-adjusted value < 0,05). We found Slamf8, Penk, Itagx, Dcstamp, and
Siglecf among the downregulated genes. On the other hand, in the upregulated ones, we
found Cd4. XlIrb3, Marco, and Ctse. Figure 9B summarizes the major cellular functions
that grouped the differentially expressed genes (DEGS) according to their annotation in
the GeneCards database (https://www.genecards.org). We ran a Gene Ontology (GO)
analysis and retrieved terms in all three categories: biological processes (BP), cellular
component (CC), and molecular function (MF). Figure 2.9C summarizes the retrieved
terms for BP analysis for the downregulated genes in SLAMF9 KO BMDMs; among them,

” o«

we found terms such as “positive regulation of molecular function,” “cell activation,” and
“‘inflammatory response.” Finally, some of these DEGs were validated by real-time PCR

guantification (Figure 2.9D), corresponding with those previously described for RNA-seq.

Finally, it is well known that phagocytosis is the primary function of macrophages, and
our group has previously shown the critical role of the SLAM family member SLAMF7 in
tumor cell phagocytosis,'®* we evaluated the role of SLAMF9 in this important cellular
process and results are shown in the Appendix 1 (Figures S6 and S7). A complete
description of the methods and results is presented in that section. In brief, we showed
that SLAMF9 KO macrophages showed a dysregulated response in phagocytosis of
specific targets, as in the case of some tumor cells, RBCs, and apoptotic cells compared
to WT cells. SLAMF9 KO macrophages especially exhibited an increase in phagocytic
activity in response to Poly I:C and type-I and type-Il interferon, in addition to a resistance
to the anti-phagocytic effect of IL-10, suggesting a dysregulation in pathways involved in
the response to this kind of stimuli.

2.4. Discussion

In this chapter, we described well-characterized novel SLAMF9 KO mouse models and

anti-SLAMF9 monoclonal antibodies able to recognize the protein in both flow cytometry
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and western blot. Using these and other resources, we analyzed the expression pattern
of SLAMF9 at mRNA and protein levels in mouse and human cells. We found that
SLAMF9 was preferentially expressed in selected macrophage and DC populations, as
well as some B cell populations. Even though we focused on mouse primary cells and
cell lines, we were able to analyze publicly available datasets for the expression of
SLAMF9 mRNA in human cells. We showed that SLAMF9 is expressed in diverse tumors
such as melanoma, non-small cell lung cancer, and multiple myeloma. Similarly, we
presented evidence that described the SLAMF9 correlation with patient survival in
sarcoma, paraganglioma, esophageal squamous, and other types of cancer, showing that
studying SLAMF9 function might be promising and contribute to tumor biology
understanding. Finally, using mouse bone marrow-derived macrophages (BMDMs) as
our major cellular model, we observed that SLAMF9 expression increased in response
type-l, type-ll interferon, and the TLR-3 agonist Poly I:C but not LPS or anti-inflammatory
cytokines as IL-4 and IL-10. Moreover, we studied the phenotype of multiple surface

markers in SLAMF9 KO macrophages and compared it to markers in WT cells.

In the case of the canonical SLAM family members, it has been shown that they can have
activating or inhibitory functions depending on the cell type in which they are expressed,
and, more importantly, on the expression and function of the SAP family of adaptors. As
these adaptors can bind to the intracellular ITSM motif of the SLAM family receptors, they
can prevent their inhibitory function, which in turn is mediated by association with
inhibitory phosphatases such as SHP-1 and SHP-2. Furthermore, SAP family adaptors
can transduce activating signals through the Fyn kinase.”? Contrary to the six canonical
members of the SLAM family, the SLAMF8 and SLAMF9 non-canonical members have
not been extensively studied, and information about their role and mechanism of action
is minimal. Only a few studies have addressed these issues, and many showed
contradictory results. Perhaps the most controversial one claims that variants of the
mouse macrophage cell line RAW 264.7 that are KO for SLAMF9 or SLAMF8 do not have
any phenotype compared to parental cells, and only the double SLAMF8/SLAMF9 KO
cells have a deficient pro-inflammatory response.''® Similarly, this paper claimed that
SLAMF8 and SLAMF9 have a potential functional redundancy; however, the experiments

that address this redundancy were limited.'® Remarkably, Wilson et al., (2020)'?? also
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discussed this important issue. Another study that addressed the SLAMF9 function in the
immune system and found a significant role was presented by Sever et. al, (2019).18 In
this work, they described SLAMF9 expression in pDCs from the spleen and lymph nodes;
however, in our work, | only managed to detect it on pDCs from peripheral lymph nodes,
but not from the spleen (Figure 2.6D). Sever et. al., specifically reported that SLAMF9 KO
mice had an increase of immature pDCs, accumulation in bone marrow and lymph nodes,
and less production of IFN-a, TNF-a, and IL-6 in these cells. Remarkably, these authors
also performed RNA-seq on these cells and found dysregulation in pathways related to
IFN-B production and response, as well as response to other cytokines.

In this Chapter, we described the expression pattern of SLAMF9 in the mouse immune
system, concluding that macrophages are a promising cell population for the study of the
role of this molecule. In Chapter 3 and in the appendix, | described in detail some results
that support a crucial function for SLAMF9 in cytokine production and some mechanisms

involved in this important function of the innate immune response.
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2.5 Figures

Figure 2.1. Characterization of novel anti-mouse SLAMF9 monoclonal antibodies

A. 2G8 and 2C9 hybridoma supernatants were tested by flow cytometry using Bl cells
overexpressing mouse SLAMF9 (BI-SLAMF9) or cells transduced with the empty vector
(BI-pMIGR1). B. Capture ELISA was performed using antibodies against the IgG
subclasses as the capture antibody. After overnight coating, 100 ul of the respective
diluted supernatant was added (2G8, 2C9 or medium as the negative control). Finally, a
peroxidase-conjugated goat anti-mouse detection antibody was added, followed by the
substrate solution. The boxes represent the mean, and the bars represent the SD of
triplicates. A one-way ANOVA test was performed, and a p-value < 0.0001 was obtained.
Then, Tukey’s multiple comparison test was used to assess significance C. Supernatant
of the 1G6 clone was tested by western blot. BI-FLAG-SLAMF9 cells were used for
immunoprecipitation (IP) using an anti-FLAG mAb. Then, a western blot was performed
using the anti-FLAG antibody or the 1G6 supernatant. D. Detection of endogenous
SLAMF9 in the SP2/0 cell line after IP using the 1G6-2D5 purified mAb. SP2/0-SLAMF9
KO cells were used as a control. E. Flow cytometry was performed as described in D
using BI cells overexpressing human SLAMF9 (hSLAMF9). Flow cytometry plots and

blots are representative of at least three repeats. p < 0.05, *xp < 0.01, **xp < 0.001.

Figure 2.2 Expression pattern of SLAMF9 in mouse cell lines

A. Relative quantification (RQ) of Slamf9 mRNA in mouse cell lines. Real-time PCR (RT-
PCR) was used to quantify SLAMF9 mRNA after retro-transcription. WT and SLAMF9 KO
BMDMs were included for comparison. The mouse hprt gene was used as the
housekeeping gene, and the L929 expression level was defined as 1 for data
normalization. B. The same cell lines from A were analyzed for SLAMF9 surface
expression by flow cytometry. Plots are representative of three independent experiments.
Grey histograms denote staining with secondary antibody only. BI-141 and BI-141

overexpressing mouse SLAMF9 were included as controls. One-way ANOVA followed by
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Tukey’s multiple comparison test was used to assess significance. Error bars depict the
mean with SD. *p < 0.05, *xp < 0.01, *+xp < 0.001.

Figure 2.3. Expression pattern of SLAMF9 in human cell lines

A. Plot generated with online interactive analysis tools from the Cancer Cell Line
Encyclopedia (CCLE) depicting the SLAMF9 mRNA expression levels measured by RNA-
seq and Affymetrix microarrays for cell lines from different origins. Only the four cell types
with the highest expression levels are shown. Black dots: skin melanoma, purple: lung,
orange: multiple myeloma and other B cell types, and grey: glioma cell lines. B. Relative
guantification of SLAMF9 mRNA by real-time RT-PCR was performed for the indicated
human cell lines. Human GAPDH was used as the housekeeping gene, and the
expression levels in the Daudi cell line was defined as 1 for data normalization. One-way
ANOVA followed by Tukey’s multiple comparison test was used to assess significance.
Error bars depict the mean with SD. *p < 0.05, *xp < 0.01, **xp < 0.001.

Figure 2.4. High SLAMF9 expression in human tumours mostly correlates with
worse survival

Kaplan—Meier (KM) plots of SLAMF9 mRNA expression and cumulative survival over time
for various human tumours. Data from The Cancer Genome Atlas (TCGA) were retrieved
from the analysis platform of the China National Center for Bioinformation (CNCB). Six
different tumour types showed higher SLAMF9 RNA levels correlating with a worse
prognosis and one with a better prognosis (Logrank test p < 0.05). The number (n) of
individuals in each study is indicated in the heading. A. Sarcoma, B. Colorectal
Carcinoma. C. Paraganglioma, D. Pancreatic ductal. E. Kidney and F. Esophageal

squamous.

Figure 2.5. Characterization of novel SLAMF9 KO mouse lines

A. Schematic representation of the mouse Slamf9 gene structure highlighting exon 2,
where the deletions and, consequently, the open reading frame shift, occurred for all four
lines evaluated. B. Schematic representation of the sequence of exon 2 of the mouse
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Slamf9 gene highlighting the deletions found in our four founders C. Representative
agarose gels showing the DNA bands obtained after conventional PCR for genotyping
two Slamf9 KO mouse lines (Q95 and S294). For the Q95 line, the deletion was only 5
bp; consequently, two different PCR reactions were necessary—one for identifying the
WT gene and one for the exclusive identification of the Slamf9 KO version. For the S294
line, one PCR reaction allowed us to identify the product for the WT and the KO versions

of the Slamf9 gene.

Figure 2.6. SLAMF9 is expressed in selected populations of mouse dendritic cells,
macrophages and splenic plasma cells

A. Representative gating strategy for the analysis of SLAMF9 expression in splenocytes.
A similar approach and staining were used for the analysis of thymic populations. The
gate for CD3*CD8* is shown as an example. B. Representative flow cytometry histograms
showing the staining for SLAMF9 in major immune cells of the spleen, including CD3* T
cells, NK cells (NK1.1%) and B cells (B220*, CD19*). C. Representative flow cytometry
histograms showing the staining for SLAMF9 in neutrophils (LyG6*) and monocyte
populations in mouse blood. Monocytes were stained with CD11b and LyC6 and
subdivided into three populations: CD11b* LyC6*, CD11b* LyC6dim and CD11b* LyC6".
The red histogram represents the staining for SLAMF9 KO cells. D. Representative flow
cytometry histograms showing the staining for SLAMF9 in bone marrow-derived dendritic
cells (MHC-II*, CD86* CD11b*, CD11c* CD40 * F4/807) cultured for 9 days with GM-CSF
and plasmacytoid dendritic cells (pDCs) from lymph nodes stained as CD11b~, CD11c*,
CD197, B220* and PDCA*. BMDMs were obtained after culturing progenitors for 7 days
with M-CSF. Alveolar macrophages were obtained through BAL and characterized as
CD11b-, CD11c*, F4/80dim and Siglec-F*. Peritoneal resident and thioglycolate-elicited
macrophages were identified as F4/80* and CD11b*. The red histogram represents the
staining for SLAMF9 KO cells and the blue for WT cells. E. Representative flow cytometry
histograms showing the staining for SLAMF9 on some B cell populations, such as B1lb
cells of the peritoneal cavity, pro-B cells in the bone marrow (gated as CD11b~, Ter119-,
IgM, CD19* and CD93*) splenic germinal centre cells (CD95*, CD19* and GL-7*) and
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plasma cells (B220~ and CD138%); Some examples of the gating strategy are described
in Figure S3 in the appendix. The red histogram represents the staining for SLAMF9 KO

cells and the blue for WT cells.

Figure 2.7. SLAMF9 is upregulated upon interferon or Poly I:C stimulation in
BMDMs but not in alveolar or recruited peritoneal macrophages

A. Representative flow cytometry plots for SLAMF9 staining in BMDMs treated (primed)
or not (unprimed) with the described TLR agonist or cytokine. The SLAMF9 KO BMDMs
histogram was included as a negative control. The grey histogram represents the staining
with the secondary antibody alone. B. Bar graph summarizing the SLAMF9 MFIs obtained
for the staining described in A. C. Schematic representation of the methodology used to
obtain ex vivo alveolar macrophages from SLAMF9 KO and WT mice. D. Representative
flow cytometry plots for the staining of some markers for alveolar macrophages and
SLAMF9. Grey histograms represent staining with the secondary antibody only. E.
Representative flow cytometry plots for SLAMF9 staining in alveolar macrophages treated
as described in C. F. Bar graph summarizing the SLAMF9 MFIs obtained for the staining
described in E. G. Schematic representation of the methodology used to obtain ex-vivo
thioglycolate-elicited peritoneal macrophages from SLAMF9 KO and WT mice. H. Bar
graph summarizing the SLAMF9 MFIs obtained for the staining of thioglycolate-elicited
peritoneal macrophages treated as described in A. Flow cytometry plots are
representative of at least three independent experiments. A two-tailed t-test was used for
comparisons with a p-value < 0.05. Error bars depict the mean with SD. *p < 0.05, **p <
0.01, ***p < 0.001.

Figure 2.8. Phenotypic characterization of SLAMF9 KO macrophages

A. Representative flow cytometry plots for SLAM family receptor expression on the
surface of BMDMs from SLAMF9 KO mice and WT cells. B. Same as A, but for the
expression of some relevant integrins, SIRP-a, CD47 and Fc-receptors C. Bar graph
summarizing the MFIs obtained for some of the surface markers evaluated in B. Each dot
represents one measure from an independent experiment: n = 4. D. Same as A, but for

the evaluation of additional surface markers and members of the TLR family. For TLR-3,
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7 and 9, cells were permeabilized for intracellular staining. E. Quantification of the MFI
obtained for the staining of TLR-9 in SLAMF9 KO and WT BMDMs. Flow cytometry plots
are representative of at least three independent experiments. A two-tailed t-test was used
for comparisons with a p-value < 0.05. Error bars depict the mean with SD. *p < 0.05, **p
< 0.01, *xxp < 0.001.

Figure 2.9. RNA-seq of SLAMF9 KO BMDMs reveals key downregulated expression

signatures

A. Heatmap depicting the top upregulated (orange) and downregulated (blue) genes in
SLAMF9 KO cells. Fold change (FC) of 1.5 and a significance of 0.05 were used as cutoff
values. Each row represents an individual mouse. B. Schematic representation of the
major function of each differentially expressed gene (DEG) according to a manual search
and annotation on the Gene Cards database. C. Bar graph summarizing the major Gene
Ontology: Biological process terms retrieved for the downregulated genes in SLAMF9 KO
BMDMs. Terms are organized based on their Logl0(p-value)—D—bar graphs for
guantifying mRNA by RT-PCR for some genes identified in A. Hprt was used as the HK
gene. Each dot represents the mean of one independent experiment, each with technical
triplicates. A two-tailed paired t-test was used for comparisons with a p-value < 0.05. Error
bars depict the mean with s.d. *p < 0.05, *xp < 0.01, *xxp < 0.001.
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2.6. Materials and methods

Knockout mice

Mice lacking SLAMF9 (SLAMF9 KO) were generated in our laboratory using fertilized
C57BL/6J oocytes and CRISPR-Cas-based genomic editing. gRNA sequence was 5'-
GCAGTGGATCCTCGATACCG-3' and targeted a complementary sequence in the
second exon of the Slamf9 gene. After birth, mice were screened by PCR and Sanger
sequencing of the Slamf9 gene. PCR was done using combinations of the forward
primers. 5-GCTGAATGCATGCCTACATGTG-3', 5-GGCCTCTGAGCAGGATGAG-3'
and reverse primers 5-TGGCTGAAGCTCAGGCAC-3' and 5'-
AGCCTCAGTGTCCATTGCC-3'. We screened around 100 newborn mice to find Knock-
Out (KO) mouse founders. Four candidates with deletions of nucleotides that caused
frameshift mutations were identified, and two of them were kept for successive
experiments: line Q95 with a 5bp deletion and line S294 with a 110 bp deletion All mice
were maintained in the C57BL/6J background and kept in a specific-pathogen-free (SPF)
environment. Either males or females were used, between 8 to 12 weeks of age.
Littermates were used as control in all experiments Animal experimentation was
performed in accordance with the Canadian Council of Animal Care and approved by the

IRCM Animal Care Committee.
Antibody production, purification, and characterization

To generate mMSLAMF9 monoclonal antibodies, SLAMF9 KO mice were immunized with
recombinant mMSLAMF9-Fc fusion proteins. Splenocytes from hyperimmune mice were
then fused with FO cells using polyethylene glycol (cat. no. P7306, Sigma-Aldrich), and
cultured in hypoxanthine-aminopterin-thymidine medium for ~8 d. Hybridomas were
screened by ELISA using the mSLAMF9-Fc fusion protein or Fc fusion protein as control.
Then, hybridomas underwent two rounds of sub-cloning. mMSLAMF9 monoclonal
antibodies were tested by flow cytometry assays using a variant of the T cell line BI-141
ectopically expressing mouse SLAMF9 (BI-SLAMF9). We screened 20 subclones and
selected 3 for further characterization (2G8, 2C9, and 2D5). The isotype of these 3 clones
subclones was determined by sandwich ELISA. Additionally, the 20 supernatants from
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the initial subclones, and the three clones chosen for further characterization were tested
for their performance in immunoblot assays using lysates from a variant of the cell line
Bl-141 ectopically expressing mouse SLAMF9 with a FLAG-tag in the amino-terminal
extracellular domain (BI-FLAG-SLAMF9). Attempts to obtain an Alexa Fluor-647 (AF647)
conjugated antibody was done but unsuccessful as the procedure affected the antibody
specificity. Consequently, a monoclonal secondary antibody (goat anti-mouse 1gG1-AF-

647) was used for flow cytometry.
Binding assays

Binding assays were performed to explore possible homotypic or heterotypic interactions
for SLAMF9. First, Bl cells over-expressing mouse SLAMF9 were incubated with 3ug of
the chimera protein SLAMF9-Fc. Then a secondary Alexa Fluor® 647 F(ab’) Fragment
Goat Anti-Human IgG was used. After incubations and washes cells were analysed by
flow cytometry. BI-MIGR1 and BI-SLAMF7 incubated with SLAMF7-Fc protein were used
as negative and positive controls of the assay.

Obtention of mouse primary cells

Spleen or bone marrow cells were harvested and treated with red cell lysis buffer at room
temperature for 5 min to deplete RBCs. After washing and passing through a cell strainer,
cells were counted and aliquoted and then blocked with anti-CD16/32 mAb 2.4G2
hybridoma supernatant. Cells were kept on ice until use for staining and flow cytometry.
Mouse BMDMs, peritoneal-resident macrophages, and thioglycolate-elicited peritoneal
macrophages were generated as described elsewhere.'%7:158 |n brief, BMDMs from mice
were obtained by growing freshly isolated bone-marrow cells for seven days in Dulbecco's
Modified Eagle's Medium (DMEM) (Thermo-Fisher Scientific) medium supplemented with
30% (v/v) L929 cell-conditioned medium as a source of macrophage colony-stimulating
factor (M-CSF). To obtain thioglycolate-elicited peritoneal macrophages, mice were
injected intraperitoneally with 1 mL of thioglycolate broth. After 4 days, animals were
euthanized and peritoneal cells were collected by peritoneal lavage. Cells were first plated
in a Petri dish for macrophage attachment. After 30 min, the suspended cells were
removed, and the attached cells (macrophages) were harvested with Accutase

(Innovative Cell Technologies) and plated overnight until use. Alveolar macrophages
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were obtained by bronchoalveolar lavages (BALs) with 0.5mM EDTA in cold PBS 1X
using 18-G cannula inserted in upper part of the trachea below the larynx as described
elsewhere.®® Alveolar macrophages were cultured in DMEM 10% of fetal bovine serum
(FBS) and 10% of conditioned media with M-CSF. Similarly, BMDCs were obtained after
culturing the hematopoietic stem cells with DMEM 10% FBS and 10% of conditioned
media with GM-CSF. Each batch of cells was tested for the SLAMF9 and other surface
marker expressions to evaluate their quality. For some experiments, macrophages were
treated overnight or 6, 18 or 24 hours with the TLR-agonists LPS (100ng/ml) and Poly I:C
(10pg/ml) or cytokines as mouse (m) IFN-a (1000 units/ml), mIFN-B (1000 units/ml),
mIFN-y (100 ng/ml), mIL-4 (100 ng/ml) and mIL-10 (100 ng/ml). Upon treatments, cells
were washed with PBS 1X, harvested with Accutase and analysed by flow cytometry or
RT-PCR.

Cell lines source and culture

Mouse cells lines: L1210 (CCL-219), P815 (TIB-64), SP2/0 (CRL-1581), L929 (CCL-1),
EL-4. RAW 264.7 (TIB-710), J-558, MEL, B16-F10, WEHI-3B, A20 and WEHI-23, and
Human cell lines Raji (CCL-86), MM.1S (CRL-2974), JIN3, OPM-2, NCI-H929, U266,
KMS-11, IM-9, RPMI-8226, YT-S, U937, HL-60, HEL, THP-1, SKMEL-28, HelLa, 293T
and Phoenix-Eco were obtained from The American Type Culture Collection (ATCC). The
T cell hybridoma line BI-141 was reported elsewhere.1® Immune cells were authenticated
by the provider and verified by flow cytometry. All cells were negative for Mycoplasma.
All cell lines were cultured according to the ATCC recommendations with DMEM or RPMI
supplemented with 10% FBS and penicillin-streptomycin, sodium pyruvate and

glutamine. Passage were made before confluency or during the logarithmic growth phase.
RNA sequencing

Total RNA was isolated from WT and SLAMF9 KO BMDMs using the RNeasy Plus Mini
kit (QIAGEN), according to the manufacturer’s instructions. Then, cDNA libraries were
prepared using the lllumina TruSeq stranded mRNA kit, according to the manufacturer’s
instructions. Libraries were sequenced with the Illlumina HiSeq 2000 Sequencer. The
guality of the reads was confirmed using FastQC v.0.11.8, before alignment using STAR

v.2.5.0 for the mouse GRCm38 v.98 Reference genome. Differential expression analysis
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was performed with DESeq2 v.1.22.2 and differentially expressed genes (DEGSs) were
defined as genes with an adjusted P value of <0.05 and log2 fold change of 21.5. The

DEGs were defined according to their annotation in the GeneCards database

(https://www.genecards.org), and Gene Ontology (GO) analysis and retrieved terms in all
three categories: biological processes (BP), cellular component (CC), and molecular
function (MF).

Real-time PCR

Total RNA was extracted from the following mouse cell lines: L1210, BI, L929, EL-4,
SP2/0, MEL, P815, WEHI-231, WEHI-3B, J558, A20, and RAW 264.7; human cell lines:
Raji MM.1S, JIN3, OPM-2, NCI-H929, U266, KMS-11, IM-9, RPMI-8226, YT-S, U937,
HL-60, HEL, THP-1, SKMEL-28, and HeLa. Similarly, RNA was extracted from WT and
SLAMF9 KO BMDM using the RNAeasy plus micro Kit (Qiagen). cDNA was synthesized
using oligo dTs and the SuperScript IV First-strand Synthesis system (Thermo Scientific).
Real-time PCR was done using the PowerUp SYBR green master mix (Thermo
Scientific) and specific primers against mouse Slamf9 (forward 5'-
CATTGCCATCGTGAAGCCAG-3' and reverse 5-ATGCGACGGGAACTGATGTT-3')
and mouse Hprt (Forward: 5-CTGGTGAAAAGGACCTCTCG-3' and reverse 5'-
TGAAGTACTCATTATAGTCAAGGGCA-3') as housekeeping gene.

For human SLAMF9 the sequences were as follows: forward 5'-
CTGCTTCTTCTCCTGCTGCT-3" and reverse 5- CTCACTTGGCCCTGGTAGTG-3', for
GAPDH ACCACCCTGTTGCTGTAGCCAA The double delta Ct method was used to
assess the relative amounts of SLAMF9 cDNA.

For the validation of the RNA-seq some differentially expressed genes (DEGSs) between
SLAMF9 KO and WT BMDMs were assessed by RT-PCR using Hprt as housekeeping

gene. The evaluated genes and primers used were as follows:
Siglecf (Forward: 5-TGGCTCCTTCACGGTTAAGT-3' and
reverse 5-TGGTTTCTGATTTGCCTGCC-3),

Penk (Forward: 5'-AAGAAGAAGCGAACGGAGGA-3' and reverse
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5-TTGTTGGTGGCTGTCTTTCG-3'),

DCSTAMP (Forward: 5'-CCGAGCTGCATTCCTAAACC-3' and
reverse 5-GCTTCGCATGCAGGTATTCA-3),

Dusp5 (Forward: 5-~ACAGACCAGCCTATGACCAG-3' and
reverse 5-CACGGGGATCCACTTGTAGT-3'),

Clqgtnf6 (Forward: 5-TCTTTGTGAACACGGATGGC-3' and
reverse 5-ACACTCTGGCTCTGCATGAT-3'),

XlIr3b (Forward: 5-TTGATGCTGGTAGGGAGGAC-3' and
reverse 5-TCTGCCTCTCTTCACAGTGG-3'),

Gdf3 (Forward: 5-CTGACTCTAGACTTGGGGCC-3' and
reverse 5-CTCCAATCCTTAAGCGCACC-3),

Marco (Forward: 5'-CCCAGGTCTTGTAGGCAGAA-3' and
reverse 5-AGTAAACTTCAGCTCGGCCT-3'),

F13al (Forward: 5'-ACCAATTACTTCTCGGCCCA-3' and
reverse 5-CACTGTTTTCCTGGGGTGTG-3') and

Ctse (Forward: 5-GCCAGACCTTTGTGAATGCA-3' and
reverse 5-CAGTTGAGGCTCCCAGAGAA-3').

Flow cytometry analysis

Flow cytometry analysis was performed as described elsewhere.®* Briefly, freshly

isolated cells from mouse primary tissues, BMDMs on day 8 of differentiation, or cell lines

were used for staining of cells surface markers or intracellular staining and then subjected

to flow cytometry analysis. Importantly, when primary cells or

any type of

macrophage/DCs cells were used, a Fc-blocking step was performed with a supernatant

containing rat anti-mouse CD16/32 (2.4G2) mAbs or a mix of this with mouse anti-human
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CD25 (7F7). The following monoclonal antibodies (mAbs) were used for surface markers
staining: anti-mouse SLAMF9 (clones 2C9, 2D8 and 2D5), anti-mouse CD47 PE
(miap301), anti-mouse CD19 pacific blue (6D5), anti-mouse B220 PE/Cy7 (RA3-6B2),
anti-mouse CD11b pacific blue (M1/70), anti-mouse CD18 FITC (M18/2), anti-mouse
CD11la PE (M17/4), anti-mouse CD11c APC (N418), Anti-mouse LFA-1 (heterodimer
H155-78), Anti-mouse SIRPa FITC (P84), Anti-mouse CD200R1 FITC (OX-110), Anti-
mouse CD64 PE (X54-5/7.1), Anti-mouse CD16/32 APC, (93), Anti-mouse SLAMF7 APC
(4G2), Anti-mouse F4/80 pacific blue (BM8), Anti-mouse CD18 PE (M18/2), Anti-mouse
F4/80 APC (BM8), Anti-mouse NK1.1 PE (PK136), Anti-mouse Ly6G FITC (1A8), Anti-
rat IgG AF647 (Poly4054), Anti-mouse Ly6C FITC (HK1.4), Anti-mouse CD3 efluor 450
(145-2C11), Anti-mouse SLAM-PE (TC15-12F12.2), Anti-mouse Ly-9-APC (Ly9ab3),
Anti-mouse SLAMF6 (Lyl108)-PE (330-AJ), Anti-mouse CD84-PE (mCD84.7), Anti-
mouse 2B4-PE (m2B4 (B6) 458.1), Anti-mouse CD48-PE (HM48-1), Anti-mouse CD48-
FITC (HM48-1), . Several isotype control antibodies were used according to the
requirements of the experiment. All antibodies were obtained from Biolegend and used
according to the manufacture’s instructions. The characterized anti-mouse SLAMF9
monoclonal antibodies were the clones 2D8, 2C9, and 2D5. The analysis was carried out
in a Fluorescence was monitored using a CyAn™ ADP Flow Cytometer (Beckman

Coulter). Analysis was done with FlowjoX.
Statistical analysis

Descriptive statistics were organized, plotted, and analyzed using the GraphPad Prism 7
software. One-way ANOVA, Two-way ANOVA, or t-student were used for group
comparisons. When necessary, post-hoc analysis was performed using Tukey’s multiple
comparison test to assess significance. For all comparisons a p<0.05 was considered as
significant. The normal distribution of the data was tested using the D’Agostino-Pearson

normality test when appropriate.

Kaplan-Meier survival analysis to evaluate the correlation between SLAMF9 expression
and overall patient survival was performed as reported previously.*®! In brief, we used an
online analysis platform from the China National Center for Bioinformation (CNCB)

https://ngdc.cncb.ac.cn/cancerscem/analysis. Data from The Cancer Genome Atlas
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(TCGA) for various types of cancer (sarcoma, paraganglioma, pancreatic ductal,
colorectal, kidney, and esophageal squamous cancer) were retrieved and analyzed for

the SLAMF9 expression using a Logrank test with a p < 0.05 to evaluate significance.
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Chapter 3: SLAMF9 function and mechanism of action in

macrophages
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Preface

The manuscript presented in Chapter 3 is being prepared to submit for publication. It
describes the unusual intracellular localization of SLAMF9, and how this phenomenon
could allow it to interact with RNA-binding proteins known to regulate mRNA splicing and
translation. Moreover, we describe the role of SLAMF9 In vivo using the MCMV infection
model of adult and newborn mice. The discussion section is summarized, and an

extended and more complete version is shown in Chapter 5 (Discussion).
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3.1 Abstract

The signaling lymphocytic activation molecule (SLAM) family of receptors comprises a
group of six canonical and non-canonical proteins widely expressed in immune cells.
Among this family, we found SLAMF9, one member that does not possess any
immunoreceptor tyrosine-based switch motifs (ITSMs), while still being integral
membrane proteins. Herein, we report that SLAMF9 promotes inflammation through the
secretion of cytokines such as IL-6, TNF-a, and the chemokine (C-C motif) ligand 2
(CCL2). in macrophages. Conversely, SLAMF9 has an inhibitory role in the production of
IL-4 and IFN-B in these cells. We also identified an unexpected association of SLAMF9
with IL-6 mRNA translation that correlated with an atypical SLAMF9 intracellular
localization.

Moreover, using a model of MCMV infection of adult and newborn mice, we established
that SLAMF9 has a crucial role in regulating inflammatory and antiviral responses in
macrophages, perhaps through translational regulation. These findings suggest a
possible function of SLAMF9 in inflammatory disorders characterized by high cytokine

release and immune cell infiltration, such as arthritis and cytokine storm.
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3.2 Introduction

The signaling lymphocytic activation molecule (SLAM) family of receptors comprises a
group of six canonical and non-canonical proteins widely expressed in immune cells.
Among this family, we found SLAMF9, one of the only two members (the other being
SLAMF8) that do not possess any immunoreceptor tyrosine-based switch motifs (ITSMs),
while still being integral membrane proteins.11972.162 |nyestigations of these two proteins
are scarce, and many of their characteristics are still unresolved,®’118-120 the most
relevant of which include the identity of their ligand, their role in the immune system, and,
most importantly, their mechanism of action. Part of the reason for this knowledge gap is
the lack of reliable monoclonal antibodies and the assumption that the lack of ITSMs (and
any other known motif for signal transduction) meant that these proteins might not have
a relevant or at least an easily explainable role in the immune system.163 As described in
Chapter 2, we produced new anti-SLAMF9 monoclonal antibodies that allowed us to
detect and characterize the expression pattern of SLAMF9 in mouse immune cells.
Moreover, we showed that SLAMF9 KO macrophages had dysregulated phagocytosis of
cells but not of bacteria, in addition to having a more robust response to interferon and
the TLR-3 agonist Polyinosinic: polycytidylic acid (Poly I:C).

Macrophages have multiple functions besides phagocytosis and eliminating microbes
and cells. These include cytokine production and secretion, extracellular matrix renewal,
antigen presentation to T cells, production of cell growth factors, metabolic regulation,
and, depending on the tissue, the regulation of other cell types such as neurons and
hepatocytes.1%4-166 Amongst this range of functions, we sought to evaluate the role of
SLAMF9 in macrophage cytokine production.

Herein, we report that SLAMF9 promotes inflammation through the secretion of cytokines
such as IL-6, TNF-a, and the chemokine (C-C motif) ligand 2 (CCL2). Conversely,
SLAMF9 has an inhibitory role in the production of the anti-inflammatory cytokine IL-4
and the type-I interferon IFN-B. We also identified an unexpected association of SLAMF9
with IL-6 mRNA translation that correlated with an atypical SLAMF9 intracellular

localization. Remarkably, we established that SLAMF9 was upregulated on the cell
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surface in response to type-l and Il interferons and Poly I:C but not LPS. Similarly, this
protein was most highly expressed in bystander macrophages that responded to MCMV
infection. Finally, using this virus for in vivo infection models, we established that SLAMF9
KO mice had less inflammatory cytokine production and dysregulated immune cell
infiltration to the sites of viral infection, characterized by fewer neutrophils, monocytes,
and NK cells but more CD8* T cells. These phenotypes correlated with the higher survival
of infected newborn SLAMF9 KO mice. Taken together, our data suggest that SLAMF9
has a crucial role in regulating inflammatory and antiviral responses in macrophages,
perhaps through translational regulation. These findings suggest a possible function of
SLAMF9 in inflammatory disorders characterized by high cytokine release and immune

cell infiltration, such as arthritis and cytokine storm.

3.3 Results

3.3.1. Cytokine production in SLAMF9 KO macrophages upon TLR stimulation in vitro

As cytokine production is an essential function of macrophages, we evaluated whether a
lack of SLAMF9 impacted this process. Using BMDMs as a cellular model, we started by
assessing the production of pro-inflammatory cytokines such as TNF-q, IL-6, and IL-13,
as well as the CCL2 chemokine and the anti-inflammatory cytokines IL-4 and IL-10. As
interferons are critical immune system regulators, we also included IFN-B in our ELISA
panel (Figure 3.1). Lipopolysaccharide (LPS) and Poly I:C were chosen as TLR agonists
to induce macrophage activation.

As shown in Figure 3.1A, we evaluated cytokine production after 6 and 18 hours of
stimulation. In general, the production of pro-inflammatory cytokines (TNF-q, IL-6, and IL-
18) and the CCL2 chemokine were significantly reduced in SLAMF9 KO BMDMs
compared to WT BMDMs. Only in the case of IL-1[B, there was little or no difference
between WT and SLAMF9 KO cells (Figure 3.1B, upper panel). Regarding the anti-
inflammatory cytokines, there was a difference in the production of IL-4; contrary to the

pro-inflammatory cytokines, the levels IL-4 increased in SLAMF9 KO cells upon
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stimulation with LPS, surpassing a 2-fold change, compared to WT BMDMs (Figure 3.1B,
lower panel). Finally, type-l interferon (IFN-B), considered an antiviral and
immunoregulatory cytokine with crucial roles in the immune response,67.168 was also
elevated in SLAMF9 KO macrophages compared to WT macrophages (Figure 3.1B,

lower panel).

To determine whether these results represented the events in primary cells directly
isolated from tissue and differentiated in vivo, we isolated mouse alveolar macrophages
by bronchoalveolar lavage (BAL), as shown in Figure 3.1C. As | described In Chapter 2
(Figure 2.6D), these cells expressed SLAMF9 on the cell surface and could be used as a
study model for this protein. Moreover, we detected several markers characteristic of
alveolar macrophages, such as Siglec-F and CD11c (Figure 2.6D in Chapter 2).

As shown in Figure 3.1D, SLAMF9 KO macrophages also had defective production of the
pro-inflammatory cytokine TNF-a and increased secretion of IL-4 compared to WT cells.
As this experiment was performed with adherent cells from the BAL, even though most
of them expressed the alveolar macrophage markers, some contamination with other cell
types in the alveoli or lower respiratory tract may have occurred and contributed to
cytokine production. Thus, we tested the production of TNF-a by cells selected by FACS
based on the expression of CD11c and Siglec-F; once again, SLAMF9 KO macrophages
showed impaired cytokine production compared to WT cells (Figure 3.1E). Interestingly,
the differences between WT and SLAMF9 KO alveolar macrophages were observed even
without TLR stimulation, a phenotype not seen in BMDMs.

As stated above, we observed that SLAMF9 KO macrophages produced higher levels of
IFN-3, a key regulator of the immune system, compared to WT macrophages, and some
reports have stated that this interferon may reduce the production of pro-inflammatory
cytokines such as IL-6 and TNF-a.16716° Thus, we wondered if this change in IFN-B
explained the decreased pro-inflammatory cytokine levels observed in SLAMF9
macrophages, compared to WT macrophages. We used BMDMs and stimulated them
with LPS or Poly I.C with and without IFN-[3, as indicated in Figure 3.2A. Contrary to our

expectations, adding IFN-B to the cell medium increased the secretion of TNF-a and IL-6
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in both WT and SLAMF9 KO macrophages (Figure 3.2B). Remarkably, upon stimulation
with Poly I:C but not with LPS and in the presence of IFN-B, the impairment in the
secretion of pro-inflammatory cytokines by SLAMF9 KO cells disappeared, with the
cytokine levels being the same as in WT cells. This result suggested that upon the
stimulation of TLR-3 (receptor for Poly I:C), but not TLR-2 (receptor for LPS), IFN-B-
induced signaling could rescue the cytokine production defects observed in SLAMF9 KO

macrophages.

Well-characterized genes are involved in both the regulation and the response of type-I
interferon;1’® we hypothesized that SLAMF9 KO cells may have dysregulated levels of
some of these genes and evaluated the mRNA levels of the interferon-induced gene Ifitl
(interferon-induced protein with tetratricopeptide repeats 1) and the interferon regulatory
gene Irf7 (interferon regulatory factor 7),1’* a well-known transcription factor that induces
the expression of interferon genes. As shown in Figure 3.2C, upon IFN-f stimulation,
SLAMF9 KO macrophages showed around 4-fold and 2-fold higher levels of Ifitl and Ir7,
respectively, compared to WT cells. Similarly, we explored whether, in these cells, IFN-
could induce higher expression of characteristic surface markers such as MHC-II, PD-L1,
CD80, and CD86. These experiments showed that CD86 was upregulated in SLAMF9
KO BMDMs, compared to WT macrophages (Figure 3.2D-E), suggesting that SLAMF9

has a role in suppressing the type-I interferon response.

Thus, SLAMF9 promoted the production of pro-inflammatory cytokines such as IL-6 and
TNF-a, and the chemokine CCL2 in macrophages. In addition, SLAMF9 inhibits the
production of and response to IFN-B and IL-4 in these cells. Together, these data suggest

that SLAMF9 has a role in the regulation of cytokine production in mouse macrophages.

3.3.2. Cytokine production in SLAMF9 KO macrophages upon infection with MCMV in

Vitro

To get more insight into the role of SLAMF9 in cytokine production, we used an in vitro
model of MCMV infection. Details of the model and the characteristics of MCMV-infected

macrophages are presented in the Materials and Methods section of this Chapter and in
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Chapter 4. In brief, we used a MCMV expressing the green fluorescent protein (GFP) as
a reported gene only expressed on infected cells. Then, we could recognize the GFP*
infected cells from bystanding cells that are activated and responded to the virus but are
not infected yet. As shown in Figure 3.3A, using the MCMV-GFP virus, we could
discriminate between GFP* infected macrophages and bystander ones. Intriguingly,
SLAMF9 was strongly upregulated on bystander macrophages after 48 hours of
stimulation (Figure 3.3B) and, like other surface proteins, was absent in GFP*
macrophages (green histogram, Figure 3.3B). When comparing the SLAMF9 expression
levels of bystander macrophages to those of non-MCMV-treated or IFN-B-treated cells, it
was evident that MCMV infection produced the most potent induction of SLAMF9 (Figure
3.3C). Furthermore, among the extended SLAM family receptors, SLAMF9 displayed the
highest level of upregulation in bystander macrophages (Figure 3.3D), highlighting the
potential relevance of this protein in the response to viral infection.

Using the same MCMV infection model described above, we evaluated the cytokine
production levels in bystander GFP- BMDMs sorted by FACS. SLAMF9 KO macrophages
showed defective production of IL-6, especially after 48 hours of MCMV infection,
compared to WT BMDMs (Figure 3.3E). Moreover, IL-4 and IFN-B were upregulated in
these cells, compared to WT BMDMs, recapitulating what we observed previously for
cells treated with LPS or Poly I:C. Intriguingly, and contrary to our observations on protein
levels, IL-6 MRNA levels were similar between WT and SLAMF9 KO cells (Figure 3.3F),
suggesting that the diminished IL-6 production in SLAMF9 KO macrophages was due to
anomalies at the post-transcriptional level. In contrast, in the case of IFN-B, both mRNA
and protein levels were decreased in SLAMF9 KO cells, compared to WT BMDMs (Figure
3.3F).

3.3.3. Polysome profiling in SLAMF9 KO macrophages reveals an essential role in

promoting the translation of IL-6

As we found that SLAMF9 KO macrophages had similar levels of IL-6 mMRNA compared
to WT cells but diminished IL-6 protein in the cell medium, we hypothesized that SLAMF9
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KO cells had a defect in translating this specific mMRNA. Polysome profiling, a technique
that measures the ribosome association to a particular transcript, was used to test this
hypothesis. We used SLAMF9 KO RAW 264.7 cells generated by CRISPR/Cas9-
mediated genome editing, as well as control cells transfected with a scrambled control
gRNA (Figure 3.4.A). Initially, cells were sorted for the expression of GFP, which was co-
cistronically expressed with the specific Slamf9 guide RNA (gRNA), and then sorted for
the negative staining of cell-surface SLAMF9. When cells were treated for 24 or 48 hours
with Poly I:C, the production of IL-6 was decreased in SLAMF9 KO cells compared to
control cells (Figure 3.4B). As previously described for BMDMs, RAW-SLAMF9 KO cells
also showed similar levels of IL-6 mMRNA to those in control cells, meaning that post-
transcriptional mechanisms were the cause of the differences in protein levels. We
performed polysome profiling with lysates from these two cell lines. The overall polysome
profiles showed no difference between RAW-SLAMF9 KO and control cells (Figure 3.4D).
We next analyzed the distribution of the total IL-6 mMRNA and found that this transcript
mainly localized in low polysome-enriched fractions in RAW-SLAMF9 KO cells. On the
contrary, in control cells, IL-6 mMRNA was highly associated with polysome-enriched

fractions (Figure 3.4E).

Therefore, we showed that in the RAW 264.7 macrophage cell line, SLAMF9 promotes
the translation of IL-6 mMRNA upon TLR-3 stimulation. Moreover, we showed a direct
association of SLAMF9 with the presence of this mRNA in polysome-enriched fractions.
Together, these data suggested that SLAMF9 had a role in promoting IL-6 mMRNA

association with polysomes and increasing its translation.

3.3.4. Immunoprecipitation (IP) and mass spectrometry identify proteins associated with

SLAMF9 in mouse macrophages

To gain additional clues about the mechanism of action by which SLAMF9 could promote
IL-6 translation, we used our homemade monoclonal antibodies and WT BMDMs to
perform IP and mass spectrometry. SLAMF9 KO BMDMSs were used as controls for non-
specific antibody binding and precipitation. Figure 3.4F summarizes the proteins identified

exclusively in WT BMDMs in three independent experiments. Most of these proteins
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belong to the heterogeneous nuclear ribonucleoprotein (hnRNP) family. These proteins
have multiple roles related to RNA binding, splicing, transport, modification, and
translation, among many others.1’?> We identified hnRNPK, hnRNPU, hnRNPPH, and
hnRNPAB from this family; ribosomal protein S24 (RpS24), a component of the 40S
ribosomal subunit; and neuroblast differentiation-associated protein AHNAK, a structural

scaffold protein with multiple functions.’3

While the identification of these proteins strengthened our findings related to the role of
SLAMF9 in IL-6 translation in macrophages, we also identified many other proteins not
shown in the list of Figure 3.4F, either because they were not consistently found in all
three experimental repeats or because the total ion current (TIC) in the SLAMF9 KO
samples was not zero. However, these proteins are worth mentioning as they have
relevant roles that may involve SLAMF9; among them are several regulators of the
interferon response, such as TRIM25 (tripartite motif containing 25) and PHB2 (prohibitin
2), the latter being a key regulator of antiviral innate immunity and the production of IFN-
B and IL-6, as well as multiple proteins related to mMRNA metabolism and the antiviral
response, such as DHX15 (DEAH-box helicase 15) and ILF2 (interleukin enhancer
binding factor 2). Finally, we also identified some members of the SRP (signal recognition
particle) family and the endoplasmic reticulum (ER)-specific protein TRAP (translocon-
associated protein alpha), whose identification may provide clues about a possible
intracellular localization of SLAMF9, that would enable interaction with many of the
proteins mentioned above. Importantly, we did not identify any other SLAM family

member or important extracellular receptor.

In summary, our mass spectrometry experiments revealed unexpected possible partners
for SLAMF9 in macrophages. Most of these proteins are related to mMRNA metabolisms
and translation. Moreover, some proteins related to interferon response were also
identified. Taken together, these data suggested that the role of SLAMF9 in the regulation
of IL-6 mMRNA translation may be mediated by several RNA-binding proteins identified in

our IP-Mass spectrometry experiments.

3.3.5. Intracellular localization of SLAMF9
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As the results of the IP/mass spectrometry and polysome profiling experiments were not
typical for a SLAM family member, we sought to localize SLAMF9 in macrophages.
Remarkably, we consistently experienced low efficiency when transfecting or transducing
the Slamf9 cDNA into several cell types, including HEK-293 cells. Compared to
transfection with other cDNAs, members and non-members of the SLAM family, we
obtained fewer cells and lower surface staining, even when SLAMF9 was tagged with a
FLAG peptide (DYKDDDDK) in the N-terminus. Figure 3.5A shows representative flow
cytometry plots from HEK-293 cells transfected with FLAG-Slamf9, FLAG-Slamf7 and
FLAG-empty vector. The plasmid used had GFP expressed co-cistronically with the
transfected cDNA. The efficiency of transfection, measured by the GFP* cells, was
around 25% for the empty vector and FLAG-Slamf7 but less than 18% for FLAG-Slamf9.
More importantly, the percentage of positive cells was about 12% for the surface detection
of FLAG-SLAMF7 but less than 5% for FLAG-SLAMF9. In addition, the MFI for the FLAG-
SLAMF7-positive cells was much higher than for FLAG-SLAMF9.

When comparing the transduction efficiency of this vector containing the Slamf9 cDNA
(without FLAG) with that of the same vector bearing the Sirpa (signal regulatory protein
alpha) cDNA in HEK-293 cells, it was evident that GFP expression was reduced in the
cells treated with the vector containing SLAMF9 (Figure 3.5B). As this was a consistent
phenomenon, we wondered whether SLAMF9 had some atypical intracellular
accumulation that prevented the protein from localizing on the cell surface. After
screening homemade anti-SLAMF9 monoclonal antibodies, we could identify SLAMF9 by
immunofluorescence (IFl) in a heterologous expression system using transfected HEK-
293 cells (Figure 3.5C). SLAMF9 was primarily detected in the perinuclear region.
Remarkably, this staining was exclusive to cells that were GFP* and absent in GFP- cells
from the same optic field, showing the specificity of this staining.

Apart from the HEK-293 cell line, a human embryonic fibroblast cell line, we wanted to
evaluate SLAMF9 localization in mouse cells. We transfected RAW 264.7 cells with a
vector containing FLAG-SLAMF9 co-cistronically expressed with GFP. As shown in

Figure 3.6A, all cells were GFP* as they were sorted for the expression of this protein
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before the IFI assay. The GFP signal gave us a clue about the macrophage-like
morphology, and DAPI staining was used for the nuclei. As shown in Figure 3.6A, the
staining for FLAG-SLAMF9 was stronger in the perinuclear region, and in some cells, like
the one surrounded by a white circle and magnified in the lower panel, the FLAG-SLAMF9

signal colocalized mainly with the nucleus or around it.

We also used these cells for fractionation assays. After hypotonic lysis and
ultracentrifugation, we obtained three fractions: P1 (nuclear fraction and large membrane
sheets), P100 (cellular membranes), and S100 (cytosolic fraction). These fractions were
used in an immunoblot assay where FLAG-SLAMF9 was mainly detected in the P1
fraction, showing a distribution pattern like that of the nuclear protein Lamin-B. Only a
small amount of SLAMF9 was detected in the P100 fraction, an opposite phenotype to
that of the internal control SIRPa, a cell-surface protein (Figure 3.6B). Finally, no
SLAMF9, Lamin-B or SIRPa was detected in the cytosolic fraction, while the Csk protein

was exclusively detected there.

Taken together, these data suggested that SLAMF9 tended to accumulate intracellularly,
close to the perinuclear region, in RAW cells and heterologous expression systems.
Nevertheless, the possible effects of SLAMF9 overexpression may contribute to this
localization. To avoid this, we sought to identify endogenous SLAMF9 in primary cells by
IFI. This was a difficult task as the 4% paraformaldehyde (PFA) fixation process during
IFI seemed to affect epitope recognition by many of our monoclonal antibodies.
Furthermore, BMDMs did not seem to express high levels of SLAMF9 on the cell surface,
especially at baseline, without any external stimuli (described in Chapter 2). We found
one antibody clone capable of recognizing SLAMF9 when fixation/permeabilization was
performed with methanol. This methodology successfully identified SLAMF9 at baseline
levels only when cells were permeabilized, indicating that SLAMF9 was in significant part
intracellular (Figure 3.6C, upper panel). Once again, a strong colocalization was observed

between SLAMF9 and the nuclei in some cells, and near the cell membrane in others.
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As described previously in Figure 3.3A-D, MCMYV infection of BMDMs increased SLAMF9
expression on the cell membranes of bystander macrophages. This upregulation of
SLAMF9 was strong enough to be detected by IFI even without permeabilization (Figure
3.6C, lower panel). In permeabilized cells, SLAMF9 was mainly detected on the cell
membrane and not in the perinuclear region, suggesting that treatment with MCMV
produces a predominant localization of SLAMF9 on the cell surface in bystander cells.

Thus, we showed that SLAMF9 had an unusual intracellular localization for a protein that
belongs to a family of cell surface receptors. SLAMF9 accumulated in the perinuclear
region of 239 cells, RAW cells and primary macrophages. Taken together, our data
suggested that most of SLAMF9 molecules accumulated intracellularly, and this
phenomenon is in accordance with our mass spectrometry and polysome profiling

findings.

3.3.6. MCMV lung infection of adult mice reveals an immunomodulatory role for SLAMF9

in the immune response.

We showed that SLAMF9 contributes to the translation of IL-6 and is necessary to
produce other pro-inflammatory cytokines, apart from inhibiting the production of IFN-f
and IL-4. Additionally, we found that SLAMF9 has the highest expression levels when
cells are in the presence of MCMV-infected cells. These data made us hypothesize that
SLAMF9 may play a key role during viral infections in vivo, especially during the early
response, where macrophages play a central role in cytokine production, and can even
act as viral reservoirs. We evaluated the role of SLAMF9 during in vivo MCMV infection
in both adult and newborn B6 mice, using WT and SLAMF9 KO mice. As described in
Chapter 1, when adult immunocompetent B6 mice are infected with MCMV, the infection
propagates during the first few days until NK cells and the adaptive immune response
control, but do not eliminate the infection. Furthermore, the titer, genetic variant, and site
of entrance of the virus define the course of the infection. Even though no signs of
sickness appear in immunocompetent adult individuals, it is possible to follow the immune

response and evaluate its characteristics.
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Using the MCMV-GFP virus previously described for the in vitro assays, we intranasally
infected male and female adult mice with 1x10° plaque-forming units (PFUs). In these
conditions, alveolar macrophages are the first cells contributing to the initial inflammatory
response (by bystander macrophages) and virus propagation (by GFP* infected
macrophages).'*®* The course of the infection was followed for 12 days, and BAL was
used to obtain cells and cytokines in the alveolar lumen (Figure 3.7A).

The cells isolated from BALs were subjected to marker staining and flow cytometry. This
analysis allowed us to follow the changes in cell populations during the infection. Flow
cytometry revealed that at day 0O, in mice treated with PBS 1X, only around 80% of cells
in the BAL were alveolar macrophages characterized by the absence of CD11b and high
expression of CD11c and Siglec-F. However, this proportion changed over time after
MCMYV intranasal infection: at day 8, only 32% of cells were Siglec-F* (Figure 3.7B, flow
cytometry plots on the left).

3.3.6.1 Cellular infiltrates in BALs and lungs

As we showed in Chapter 2, alveolar macrophages express SLAMF9 on the cell surface,
and this protein may be considered a distinguishing marker for these cells in BALs.
SLAMF9 was slightly upregulated in bystander macrophages and, as with many other cell
surface proteins, was absent in GFP* infected cells (Figure 3.7B, flow cytometry
histograms on the right; discussed in detail in Chapter 4). It was intriguing to discover
that, contrary to what we observed in BMDMs, SLAMF9 levels did not increase on the
cell surface in bystander alveolar macrophages. We used IFI to detect the cellular
localization of SLAMF9 in GFP- bystander-sorted cells. Using the methods previously
described for BMDMs and CD18 as a control for the intracellular staining of cell-surface
protein, we detected SLAMF9 accumulated in a dotted pattern near the perinuclear
region. On the contrary, CD18 was detected in a dispersed pattern throughout the cell,
except in the nucleus (Figure 3.7C).
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As shown in Figures 3.7D and E, GFP* infected alveolar macrophages appeared as early
as day 1, with a proportion of around 3% of the macrophage population. In WT mice,
GFP* cells increased in number and proportion until day 8, when they reached the
maximum of about 10%; thereafter, until day 12, this population decreased, meaning that
the virus propagation in these cells was partially contained. On the other hand, in SLAMF9
KO mice, the proportion of GFP™* infected macrophages showed a remarkable decrease
starting at day 4, and no GFP* cells were detected at day 12. Another marked difference
between WT and SLAMF9 KO mice was the higher number of total alveolar macrophages
in SLAMF9 KO mice, compared to WT mice.

BAL allows researchers to study alveolar macrophages and cytokines in the alveoli and
other immune cells that can populate the alveolar lumen under physiological conditions
and in disease.’417> During MCMV infection, NK cells, granulocytes, monocytes, and
CD8* T cells are recruited from the blood to form nodular inflammatory foci (NIF) and
infiltrate alveoli to control viral spread.'’® We analyzed the major changes in immune cell
populations in infected mice. Figure 3.7F describes the changes in the CD8* T cells and
monocytes in BALs; WT and SLAMF9 KO males showed differences in these populations.
In the case of CD8* T cells, percentage and cell counts were higher in SLAMF9 KO mice
from day 5 until day 12. On the other hand, monocytes (defined as F4/80Md" Ly6CY)
showed different recruitment kinetics characterized by higher counts and proportions
during the first days and lower counts and proportions in the later days in SLAMF9 KO

mice, compared to WT mice.

As the inflammatory response also occurs in the interstitial space of the lung and BALs
do not retrieve immune cells located in it and the NIF, the lungs were homogenized and
digested for a complete characterization of the immune cell populations by flow cytometry
(Figure 3.8A-B). This approach identified total CD45* cells, NK cells, neutrophils (Ly6G™),
T cells, and monocytes, among others, during the innate immune response from day O to
day 3 (see gating strategy in Figure 3.8B). There was a tendency to recover lower CD45*
counts in SLAMF9 KO mice, compared to WT mice, but it was not statistically significant

(Figure 3.8C). An increased number of alveolar macrophages was present in SLAMF9
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KO mice at day 2, compared to WT mice, as was also seen in BALs. Perhaps the major
difference was that in SLAMF9 KO mice, the proportions and counts of neutrophils were
reduced by almost 50% compared to WT mice (Figure 3.8C, lower panel). As we focused
on macrophages and their role in cytokine production during the antiviral response, we
stained intracellular IL-6 in alveolar macrophages at day 2; as shown in Figure 3.8D-E,
IL-6 intracellular levels were reduced in SLAMF9 KO cells, compared to WT cells.

3.3.6.2 Cytokine production in BAL

We also measured the concentration of IL-6, TNF-qa, IL-4, and IFN-B in the BALs. The
results for the different time points are depicted in Figure 3.9A (males) and Figure 3.7B
(females). In general terms, SLAMF9 KO mice showed a dysregulation in the production
of all the cytokines evaluated, and the differences were stronger in males than in females,
compared to WT mice. The concentration of the pro-inflammatory cytokines IL-6 and
TNF-a was decreased during the first 3 days of infection in SLAMF9 KO mice, compared
to WT mice. Moreover, these cytokines peaked at day 2 in WT mice but only at day 3 in
SLAMF9 KO, showing a delay in the pro-inflammatory cytokine response in the absence
of SLAMF9 (Figure 3.7A, upper panels). On the other hand, the production of IL-4 and
IFN-B was consistently higher in SLAMF9 KO mice, compared to WT mice (Figure 3.A,

lower panels).

3.3.6.3 Viral load

Finally, the viral load of the infected lungs was quantified by plaque assays, and both WT
and SLAMF9 KO mice showed a peak at day 10 with no statistically significant difference.
However, on day 12, the viral load was lower in SLAMF9 KO mice, compared to WT mice
(Figure 3.9C).

Hence, our in vivo model for infection with MCMV showed that in adult mice, SLAMF9
absence impacted the cytokine levels in BALs and the immune cell infiltration in the lungs.
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In general, the kinetics in the production of IL-6 and TNF-a showed a delayed onset during
the first days of infection in the SLAMF9 KO mice, compared to WT mice. Similarly, the
production of IL-4 and IFN-B was dysregulated in SLAMF9 KO mice as we found that
these mice had higher levels of these cytokines compared to WT mice. The dysregulation
in cytokine production in MCMV-infected SLAMF9 KO mice, associated with an abnormal
immune cell infiltration pattern. Mainly, monocytes and neutrophils showed an irregular
recruitment kinetics characterized by a reduction in the cell count and proportions of
neutrophils in the lungs during the first 3 days of infection, and a dysregulated recruitment
of monocytes in the BALSs. Interestingly, we also showed that infected SLAMF9 KO mice
had higher counts of alveolar macrophages than WT, suggesting that in the SLAMF9 KO
mice alveolar macrophages proliferated more than in WT individuals. Importantly, we did

not observed differences in the cell viability between these two groups.

Taken together, our data suggested that SLAMF9 may play a key role during MCMV
infection in vivo, mainly in the regulation of cytokine and chemokine production by alveolar
macrophages and perhaps other immune cells recruited to the lungs during the curse of

the viral infection.

3.3.7 MCMV infection of neonatal mice reveals a significant role for SLAMF9 in neuro-

inflammatory and antiviral responses

As the results obtained from the in vivo MCMV infection of adult SLAMF9 KO mice
showed several significant differences and dysregulations therein compared to WT
control individuals, we used the same virus for the infection of newborn mice, expecting
to gain new clues on the role and relevance of SLAMF9 in the antiviral immune response.
Figure 3.10A describes the model used: 1-day-old newborn mice were injected
intraperitoneally with 350 PFUs of MCMV-GFP or PBS and followed up until 24 days of
age. Mice infected with this viral titer and route of entry develop a neuroinflammatory

disease with high mortality and morbidity after some days of systemic virus spread.'’’
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We followed several litters of similar size that were infected with MCMV and compared
the weight gain of each mouse to controls injected with PBS. Figure 3.9B shows the
weight gain curves of WT mice only, and Figure 3.9C compares WT to SLAMF9 KO
curves. MCMV-infected WT mice showed earlier weight loss and reduced weight gain
compared to SLAMF9 KO mice, and as a result, there was a significant difference in the
survival curves (Figure 3.10D). By day 16, 50% of WT mice survived compared to 85%
of SLAMF9 KO mice.

We collected the brain and liver at different time points to characterize the inflammatory
and antiviral responses in SLAMF9 KO mice and compare it to those in WT individuals.
We processed them for one of three purposes: 1. viral load assessment by plaque assays,
2. Percoll-gradient centrifugation and flow cytometry and 3. protein extraction and
cytokine quantification by ELISA (Figure 3.10E). The viral load was decreased in the brain
of SLAMF9 KO mice; however, the difference was only statistically significant at day 14.
On the other hand, the viral load in the liver showed similar values for WT and SLAMF9
KO mice, with a slight increase at day 8 in SLAMF9 KO mice, compared to WT mice
(Figure 3.10F). With flow cytometry, we assessed some of the resident and infiltrating
immune cell populations in the brain of MCMV-infected mice; we focused on microglial
cells as resident macrophages previously reported to have high levels of SLAMF9
MRNA. 178179 After Percoll-gradient centrifugation, we identified two populations of CD45*
cells (CD45"9" and CD454M) as previously reported8® (Figure 3.10G, left panel). Among
cells that have CD45dim expression, F4/80 and Siglec-H are reported to be reliable
markers for microglial cells;'8%181 we could identify them among this population (Figure
3.10G, right panel), and more importantly, we detected SLAMF9 expression on the cell

surface of the microglial cells (Figure 3.10H, left panel).

The percentages and numbers of CD45* cells were higher in MCMV-infected WT mice
and peaked around day 18, compared to SLAMF9 KO mice and mice treated with PBS
(Figure 3.101). When comparing the major changes in immune cells between WT and
SLAMF9 KO mice, we identified monocytes and CD8* T cells as the cell populations that
showed a significant difference (Figure 3.10J and 3.10K). Both the percentage and
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numbers of monocytes were decreased in SLAMF9 KO mice between days 8 and 22,
compared to WT mice, and the opposite pattern was observed for CD8* T cells but only
after day 14 of infection. In general, these data suggested that SLAMF9 KO mice had
less recruitment of immune cells, except for cytotoxic T cells. This phenotype correlated
with higher survival in SLAMF9 KO mice compared to WT mice.

Finally, we assessed the levels of relevant cytokines, such as IL-6, TNF-a, IFN-3, and IL-
4. As shown in Figure 3.10L, levels of total IL-6, TNF-a, and IFN-B in brain tissue extracts
were higher in infected SLAMF9 KO mice, especially around day 12, compared to WT
mice. On the other hand, there was no difference in the concentration of IL-4. These
results were analogous to those obtained from the lung infection model described in
Figure 3.9.

Overall, we found that in newborn mice infected with MCMV, the development of
neuroinflammation was less severe in SLAMF9 KO mice, compared to WT mice. Indeed,
SLAMF9 KO mice presented higher survival rates than WT mice. Remarkably, in this in
vivo model of inflammation, we showed that WT microglia cells expressed SLAMF9, and

the absence of this protein was associated with less IL-6 intracellular detection.

In conclusion, from these in vivo assays, we showed that SLAMF9 has a crucial role in
macrophages, where it promotes inflammatory responses through the production of IL-6
and TNF-a and indirectly contributes to the recruitment of immune cells to immune
response sites. Simultaneously, SLAMF9 suppresses IFN-B production and, at least in
the lung, IL-4 secretion. In general, SLAMF9 does not significantly contribute to controlling
the organ viral load in MCMV-infected mice (differences were minor or only observed at
one evaluated time point). However, SLAMF9 does contribute to mortality and morbidity
in the newborn mouse model. Perhaps, this phenotype is explained by less inflammatory
cytokine production and dysregulated immune cell infiltration to the sites of viral infection,
characterized by fewer neutrophils, monocytes, and NK cells, but more CD8* T cells that

control the viral infection.
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3.4 Discussion

In this chapter, we presented evidence for a new function of the non-canonical SLAM
family member SLAMF9 in macrophages. We described an atypical intracellular
localization of SLAMF9 that associates with a probable role of this protein in the promotion
of IL-6 mMRNA translation through the interaction with specific RNA-binding proteins. Our
findings help in identifying and characterizing new regulators of the immune response,
particularly the pro-inflammatory and antiviral responses in macrophages. Remarkably,
only a few reports have previously addressed the expression pattern and possible
function of SLAMF9,67.118-120 byt none have described a possible mechanism of action.

Our in vivo experiments showed that SLAMF9 KO mice produced less inflammatory
cytokine levels during MCMYV infection in the lung and brain and exhibited dysregulated
immune cell infiltration, mainly characterized by fewer neutrophils, monocytes, and NK
cells. Interestingly, CD8* T cells were higher in proportions and numbers in the SLAMF9
KO mice, compared to WT mice. These phenotypes may explain the earlier clearance of
GFP* infected alveolar macrophages in SLAMF9 KO adults and the high survival of
infected SLAMF9 KO newborns compared to WT newborns.

We also found that in vitro, and in some cases in vivo, SLAMF9 promoted the production
of cytokines, such as IL-6 TNF-a and CCL2, but repressed the production of IL-4 and IFN-
B. The mechanisms by which SLAMF9 regulated TNF-a, CCL2, of IL-4 and IFN-B are
uncertain. However, in the case of IL-6, we showed that the mRNA levels of this cytokine
were similar between SLAMF9 KO and WT macrophages, but protein levels were
dramatically decreased in SLAMF9 KO cells, compared to WT cells. Thus, these data
suggested that the difference observed in protein concentrations was due to anomalies
at the post-transcriptional level.

We showed that SLAMF9 absence is correlated with deficient IL-6 mMRNA translation, as
well as less association of this transcript to cellular polysomes. Our data suggested that
SLAMF9’s atypical cellular localization may allow it to associate with specific RNA-binding

proteins to promote IL-6 mMRNA translation. Remarkably, it has been reported that some
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of the proteins that we identified by mass spectrometry assays as probable SLAMF9
partners, may regulate IL-6 mRNA stability and translation. This is the case of the proteins
hnRNPA and hnRNPM.?7:28

Our data suggest that SLAMF9 is a promising candidate for controlling inflammatory
disorders characterized by high cytokine release and immune cell infiltration and
activation, such as arthritis and cytokine storm.82.183 |n fact, Slamf9 has been reported
as one of the most upregulated genes in immune cells during severe acute respiratory
syndrome—related coronavirus-2 (SARS-COV-2) infection of hamster and mouse
lungs.12%-131 Furthermore, Slamf9 is upregulated in response to HIN1 influenza virus
infections in mice.'®? Given that we identified SLAMF9 as a critical regulator of IL-6
production in macrophages, and this cytokine has a central role in inflammatory and
antiviral responses,841 it is plausible that downregulation of SLAMF9, for instance with
siRNAs may contribute to reducing the inflammatory response. Another option would be
the use of blocking antibodies, but this may be a more challenging approach as still the
elucidation of SLAMF9 ligand(s) and cellular trafficking regulation is not achieved. One
relevant concern regarding blocking antibodies is that most of SLAMF9 seems
intracellular, at least in macrophages. However, SLAMF9 is still expressed on the surface
of these cells, meaning that blocking molecules on the plasma membrane is possible.
Whether SLAMF9 molecules that accumulate intracellularly move to the cell surface and
the conditions in which this might occur are intriguing questions that warrant investigation.
In both in vitro and in vivo assays, we focused on macrophages, specifically BMDMs,
alveolar macrophages, and microglia, due to the initial detection of SLAMF9 on their cell
surfaces in basal conditions. However, we do not discard that in some macrophage types,
all SLAMF9 molecules may only accumulate intracellularly, and consequently, we and
others could not detect the protein on the cell surface by flow cytometry. On the other
hand, SLAMF9 has been detected by us and others at high levels on the cell surface of
some dendritic cell populations and plasma cells.1?8122 We did not address the
intracellular levels or explore the possible role of SLAMF9 in these cells. Whether or not
SLAMF9 has the same function as described for macrophages in these and other immune

system cells is a topic that needs to be explored.

%94



In conclusion, our data suggest that SLAMF9 has a crucial role in regulating inflammatory
and antiviral responses in macrophages, perhaps through translational regulation. These
findings suggest a possible function of SLAMF9 in inflammatory disorders characterized

by high cytokine release and immune cell infiltration, such as arthritis and cytokine storm.
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3.5 Figures

Figure 3.1. SLAMF9 promotes pro-inflammatory cytokine production while
suppressing IL-4 and IFN-B in macrophages

A. Schematic representation of the experimental setup for the obtention of SLAMF9 KO
and WT BMDMs and their stimulation with LPS and Poly I:C for cytokine production
evaluation. B. Cytokine quantification by ELISA of supernatants obtained from SLAMF9
KO and WT BMDMs unprimed or primed with 100 ng/ml LPS or 10ug/ml Poly I:C for 6 or
18 hours. Upper panel, pro-inflammatory cytokines: TNF-a, CCL2, IL-6 and IL-13. Lower
panels: Left: Anti-inflammatory cytokines: IL-10 and IL-4. Right: Antiviral: IFN-B. C.
Schematic representation of the experimental setup for the obtention of SLAMF9 KO and
WT alveolar macrophages through bronchoalveolar lavages (BAL). Flow cytometry
analysis was performed on freshly isolated cells or culture for 2-4 hours to select adherent
cells, stimulation with LPS or Poly I: C, and cytokine quantification by ELISA. D. Cytokine
guantification by ELISA in SLAMF9 KO and WT alveolar macrophages unprimed or
primed with 100 ng/ml LPS or 10ug/ml Poly 1:C for 18 hours. Pro-inflammatory cytokine:
TNF-a, Anti-inflammatory cytokine: IL-4. E. Same as D but only for quantification of TNF-
a and alveolar macrophages sorted by FACS for the expression of CD11chdh. A two-tailed
t-test was used for comparisons with a p-value < 0.05. Error bars depict the mean with
s.d. xp £0.05, *xp <0.01, *xxp <0.001, n = 3.

Figure 3.2. SLAMF9 suppresses IFN-B response in macrophages

A. Schematic representation of the experimental setup for the obtention of SLAMF9 KO
and WT BMDMs and their stimulation with IFN-B and LPS or Poly I:C for cytokine
production evaluation. Cells were cultured in 96 well plates during the stimulation with
IFN-B and the TLR agonists. B. TNF-a and IL-6 quantification by ELISA of supernatants
obtained from SLAMF9 KO and WT BMDMs unprimed or primed with 1000 units/ml|
IFN-B and 100 ng/ml LPS or 10ug/ml Poly I:C for 18 hours. C. Relative quantification by
real-time PCR of Ifltl and Irf7 mRNA levels in SLAMF9 KO and WT BMDMs unprimed or
not with 1000 units/ml IFN- B for 18 hours. D. Representative flow cytometry histograms
for the expression assessment of CD80 and CD86 in SLAMF9 KO and WT BMDMs
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treated with IFN-B. E. MFI for histograms showed in D. in addition to unprimed and Poly
I:C primed. A two-tailed t-test was used for comparisons with a p-value < 0.05. Error bars
depict the mean with S.D. *p < 0.05, **p < 0.01, **xp < 0.001, n = 3.

Figure 3.3. SLAMF9 is upregulated in response to IFN-B and especially in bystander
BMDMs infected by MCMV-GFP, where it promotes IL-6 production

A. Schematic representation of the MCMV-GFP infection model of macrophages
(BMDMs) for the generation of infected GFP* and bystander GFP- cells. B.
Representative flow cytometry histograms for the expression assessment of SLAMF9 in
bystander GFP-, infected GFP*, and WT macrophages. C. MFI for histograms showed in
B, comparing to the MFI obtained when BMDMs were simulated with IFN-B. D. Bar
diagram depicting the MFIs of all SLAM family receptors in bystanding BMDMs infected
or not with MCMV-GFP virus after 24 or 48 hours. E. IL-6, IL-4, and IFN-B quantification
by ELISA of supernatants obtained from SLAMF9 KO and WT BMDMs infected or not
with MCMV-GFP. Cells were sorted for GFP- expression, and consequently, only
bystanding macrophages were cultured for 24 or 48 hours. F. IL-6 and IFN-B mRNA levels
in untreated or MCMV-treated sorted GFP- bystanding and GFP* infected macrophages
48 hours after inoculation. One-way ANOVA followed by Tukey's multiple comparison test
was used to assess significance in C and D. A two-tailed t-test was used for comparisons
in E and F. Error bars depict the mean with S.D. *p < 0.05, **p < 0.01, *xxp < 0.001, n =
3. Each dot represents the mean of one independent experiment, each with technical

triplicates.

Figure 3.4. SLAMF9 is necessary for IL-6 mRNA association to Polysomes in
macrophages

A. Generation of SLAMF9 KO RAW 264.7 cells by transient transfection of a
CRSPR/Cas9 vector expressing specific complementary SLAMF9 gRNA or a scramble
control. Cells were sorted for the expression of GFP as a reporter. A second sorting was
done for SLAMF9 negative cells. B. IL-6 quantification by ELISA of supernatants obtained
from SLAMF9 KO RAW and scramble control cells treated or not with Poly I:C for 24 or
48 hours. C. IL-6 mRNA levels in untreated or 24 hours Poly I.C-treated SLAMF9 KO
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RAW and scramble control cells. D. Representative polysome profiles of SLAMF9 KO
RAW and scramble control cells. 80S monosome and polysomes are indicated. E.
Polysome-gPCR analysis of IL-6 SLAMF9 KO RAW and scramble control cells F.
Quantitative values of normalized Total lon Chromatogram (TIC) for proteins exclusively
identified by mass spectrometry in WT but not in SLAMF9 KO BMDMs after
immunoprecipitation using specific anti-SLAMF9 monoclonal antibodies. For B and C, a
two-tailed student’s t-test was used. The graph shown in E represents the mean + SEM
of three biological replicates for each genotype, and a 2-way ANOVA followed by Sidak’s
multiple comparison tests was used to address significance. *p < 0.05, *xp < 0.01, *xxp
< 0.001

Figure 3.5. SLAMF9 accumulates intracellularly in a heterologous expression
system

A. Representative flow cytometry plots of HEK 293-FLAG-SLAMF7, HEK 293-FLAG-
SLAMF9, and HEK 293 empty vector control cells depicting the expression of GFP and
detection of FLAG-SLAMF7 or FLAG-SLAMF9 with an anti-FLAG Alexa fluor 647-
conjugated antibody. Numbers in blue represent the percentage of cells in the quadrant
B. Representative bright-field and epifluorescence-microscopy (GFP) images for
permeabilized 293 cells transfected with the pMIGR1-SIRP-a or pMIGR1-SLAMF9. C.
Representative confocal microscopy images for permeabilized HEK 293 cells transfected
with pMIGR1-SLAMF9 or pMIGR1 empty vector. Images for blue (DAPI), green (GFP),
and red (SLAMF9-AF647) are shown. Dot plots and images are representative of at least
3 independent repeats. White arrows indicate cells positive for SLAMF9 staining.

Figure 3.6. SLAMF9 accumulates intracellularly in macrophages

A. Representative confocal microscopy images for permeabilized RAW-FLAG-SLAMF9
and RAW empty vector control cells. Images for blue (DAPI), green (GFP), and red
(FLAG-APC) are shown. The lower zoom panels are from the area indicated by the white
box in the upper panel. B. Cell fractionation studies. RAW-FLAG-SLAMF9 and RAW-
empty vector cells were fractionated as described under “Materials and Methods,” and
the relative cellular distribution of FLAG-SLAMF9 protein in the “nuclear” (P1),
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“particulate” (P100) and “cytosolic” (S100) fractions was determined by immunoblotting
of lysates from these fractions with anti-FLAG L5 mAb. The distribution of SIRPa, LAMIN-
B, and CSK was also studied in parallel to validate the cell fractionation procedure. Lanes
1, 2, and 3: RAW-empty vector; lanes 4, 5, and 6: RAW-FLAG-SLAMF9; Note that lysates
corresponding to 5.5 times lower cell numbers were used for the S100 fraction. The lower
panel is a schematic representation of the quantitation of these data by Fiji/lmageJ. C.
Representative confocal microscopy images for non-permeabilized or permeabilized WT
and SLAMF9 KO BMDMs treated or not with MCMV-GFP virus. Images for blue (DAPI),
green (CD11b), and red (SLAMF9) are shown. Scale bar: 40 ym. One-way ANOVA
followed by Tukey's multiple comparison tests was used to assess significance in B. Error
bars depict the mean with S.D. *p < 0.05, **xp < 0.01, **xp < 0.001.

Figure 3.7. SLAMF9 in alveolar macrophages contributes to the regulation of the
immune response to MCMV infection in alveoli of adult mice

A. Schematic representation of the MCMV-GFP infection model of mice by intranasal
installation. The infection course was followed until day 12. Mice were sacrificed at
different time points and used for bronchoalveolar lavages (BALS). The first BAL was
performed with 1ml of PBS 1X, the recovered volume (about 600pl) was centrifuged, and
the supernatant was used for ELISA. Then, about 4 BALs with 0.5 mM EDTA in PBS 1X
were done to recover cells in the alveoli. B. Representative flow cytometry plots of cells
found in BALs in WT mice infected with MCMV-GFP. From left to right: Total cells in BAL,
Alveolar macrophages in BAL identified by Siglec-F staining, SLAMF9 surface staining in
alveolar macrophages from uninfected and infected mice. C. Representative confocal
microscopy images for permeabilized bystanding GFP- alveolar macrophages. Images
for blue (DAPI), green (CD18), and red (SLAMF9) are shown. (D, E). Alveolar
macrophage proportions and counts were obtained from BALs in SLAMF9 KO and WT
male (D) and female (E) mice infected with MCMV. Left panel: % of infected GFP™ cells.
Right panel: Total cell counts. F. Scatter plots depicting the percentage and cell counts
of CD8" T cells (left) and F4/80 high Ly6C* monocytes (right) obtained in BALs from
SLAMF9 KO and WT male mice infected with MCMV.

99



Figure 3.8. SLAMF9 contributes to the recruitment of immune cells in response to
MCMV infection in adult mouse lungs

A. Schematic representation of the protocols used for viral load quantification and flow
cytometry assessment of lungs from SLAMF9 KO and WT male mice infected with
MCMV-GFP. Both lung lobes from one mouse were used for either of the protocols B.
Representative flow cytometry plots of the gating strategy used for assessing CD45*
immune cells in the lungs. Gating strategy and surface markers were employed to identify
NK cells, CD3* cells, dendritic cells, neutrophils, alveolar and interstitial macrophages,
and monocytes. C. Scatter plots depicting percentage and total cell counts of immune
cells in the SLAMF9 KO and WT male mice lung. Upper panels: CD45" cells (left) and
alveolar macrophages (right). Lower panels: Ly6G* neutrophils (left) and NK cells (right).
Blue dots represent WT mice and red dots represent SLAMF9 KO mice D. Representative
flow cytometry histograms of the intracellular staining for IL-6 in alveolar macrophages
(CD11c high and Siglec-F*). E. MFI quantification for histograms showed in F. 2-way
ANOVA followed by Sidak’s multiple comparison tests was used to address significance.
*p < 0.05, *xp < 0.01, **xxp < 0.001.

Figure 3.9. SLAMF9 regulates the production of cytokines in alveolar macrophages
but does not contribute to the control of the viral load upon infection with MCMV
in adult mice lungs

Quantification by ELISA of IL-6, TNF-a, IFN-B, and IL-4 present in BALs from SLAMF9
KO and WT male (A) and female (B) mice infected or not with MCMV-GFP. C. Scatter
plots depicting the viral load quantification of lungs from SLAMF9 KO and WT male mice
infected with MCMV. 2-way ANOVA followed by Sidak’s multiple comparison tests was
used to address significance. *p < 0.05, *xp < 0.01, *xxp < 0.001.

Figure 3.10. SLAMF9 contributes to neuroinflammation and survival outcomes in
newborn mice during MCMYV infection
A. Schematic representation of the MCMV-GFP infection model of newborn mice. B.

Representative gain weight curves of two WT mouse litters of similar size injected
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intraperitoneally with MCMV-GFP or PBS 1x. C. Representative gain weight curves of
WT and SLAMF9 KO mouse litters of similar size injected intraperitoneally with MCMV-
GFP or PBS 1x. D. Survival curves of WT and SLAMF9 KO newborn mice infected or not
MCMV-GFP. The curves were done with data from 3 independent repeats, including the
ones shown in Figures B and C. E. Schematic representation of the protocols used for
viral load quantification and flow cytometry assessment of brain and liver from SLAMF9
KO and WT mice infected with MCMV-GFP. The whole organ from one mouse was used
for either one of the protocols. F. Scatter plots depicting the viral load quantification of
brains (left) and livers (right) from SLAMF9 KO and WT mice. G. Representative flow
cytometry plot of cells obtained after brain digestion and percoll-gradient centrifugation.
Gating for CD45" cells (left) and CD45dim, F4/80*, Siglec-H* microglia cells (right). H.
Representative flow cytometry histograms for surface SLAMF9 (left) and intracellular IL-
6 (right) in microglia cells gated in G. |. Plots depicting the percentage and counts of
CD45* cells in brains from infected and uninfected WT and SLAMF9 KO mice. J.
Percentage and counts of LyC6* monocytes gated from cells shown in I. K. Percentage
and counts of CD8* T-cells gated from cells shown in I. L. Quantification by ELISA of IL-
6, TNF-a, IFN-B, and IL-4 from infected and uninfected WT and SLAMF9 KO mice. 2-way
ANOVA followed by Sidak’s multiple comparison tests was used to address significance
in all the plots except for D, where the log-rank test was employed. *p < 0.05, xxp < 0.01,
xxxp < 0.001.
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Figure 3.1. SLAMF9 promotes pro-inflammatory cytokine production while supresses IL-4 and

IFN-B in macrophages
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Figure 3.2. SLAMF9 supresses IFN-B response in macrophages
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3.6 Materials and methods

Mice maintenance and experimentation

Mice lacking SLAMF9 (SLAMF9 KO) were generated as described in Chapter 2. SLAMF9
KO and WT mice were maintained in the C57BL/6J background and kept in a specific-
pathogen-free (SPF) environment. Either males or females were used, between 8 to 12
weeks of age. Littermates were used as control in all experiments. All mice Animal
experimentation was performed in accordance with the Canadian Council of Animal Care

and approved by the IRCM Animal Care Committee

For experiments with newborn mice, WT and SLAMF9 KO pregnant females that would
give birth to all WT or all SLAMF9 KO litters, respectively, were transfer to a containment
level 2 (CL2) laboratory about 4 days before delivery. WT and SLAMF9 KO litters of about
the same size (6-8) healthy individuals were used. Newborn mice were injected
intraperitoneally at day 1 of age (P1) with 350 PFUs of MCMV-GFP in 20 pl of PBS 1x or
PBS only using an insulin-syringe Vet-U 100 with a 31G needle (CarepointVet). Then, at
P5 mice were tattoo-labeled in their paws to allow their identification. Afterwards,
newborns were checked and weighted every 1 or 2 days until day 22. In case a puppy
failed to maintain normal weight gain within 15% of age-matched controls for 2 followed
days, the puppy was sacrificed and recorded as "death".

For experiment where adult mice were infected by MCMV-GFP, intranasal installation
method was used. Briefly, 1 X 10° PFUs of MCMV-GFP in 20 pl of PBS 1X or only PBS
were dropped with a micropipette in each nostril of anesthetized mice. Then, mice were
kept in the CL2 laboratory and followed for 12 days. Mice were sacrificed at different time

points during curse of the infection with COx.

Cells and Cell obtention from mouse tissue and organs

RAW cells rendered with CRSPR/Cas9 technology for the elimination of SLAMF9
expression, RAW-SLAMF9 KO (target sequence in exon 2:
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5-GCAGTGGATCCTCGATACCG-3’), and RAW cells transfected with a scramble

sequence control.

After euthanasia, some MCMV-GFP-infected or uninfected control mice were used for
analysis of the BAL The procedure for the obtention of BALs was described in Chapter 2.
The first BAL was done with 1ml of cold PBS 1X, and about 800 ul was recovered. This
was centrifuged for 2 minutes at 4°C at 1000 rpm, and the supernatant was transferred
to a new 1.5 ml tube and kept at -80 °C until use for ELISA. Then, 4 additional BALs were
done with 1ml each of 0.5 mM EDTA in PBS 1X. These were collected on ice and
centrifuged at 1000 rpm for 3 min. The supernatant was discarded and the pellet with the
cells was mixed with the pellet obtained from the first BAL. Cells were then incubated with
a supernatant containing 2.4G2 mAb to block Fc receptors and stained for flow cytometry

analysis.

On the other hand, some mice were used for complete dissection of the lungs. Before
dissection, the lungs were perfused with 3 ml of PBS 1X using a syringe with a 22G needle
into the right ventricle of the heart. Then lung lobes were transfer to a 60mm sterile dish
where they were processed for flow cytometry analysis, or they were transfer to a 1.5ml
tube and rapidly frozen over dry ice and kept at -80 °C until use for viral load quantification.
For flow cytometry, lung was processed as described elsewhere.8 In brief, lung lobes
were mince and digested with 1 mg/ml collagenase D and .1mg/ml DNAase-I for 30 min
at 37 °C. Then cells were passed through a 40 um strainer and processed for staining

and flow cytometry.

Brains from newborn mice were processed as described previously.'87:188 Briefly, after
euthanasia, the brains were obtained, and cerebellum and olfactory bulbs were removed.
Then, brains were washed with in cold Hank’s balanced salt solution (HBSS) without
calcium chloride or magnesium chloride. Then, brain tissue was chopped and placed in
15 ml tubes with 2-3 ml of 100 units/ml of papain (Sigma Aldrich) in PBS 1X and incubated
at 37 °C 30 min mixing by tube inversion every 5 minutes. Then, samples were transfer
to a cushion of 5 ml of 30% percoll (Gibco) in HBSS. Samples were centrifuged without
brake at 300g for 30 min at 18 °C. Afterwards, cells were collected from the bottom layer
and resuspended in a cell media containing 2.4G2 MADs for blocking of Fc receptors and
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stained for flow cytometry. The brains and livers from some individuals were rapidly
frozen on dry ice and kept at —80 °C until use for viral quantification or ELISA.

Mouse BMDMs were obtained and cultured as described in materials and methods from
Chapter 2. RAW 264.7, 293, and derived cells lines were cultured in with DMEM
supplemented with 10% FBS and penicillin-streptomycin, sodium pyruvate and

glutamine.
ELISA assays

Quantification of IL-18, IL-6, IL-4, IL-10, TNF-a, CCL2 and IFN-B in supernatants was
performed with commercially available sandwich ELISA kits from R&D Systems®
following manufacturer’s instructions. For quantification of cytokine production by BMDMs
and RAW 264.7 cell line, 2 X 10° cells in 1ml of cultured media were plated in wells of a
6-well plate and infected with MCMV-GFP or stimulated or not with 100 ng/ml LPS or 10
pg/ml Poly I:C for 6-48 hours. Media was collected and stored at -80 °C until use. For IL-
1B, IL-6, IL-10, TNF-a and CCL2 a 1:10 dilution of the supernatant was required while for
IL-4 and IFN-B the supernatant was used directly. A similar setting was used for alveolar
macrophages, but 1 x 10° cells were plated in 500 pl of media in a well of a 24-well plate.
For experiments where BMDMs were stimulated with mouse IFN-B 1000 units/ml in
addition to LPS or Poly I:C, 1 x 10°cells in 200 pl were plated for 6-18 hours in a well of
a 96-well plate. For analysis of cytokine content in BALs by ELISA, about 800 ul of PBS

1x was obtained from the first BAL and was used directly for the assay.

On the other hand, for cytokine quantification in liver and brains extracts the procedure
described by Sukoff et al., (2012) was used.'®® Briefly, organs were rapidly thawed and
washed with PBS 1X. Therefore, they were minced and resuspended in a cold lysis buffer
containing 5M NacCl, 1M Tris-buffered saline, 0.2% of 0.5M ethylenediaminetetraacetic
acid (EDTA), 0.1% SDS, protease inhibitor tablets (Roche), 1:1000 PMSF, and 1% Triton
X-100 (for liver) or 1% RIPA (for brain). Samples were incubated for 2 hours at 4 °C with
continuous mixing. Then, samples were centrifuged for 30 min at 15 000g and 4 °C and

supernatants stored at -80 °C until use.
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Immunoprecipitation, immunoblots and mass spectrometry

For mass spectrometry and IPs SLAMF9 KO and WT BMDMs cells were washed three
times with cold PBS 1x and then lysed with TNE buffer (L0mM Tris Base, 100mM NacCl, and
1mM EDTA). Immunoprecipitation was performed as described elsewhere!®® using a mix of
the 2D5 and 2C9 anti-mSLAMF9 Mabs. Mass spectrometry was performed by the Institut de
recherches cliniqgues de Montréal Proteomics Core Facility, as outlined elsewhere.**! Briefly,
proteins were digested with trypsin (Promega) and analysed by liquid chromatography—
tandem mass spectrometry on an LTQ Orbitrap Velos (ThermoFisher Scientific) equipped with
a Proxeon nanoelectrospray ion source. A gradient of 100 min was used for liquid
chromatography separation, and standard proteomics parameters were used for the mass
spectrometers. Protein database searching was performed with Mascot 2.5 (Matrix Science)
and data analysis was conducted using Scaffold (version 3.6). To select potentially relevant
SLAMF9 interactors the following criteria were used: First, present in SLAMF9
immunoprecipitates from WT, but not from SLAMF9 KO, macrophages. Second, observed in
all three independent SLAMF9 immunoprecipitates from WT macrophages. Immunoblots and

cell fractionation assays were performed as reported elsewhere.19%:193

MCMV-GFP production and quantification

The recombinant MCMV-GFP virus was generated by Dr. Ruzsics’ group, as previously
described.'** Briefly, the GFP open reading frame (ORF) was inserted into the viral M36
transcription unit. Then the M36 ORF was linked by an internal ribosomal entry site (IRES)
using bacterial artificial chromosome (BAC) technology. After an initial transfection of
mouse embryonic fibroblasts (MEFs) with the BAC, the virus was rescued and further
propagated on MEFs and purified using a sucrose cushion and ultracentrifugation. Only
1 batch of MCMV-GFP was used during the project.

The virus batch was quantified as described earlier.1®* In brief, serial dilutions of the virus
were added to a monolayer of MEFs in wells of a 48-well plate, centrifuged (2x 15 minutes
at 400 g; centrifugal enhancement), and incubated for one hour at 37 °C and 5% COg,
the supernatant was removed, and MEFs were covered with supplemented DMEM

containing methylcellulose to locally restrain the viral spread. On day 5-6, the virus
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infection-induced plaques were stained with crystal violet and counted under the
microscope.

For quantification of viral load, lungs from adult mice, and brains and liver from newborn
mice were collected as described above. Then, organs were thawed and processed as
reported elsewhere in sterile conditions.'*>17” In brief, organs were weighted and
homogenized in 800ul of DMEM media with a sterile stainless-steel tissue strainer and a
1ml syringe plunger. Then, tissue pieces and supernatant were transfer to a 2ml tube.
Finally, samples were centrifuged for 2000g for 10 min at 4 °, the supernatants were

collected and diluted or not (1:10) and used for virus titration as described above.

In vitro infection of BMDMs by MCMV-GFP

At day 7 of differentiation, mouse BMDMs were harvested using cold PBS 2mM-EDTA,
and 1.5- X 10° cells were seeded overnight in a 6-well tissue culture plate in complete
DMEM and 10% of L929 cell-conditioned medium. The next day, MCMV infection was
performed using a multiplicity of infection (MOI) of 2 and centrifugal enhancement
described above for infection of MEFs. Finally, cells were incubated at 37 °C and 5% CO:

overnight until cell collection for flow cytometry analysis or IFI.

Immunofluorescence microscopy

To address the intracellular localization of SLAMF9 in the 293, RAW cells, BMDMs and
alveolar macrophages, cells were cultured overnight over glass coverslips in 6-well
plates. Then, cells were washed with PBS and fixed in PBS containing 4%
paraformaldehyde (PFA; Biotium) or methanol at -20 °C for 10 or 3 minutes respectively.
After two washes with PBS, a blocking step was performed with PBS containing 5% BSA
for 30 minutes at RT. In cases where a permeabilization step was included, cells were
incubated for 20 min with 1% Triton X-100 in PBS%. Triton X-100 was included even after
methanol permeabilization to guarantee that the antibodies reached intracellular SLAMF9
in the perinuclear area. Then, the primary antibody was added in a 1:100 dilution. The

primary antibodies were anti-mouse SLAMF9 clone 2C9 and anti-FLAG clone L5
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(Biolegend). Conjugated antibodies were also used: anti-CD11b-FITC and anti-CD18-
FITC. The secondary antibody was an anti-mouse IgG1 conjugated to Alexa fluor 647 or
APC (Biolegend) in a 1:200 dilution. The incubation time for both primary and secondary
antibodies was 30 min. After the last wash, cells were incubated with DAPI 1ug/mlin PBS
for nuclei staining for 3 minutes. Finally, coverslips were washed and mounted with
fluorescent mounting solution (Dako). For image acquisition a laser scanning confocal
microscope LSM-700 (Zeiss) was used. Images were analysed with the Zeiss Zen

software processing tool (Black Edition).

Flow cytometry

Flow cytometry analysis was performed as described in Chapter 2.
Polysome profiling and RT-PCR

Polysome profiling was performed with RAW 264.7-derived cell lines. Cells were cultured
in 150 mm dishes until reaching about 80% confluence and treated 24h with Poly I.C
(10pg/ml). Polysomes were purified as described elsewhere.® In brief, cells were lysed
with a cold hypotonic buffer composed of 5 mM Tris-HCI pH 7.4, 1.5 mM KCI, 2.5 mM
MgCl2, 200 pg/ml of cycloheximide (CHX), 200 u/ml of RNase inhibitor, 2 mM DTT,
EDTA-free protease inhibitor tablet, 0.5% of Triton X-100 and 0.5% of sodium
deoxycholate. Cells were mix by tube inversion several times, incubated 5 minutes on ice
and centrifuged at 20.000g for 5 min at 4°C. Then the supernatant was collected, and
RNA quality and quantity was assessed with NanoDrop 2000 (Thermo Fisher Scientific).
Finally, each sample was loaded onto a 10-50% continuous sucrose gradient containing
and centrifuged at 36,000 rpm for 2 hr at 4°C.

Total RNA from each polysome fraction was extracted with Trizol (Invitrogen) according
to the manufacturer’s instructions. cDNA synthesis and RT-PCR were performed as

described in materials and methods section of Chapter 2. The primers used were:
Fwd 5-TCTAATTCATATCTTCAACCAAGAGG-3 and
Rev 5’-TGGTCCTTAGCCACTCCTTC-3 for II6 and

Fwd 5’-AAATGGTGAAGGTCGGTGTG-3’ and
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Rev 5-GCTCTGGAAGATGGTGATG-3’ for Gapdh as housekeeping gene.

Statistical analysis

Descriptive statistics were organized, plotted, and analyzed using the GraphPad Prism 7
software. One-way ANOVA, Two-way ANOVA, or t-student were used for group
comparisons. When necessary, post-hoc analysis was performed using Tukey’s multiple
comparison test to assess significance. For all comparisons a p<0.05 was considered as
significant. The normal distribution of the data was tested using the D’Agostino-Pearson

normality test when appropriate.
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Chapter 4.
Role of the extended SLAM family of receptors in the phagocytosis of

NK cells by macrophages in a model of MCMV infection
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Preface

The manuscript presented in Chapter 4 describes data that are part of the research article
“Contraction of adaptive NK cells by macrophage-mediated phagocytosis inhibited by
2B4-CD48,” currently being revised for publication by the journal Cell Reports. | am the
second author of this paper and was in charge of performing in vitro phagocytosis assays
with BMDMs infected with MCMV. Most of the data in the publication came from a project
carried out by Rui Li, a postdoctoral researcher from our group. The discussion section is
summarized, and an extended and more complete version is given in Chapter 5

(Discussion).
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4.1. Introduction

NK cells are traditionally considered innate lymphoid cells with an intrinsic capability to
identify and eliminate virus-infected cells and tumor cells.’®® The activation of NK cells
requires the recognition of activating receptors and the absence or depletion of inhibitory
signals normally expressed on healthy cells. Once NK cells are activated, they display
their effector capacity, characterized by a strong cytotoxic effect and the production of
cytokines, mainly IFN-y but also TNF-a, GM-CSF, and several chemokines.'®’ The
cytotoxic effect of NK cells is mediated by the release of perforin and granzyme B-
containing granules at the immunological synapse sites. Perforin mediates the generation

of membrane pores, and granzyme contributes to the induction of apoptosis of the target
ceII.196'197

Unlike T and B cells, NK cells were long considered to be devoid of memory capacity
during the immune response. Still, some early studies from around 15 years ago
suggested the existence of certain NK cell populations with memory-like responses in a
model of MCMV.# Several studies showed that NK cells stimulated by a combination of
IL-12 and IL-18 produced high amounts of IFN-y followed by a resting phase. Then, after
stimulation or engagement of activating receptors, these cells exhibited enhanced IFN-y
production, which resembled the properties of adaptive memory cells.*%4? Years later, it
was elegantly demonstrated the existence of MCMV-specific memory NK cells in
experiments where NK cells isolated from previously infected mice were able to protect
naive recipient host mice against MCMV infection.*3 Additionally, virus-specific NK cells
were shown to expand after the protein m157 (encoded by MCMV and expressed on

infected cells) was recognized by the NK cell activating receptor Ly49H.

Studies using the MCMV infection model in mice have shown that the expansion of
memory-like NK cells has three phases: activation, proliferation, and contraction.*
Different molecules have been identified as part of the signaling transduction machinery
involved in all these phases.*>*¢ However, the contraction phase is poorly understood,

and only certain features have been described. In general, the majority of the Ly49H*
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cells that proliferated during the activation and proliferation phases are eliminated by

unclear mechanisms.*’

The SLAM family of receptors plays several crucial roles in NK cells. For example,
SLAMF7 acts as an activating receptor when binding to SLAMF7 expressed on target
cells,’®® and SLAMF6 acts as an inhibitory receptor during NK cell education.®%2% Qur
group sought to evaluate the role of SLAM family receptors in memory-like NK cells in the
context of MCMV infection. Using adoptive cell transfer experiments with Ly49H* NK cells
lacking one or more SLAM family receptors, our group found that Ly49H* NK cells lacking
CD48 showed less expansion after MCMYV infection compared to WT Ly49H* NK cells. A
lack of 2B4, the counter-receptor of CD48, on host macrophages produced the same
defects. As stated in the preface, the results above were produced by Dr. Rui Li. As in
vivo data suggested that macrophages and the 2B4-CD48 axis had an essential role in
the expansion of memory-like Ly49H* NK cells, we wanted to evaluate the mechanisms
behind this phenotype. | was in charge of this part of the project. Using an in vitro model
based on MCMV-infected BMDMs (also described in Chapter 3), we unraveled a
previously unknown mechanism by which bystander, but not infected, macrophages could
phagocytose NK cells by a process that was suppressed by the 2B4-CD48 interaction
and was mediated by the integrin LFA-1. These results significantly contributed to the
conclusion of the project and, more importantly, to the knowledge about the homeostasis
of memory-like NK cells (See supplemental file: Paper draft by Li Rui, Galindo Cristian et

al., (unpublished)).

4.2. Results

4.2.1 Production and efficacy of MCMV-GFP virus batches

As described in detail in the Materials and Methods section, we obtained MCMV-GFP
from Dr. Ruzsics et al.'*® and produced our batches according to their protocols.
However, as part of the standardization and implementation in our laboratory, | also
propagated another MCMV-GFP virus from a different origin and with some genetic
differences, especially for regulating GFP expression (MCMV-GFP-2). Both MCMV-GFP
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viruses were propagated and titrated in mouse embryonic fibroblasts (MEFs) from BALB/c
mice. Figure 4.1 summarizes the major differences found during the virus titration. MEFs
infected with the same multiplicity of infection (MOIs) of both viruses showed GFP
expression as early as 18 hours after inoculation. Interestingly, MEFs infected with
MCMV-GFP-2 showed a stronger GFP signal than cells infected with the MCMV-GFP
batch (Figure 4.1A). Moreover, after 3-5 days of incubation, the lysis plaques in wells
treated with MCMV-GFP-2 were significantly bigger than those in wells treated with
MCMV-GFP (Figure 4.1B, C), and MEFs infected with the former virus showed early
morphological signs of death and lysis compared to MCMV-GFP (data not shown).
Considering that we used the same MOI for both batches, these results suggested that
the MCMV-GFP-2 virus was more virulent than the MCMV-GFP virus. As the virus
MCMV-GFP obtained from Dr. Ruzsics was shown to work very well for in vivo

infections,'#> we decided to continue using it for further experiments.

4.2.2. Standardization and characterization of the MCMV infection process in BMDMs

BMDMs have been proven to be a reliable model to study phagocytosisi®197 and for
infection by MCMV.14°> We used BMDMs to study the phagocytic capacity of macrophages
devoid of the 2B4-CD48 axis with NK cells as targets, in the context of MCMV infection.
We started by assessing the performance of the MCMV-GFP virus at infecting BMDMs
and followed its spread over time. MOls of 0.5 1, 2, 5, and 10 were tested. Infection of
the cells was confirmed by fluorescence microscopy to detect GFP 24 hours after virus
inoculation (Figure 4.2A). As previously reported, infected GFP* macrophages showed a
rounded morphology, while bystanding GFP- macrophages showed a typical BMDM
morphology with pseudopodia.*> Bystanding macrophages are non-infected BMDMs that
co-exist with the infected BMDMs. We evaluated the infection efficiency for the different
titers by assessing the percentage of GFP* by flow cytometry (Figure 4.1B, upper panels,
and Figure 4.1C). The percentage of infected GFP* macrophages increased with higher
MOiIs; after 24 hours, a 0.5 MOI produced around 10% of GFP* cells, while an MOI of 10
gave about 80% of GFP* macrophages. Significantly, after 48 hours of incubation, the
proportion of GFP* cells did not increase considerably. For example, for the MOI of 0.5,
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the proportion changed from 10% at 24 hours to 15%, and for the MOI of 10, the
proportion slightly increased from 80%. These results suggested that in BMDMs, infection
efficiency over time mostly depends on the MOI used rather than on the spread of the
virus over time. This phenotype is opposite to the one observed in the infection of MEFs,
where with very low MOIs, the virus propagates faster and copiously. Importantly, in our
in vitro phagocytosis model, we confirmed that MCMV-GFP was not able to infect NK

cells (Figure 4.1B lower panels).

The cell viability of macrophages infected with MCMV over time was assessed by 7-
aminoactinomycin D (7-AAD) staining. Cell death was generally low and comparable to
the levels of untreated cells. Only at 96 hours did this proportion increase to 6% (Figure
4.2D). Additionally, we checked the expression of some relevant macrophage markers
such as F4/80, CD11b, CD16/32, CD64, and alpha and beta integrins (Figure 4.2F-H).
We could replicate previous results that reported the dramatic downregulation of multiple
surface proteins in infected GFP* and, usually to a lesser extent, bystanding (GFP")
macrophages. Figures 4.2E-H summarize the major changes in the evaluated markers.
The classical macrophage marker F4/80 decreased in both infected cells and bystanding
cells. In contrast, the expression of other markers varied in bystander macrophages, but
the general tendency for the infected cells was a marked decrease or loss of expression.
Of notice, among the evaluated integrins CD11a, CD11b, CD11c and CD18 (Figure 4.2G-
H), CD11la and CD18 were the only surface markers showing increased expression in
both infected and bystanding macrophages. The detection of LFA-1, the dimer of CD11a
and CD18, confirmed these results.

Then, we were able to implement an in vitro system previously reported for the infection
of BMDMs with MCMV-GFP. Using this model, we showed that several surface proteins
had an altered expression pattern in bystanding and infected GFP* macrophages.

4.2.3. SLAM family receptor expression in MCMV-infected and bystanding BMDMs

SLAM family members were the main receptors evaluated in the adoptive cell transfer
experiments with Ly49H* NK cells described in the introduction, and we obtained
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evidence that macrophages played an essential role in the contraction phase of the
memory-like NK cells in vivo (See paper draft submitted as a supplemental file).
Therefore, | focused on evaluating these molecules' expression patterns and changes in
infected GFP* and bystanding GFP- WT BMDMs, compared to untreated cells. All the
SLAM family members known to be expressed in macrophages were assessed 24 hours
after virus inoculation using an MOI of 1 (Figure 4.21, J). SLAMF1, expressed at low levels
in untreated BMDMSs, was barely detected in bystanding cells and not detected in infected
cells. CD48, which is highly expressed in untreated cells, showed a significant reduction
in infected macrophages and a slight decrease in bystanding cells. Ly-9 had the same
tendency as CDA48, but its expression was barely detected in infected cells. 2B4
(SLAMF4), a SLAM receptor of great relevance according to our in vivo findings, showed
a decrease in both infected and bystanding macrophages, compared to untreated cells.
Regarding SLAMF5 (CD84) and SLAMF7, contrary to the behavior of the other members,
their expression very low in infected cells and was increased in bystanding macrophages.

4.2.4. Phagocytosis of L1210 cells by bystander and MCMV-infected BMDMs

Our group previously contributed to elucidating the role of SLAMF7 and the integrin Mac-
1 in the phagocytosis of tumor cells such as mouse pre-B cell leukemia L1210.1%7 The
group also reported the role of other alpha integrins, such as CD11a and CD11c, in the
phagocytosis of these cells in the context of inflammatory conditions in the macrophage
environment.X% In principle, systemic MCMV infection triggers pro-inflammatory and
antiviral stimuli that may affect the phagocytic capacity of macrophages. Thus, we wanted
to evaluate this hypothesis in vitro. Using the system described previously, we infected
BMDMs with the MCMV-GFP virus and evaluated their phagocytic function using L1210
as target cells. Figure 4.3A summarizes the experimental setup used. As shown in Figure
4.3B, the staining of L1210 cells with Cell Trace Violet (CTV) clearly allowed us to
differentiate them from infected and bystanding macrophages. We calculated the
phagocytosis rate for MCMV-treated and untreated cells with or without the addition of
the anti-CD47 blocking antibody, which inactivates the SIRPa-CD47 inhibitory checkpoint

in phagocytosis. The baseline phagocytosis values for both anti-CD47 and the isotype
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control were comparable to those reported previously.t%6197 However, in the
macrophages treated with the MCMV-GFP virus, the phagocytosis rate considerably
increased, reaching about 12% for anti-CD47 and the isotype control. Of note, only the
bystanding macrophages phagocytosed L1210 cells, corresponding with previous data
describing the very low capacity of MCMV-infected BMDMs to phagocytose latex
beads.'*® Remarkably, when calculating the phagocytosis rate of bystanding
macrophages only, which means excluding the GFP* cells from the total counted cells,
we observed values near 20% with and without CD47 blocking. Taken together, these
results showed that bystanding macrophages exhibited a considerable phagocytic
capacity, in this case, for L1210 tumor cells.

4.2.5. Phagocytosis of NK cells by macrophages in response to MCMV infection

Our in vivo results suggested that SLAMF7 and CD48 in NK cells may have a relevant
role in the expansion and contraction of memory-like NK cells. Furthermore, SLAMF7 has
been shown to be a pro-phagocytic receptor for tumor cells on macrophages,'’ and we
showed that bystanding BMDMs had increased levels of SLAMF7 in response to MCMV
infection (Figure 4.2). Given that SLAMF7 is a homotypic receptor, it is possible that the
interaction between SLAMF7 on NK cells and SLAMF7 on macrophages is triggering the
phagocytosis of NK cells. We tested this hypothesis using the same experimental setup
described in Figure 4.3A. The phagocytosis levels of MCMV-GFP-treated and untreated
BMDMs for NK cells were evaluated. Figure 4.1A shows a representative image of the
phagocytosis assay. As shown in Figure 4.4B, the phagocytosis levels of SLAMF7 KO
BMDMs were similar to those of WT macrophages, and there was no difference between
WT and CD48 KO NK cells as targets. Thus, we concluded that SLAMF7 was not involved
in the phagocytosis of NK cells upon MCMV infection.

Using the same phagocytosis model, we evaluated the role of 2B4 on macrophages and
CD48, its counter-receptor, on NK cells. As shown in Figure 4.4C-D, when NK cells were
devoid of CD48 or macrophages were devoid of 2B4, the phagocytosis of NK cells was
increased compared to the levels of WT controls. This phenotype was present with and
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without MCMV infection. Nevertheless, the highest phagocytosis levels occurred when
BMDMs were inoculated with MCMV, with almost 30% of total cells phagocytosing at
least one NK cell. As described previously with L1210 target cells, most if not all of the
phagocytic activity was observed in bystanding macrophages, and not in infected
macrophages. Hence, we concluded that the loss of CD48 on NK cells or loss of 2B4 on
macrophages produced the same phenotype: the elevated phagocytosis of activated NK

cells by bystander macrophages.

4.2.6. Role of integrins in the phagocytosis of NK cells in response to MCMV infection

We showed that the 2B4-CD48 axis inhibits the phagocytosis of activated NK cells by
macrophages during MCMV infection. However, to induce and promote phagocytosis, it
is necessary for the macrophage to receive activating signals, also known as “eat me”
signals. These signals come from pro-phagocytic receptors expressed on the
macrophage cell surface. Such receptors include SLAMF7, several types of receptors for
the Fc portion of antibodies (FcRs), and integrins such as macrophage-1 antigen (Mac-
1) and LFA-1. Of these pro-phagocytic receptors, integrins likely were the most relevant
as we did not use exogenous antibodies in our in vivo and in vitro assays; thus, FCRs
would not be implicated in the phagocytosis of activated NK cells. On the other hand,
SLAMF7 was evaluated and discarded as described in previously.

Integrins that can act as pro-phagocytic receptors and are comprised of alpha and beta
subunits. Mac-1 is a complement receptor consisting of CD11b (integrin aM) and CD18
(integrin B2), and LFA-1 is comprised of CD11a (integrin aM) and CD18; along with the
dimer comprised of CD11c and CD18, they can act as pro-phagocytic receptors under

inflammatory conditions.1%6

To identify which of these three candidates might be involved in the phagocytosis of
activated CD48 KO NK cells, we considered the results of our flow cytometry analysis of
bystanding macrophages during MCMYV infection (Figure 4.2). It was evident that CD11a
and LFA-1 were elevated on bystanding macrophages (about 3- to 4-fold). An increase

in CD18 was also observed (approximately 2-fold). In contrast, the other CD18-
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associated alpha integrins, CD11b and CD11c, showed a notable decrease and were
barely detected.

Considering these findings, we evaluated the effect of blocking CD11la or CD18 with
specific blocking antibodies. As shown in Figure 4.5A, B, this blocking resulted in a clear
decrease in the phagocytic capacity of bystanding macrophages. Remarkably, the high
phagocytosis levels observed for CD48 KO NK cells were abolished with blocking
antibodies but not with the isotype controls. We confirmed these results with genetic
evidence from BMDMs obtained from CD11la KO mice. These macrophages did not
display any increase in the phagocytosis of CD48 KO NK cells compared to WT NK cells
(Figure 4.5C). Altogether, these data supported the crucial role of LFA-1 in the enhanced
phagocytosis of CD48 KO NK cells by bystander macrophages after MCMYV infection.

4.3 Discussion

In this chapter, | presented in vitro data showing that CD48 on activated NK cells and its
counter-receptor 2B4 on macrophages were crucial for the attenuation of the
phagocytosis of NK cells by bystanding non-MCMV-infected macrophages. Experiments
with 2B4 KO macrophages showed elevated phagocytosis levels of these cells compared
to WT controls. Likewise, WT macrophages exhibited greater phagocytosis of CD48 KO
NK cells compared to WT NK cells.

Macrophages are known for their important role in eliminating pathogens such as viruses
and bacteria but also cells such as cancer cells or many other unwanted cells in the
organism.'®* Here, we showed that in the context of MCMV infection, bystanding
macrophages downregulated multiple SLAM family members, including 2B4, the counter-
receptor of CD48 expressed on NK cells. Itis plausible that this phenomenon was partially
responsible for the contraction phase observed in vivo for Ly49H* memory-like NK cells

in experiments performed by our group and other reports in this field. 4447

2B4 has been shown to be an inhibitory receptor in NK cells?°1292 and macrophages.?’
Herein, we found that 2B4 is involved in inhibiting phagocytosis by bystanding

macrophages in the context of MCMV infection, thereby attenuating the elimination of
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activated virus-specific NK cells. Our findings are in line with previous work that showed
the same role for 2B4 in macrophages towards the prevention of the phagocytosis of T
cells expressing CD48.8” Even though | did not perform any in vivo experiments in this
project, it is worth mentioning that our group discovered that the partial depletion of in
vivo macrophages with anti-CSF-1R antibodies or clodronate rescued the expansion
defect of CD48 KO Ly49H* NK cells compared to WT Ly49H* NK cells (See supplemental
file: Paper draft by Li Rui, Galindo Cristian et al.; unpublished).

As with many other immune cells, macrophages need the reduction of inhibitory signals
such as the one induced by 2B4 and the involvement of activating signals provided by
pro-phagocytic receptors. We showed that LFA-1 was upregulated on bystanding
macrophages during MCMYV infection, and this integrin was directly involved in promoting
phagocytosis by NK cells. Remarkably, LFA-1 comprises the alpha-integrin CD11a and
the beta-integrin CD18; none of the other related alpha integrins, CD11b and CD11c, was
upregulated on bystanding macrophages. Our findings are aligned with the recent
discovery of the contribution of CD11a and CD11c to the phagocytosis of tumor cells by
inflammatory macrophages, thus showing that CD11b (Mac-1) is not the only pro-
phagocytic integrin with relevance in macrophage phagocytosis.1%

In conclusion, here, | presented the use of an in vitro model based on MCMV infection of
BMDMs that allowed us to unravel a previously unknown mechanism by which
bystanding, but not infected, macrophages could phagocytose NK cells in a process that
involved 2B4-CD48 interaction and the integrin LFA-1 (Figure 4.6). These results
significantly contributed to the knowledge about the homeostasis of memory-like NK cells

in the context of MCMV infection.
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4.4 Figures

Figure 4.1. Production and characterization of MCMV-GFP virus batches

A. Bright field and epifluorescence microscopy images of MEFs infected or not with
MCMV-GFP 24 hours after virus inoculation using a MOI of 2. The same MOI was used
for each of the two MCMV-GFP batches. B. Representative image obtained by
stereoscopic microscopy of lysis plaques in MEF monolayers after 4 days of virus
inoculation. Black arrows indicate the plagues. C. Bright field microscopy images showing
the lysis plaques on day 5 produced by MCMV-GFP and MCMV-GFP2 virus spreading in
MEFs.

Figure 4.2. Characterization of surface markers expression in BMDMs infected with
MCMV-GFP

A. Merged bright field and fluorescence microscopy image depicting infected GFP* (white
arrows) and bystanding GFP- (red arrows) BMDMs 24 hours after MCMV infection with a
MOI of 1. B. Representative flow cytometry dot plots of BMDMs (upper panels) and NK
cells (lower panels) infected or not with MCMV-GFP. C. Bar diagram of the percentage
of infected GFP* macrophages after 24 and 48 hours of MCMV-GFP inoculation. D. Bar
diagram of the percentage of dead cells (7AAD*) in BMDMs infected or not with MCMV-
GFP with a MOI of 0,5 or 1. Cell viability was followed until 96 hours after virus inoculation.
E. Flow cytometry dot plots showing the expression of F4/80 in non-infected and MCMV-
infected GFP* cells. F. Flow cytometry histogram (left) and MFI calculation (right ) of the
expression of F4/80 and CD45 in untreated, bystanding and infected GFP* BMDMs. G.
Flow cytometry histograms of the expression of the integrins CD11a, CD18, LFA-1,
CD11b, CD11c and CD64, CD32/16, CD80 in untreated, bystanding and infected GFP*
BMDMs. H. Bar diagrams showing the MFIs for histograms in G. |. Flow cytometry
histograms of the expression of SLAM family members expressed on macrophages in
untreated, bystanding and infected GFP* BMDMs. J. Bar diagrams showing the MFIs for
histograms shown in I. Flow cytometry plots are representative of at least 3 independent
repeats. A two-tailed t-test was used for comparisons with a p-value < 0.05 for C, and D.

One-way ANOVA followed by Tukey’s multiple comparison tests was used for F, H, and
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J Each symbol represents an individual mouse; error bars depict the mean with s.d. *p <
0.05, *xp < 0.01, =*xp < 0.001, ns (not significant).

Figure 4.3. Phagocytosis of L1210 cells by bystander and MCMV-infected BMDMs

A. Schematic representation of the protocol used for the microscopy-based phagocytosis
assay of L1210 cells by macrophages infected or not with MCMV-GFP. BMDMs were
infected with MCMV-GFP with a MOI of 1 and incubated for 24 hours before the
phagocytosis assay. About 10% of the BMDMs were GFP* (infected macrophages), and
90% of the BMDMs were GFP- (bystanding macrophages). L1210 cells were stained with
Cell trace violet (CTV) and incubated with the macrophages for 2 hours. B.
Representative acquired images for the phagocytosis of L1210 (blue) by bystanding GFP-
and infected GFP* macrophages. White arrows indicate phagocytosis C. Phagocytosis
guantification of L1210 cells by macrophages in the presence of anti-CD47 mAb or control

immunoglobulin G (IgG). n= 2.

Figure 4.4. Phagocytosis of NK cells by MCMV-infected macrophages depends on
the 2B4-CD48 axis

Using the same experimental setup described in Figure 3A, we used NK cells purified
and activated with IL-15, IL-12, and IL-18 for 18 hours as targets for the phagocytosis
assay. A. Merged bright field and fluorescence microscopy image depicting infected GFP*
and bystanding GFP- macrophages along with CTV-stained NK cells. This is a
representative image employed for the microscopy-based phagocytosis assay. The white
arrow indicates a conjugate between a macrophage and an NK cell, and the blue arrow
indicates a phagocytosis event. B. Phagocytosis quantification of SLAMF7 and WT
BMDMs infected with MCMV-GFP for CD48 KO or WT NK cells. n = 2 C. Statistical results
of the phagocytosis assay using WT BMDMs as effector cells and WT or CD48 KO NK
cells as target cells. The uninfected BMDMs were used as control, and the phagocytosis
rate of bystanding macrophages GFP- and infected macrophages GFP* were counted
and analyzed (n = 3). D. The same experiments as in C, except WT or 2B4 KO BMDMs
were used as effector cells and WT NK cells were used as target cells. [n = 2 (uninfected

BMDMs); n = 3 (bystanding macrophages and infected macrophages)]. Statistical

132



analyses were conducted using one-way ANOVA followed by Tukey’s multiple
comparison tests. Each symbol represents an individual mouse; error bars depict the

mean with s.d. *p < 0.05, xxp < 0.01, xxxp < 0.001, ns (not significant).

Figure 4.5. Integrin LFA-1 mediates phagocytosis of NK cells regulated by the 2B4-
CD48 axis

Using the same experimental setup described in Figure 4. A with MCMV-infected BMDMs
and activated NK cells, phagocytosis assays were carried out with or without anti-CD11a
and anti-CD18 blocking antibodies. A. Phagocytosis assays with anti-CD11a blocking
antibodies were performed by co-incubating the macrophages and NK cells for 2 hours
in the presence of anti-CD11a or isotype control antibody. Microscopic analyses were
performed after the co-incubation to determine the phagocytosis rate of NK cells by
macrophages. Statistical results of the antibody-blocking phagocytosis assay using WT
BMDMs as effector cells and WT NK cells (filled columns) or CD48 KO NK cells (open
columns) as target cells. The uninfected BMDMs were used as control, and the
phagocytosis rate of bystanding macrophages GFP- and infected macrophages GFP* are
depicted. (n = 3). B. Same as in A, but results with anti-CD18 antibody and the respective
isotype control are depicted (n = 3). C. Phagocytosis assays were performed using
BMDMs from CD11 KO mice or the WT mice as effector cells and WT NK cells (filled
columns) or CD48 KO NK cells (open columns) as target cells. Either CD11a single
deficient mice (CD11a-, Ly49H*) or CD11a-Ly49H double deficient mice (CD11a, Ly49H-
were used to generate CD1la KO BMDMs. WT (CD11a*, Ly49H") or Ly49H single
deficient (CD11a*, Ly49H") BMDMs were used as control. No difference in phagocytosis
was observed between cells with or without the Ly49H receptor (data not shown). The
uninfected BMDMs (black) were used as control. Statistical results of the phagocytosis
assay of bystanding macrophages GFP- and infected macrophages GFP* are depicted
(n = 3). Statistical analyses were conducted using one-way ANOVA followed by Tukey’s
multiple comparison tests. Each symbol represents an individual mouse; error bars depict

the mean with s.d. *p < 0.05, *xp < 0.01, *»xxp < 0.001, ns (not significant).
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Figure 4.6. A model of 2B4-CD48 function in NK cell phagocytosis by macrophages
in vitro

In response to mouse cytomegalovirus (MCMV). Bystanding macrophages are activated
and can phagocytose-activated Ly49H* NK cells via pro-phagocytic integrin LFA-1, which
recognizes as yet unidentified ligands on activated NK cells. This eliminating ability is
suppressed by inhibitory receptor 2B4 expressed on macrophages that is triggered by
CD48 on NK cells. In the absence of 2B4 on macrophages or CD48 on NK cells,

phagocytosis of activated Ly49H* NK cells is enhanced.
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4. 5. Materials and methods

Mice maintenance and experimentation

2B4 KO, CD48 KO, SLAMF7 KO, CD11b KO and WT mice were maintained as described

in the materials and methods section from Chapter 2.
Cell obtention from mouse tissue and organs

BMDMs were obtained as described in materials and methods section from Chapter 2.
NK cells were enriched from mouse splenocytes using the EasySep™ 1 Mouse NK Cell
Isolation Kit and EasySep™ magnet (STEMCELL Technologies). Enriched NK cells had
purities ranging from 60% to 95%.

Microscopy-based Phagocytosis assay

NK cells were activated with IL-15 (40 ng/ml), IL-12 (20 ng/ml) and IL-18 (10 ng/ml) in
RPMI 1640 medium containing 10% FBS for 18 hours. NK cells were labeled with 2.5 pM
CellTrace™ Violet Cell Proliferation Kit (CTV) (Life Technologies) for 10 minutes at 37 °C
protecting from light. Then, cells were washed with PBS 2%-FBS and centrifuged at 1500
rpm for 5 minutes. After incubating Macrophages in a serum-free medium for 1h, 2 x 105
CTV-labelled target cells were added to the macrophages, in the presence or not of
blocking anti-CD18 10 mg/ml (clone GAME-46, BD Biosciences), anti-CD11a (clone
M17/4, eBioscience) or rat IgG1 (clone R3-34, BD Biosciences) or rat IgG2a « isotype
control (clone eBR2a, eBioscience). When blocking antibodies were used, macrophages
were incubated with the corresponding antibody for 30 minutes before adding the NK
cells. After incubation for 2 h at 37°C, macrophages were extensively washed, and five
images were taken for each condition using a ZOE Fluorescent Cell Imager (Bio-Rad)
using brightfield, blue, and green acquisition channels. Images were merged, and cells

and phagocytosis counting were performed by 2 different observers.
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MCMV-GFP production and quantification

The recombinant MCMV-GFP virus was generated by Dr. Ruzsics’ group, as previously
described.'* Briefly, the GFP open reading frame (ORF) was inserted into the viral M36
transcription unit. Then the M36 ORF was linked by an internal ribosomal entry site (IRES)
using bacterial artificial chromosome (BAC) technology. After an initial transfection of
mouse embryonic fibroblasts (MEFs) with the BAC, the virus was rescued and further
propagated on MEFs and purified using a sucrose cushion and ultracentrifugation. Only
1 batch of MCMV-GFP was used during the project.

The virus batch was quantified as described earlier.1®* In brief, serial dilutions of the virus
were added to a monolayer of MEFs in wells of a 48-well plate, centrifuged (2x 15 minutes
at 400 g; centrifugal enhancement), and incubated for one hour at 37 °C and 5% COq,
the supernatant was removed, and MEFs were covered with supplemented DMEM
containing methylcellulose to locally restrain the viral spread. On day five, the virus
infection-induced plaques were stained with crystal violet and counted under the

microscope.

In vitro infection of BMDMs by MCMV-GFP

At day 7 of differentiation, mouse BMDMs were harvested using cold PBS 2mM-EDTA,
and 1.5- X 10° cells were seeded overnight in a 6-well tissue culture plate in complete
DMEM and 10% of L929 cell-conditioned medium. The next day, MCMV infection was
performed using a multiplicity of infection (MOI) of 2, and centrifugal enhancement
described above for infection of MEFs was used. Finally, cells were incubated at 37 °C
and 5% CO:2 overnight until cell collection for flow cytometry analysis.

Flow cytometry

Flow cytometry analysis was performed as described in Chapter 2.
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Statistical analysis

Descriptive statistics were organized, plotted, and analyzed using the GraphPad Prism 7
software. One-way ANOVA, Two-way ANOVA, or t-student were used for group
comparisons. When necessary, post-hoc analysis was performed using Tukey’s multiple
comparison test to assess significance. For all comparisons a p<0.05 was considered as

significant.
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Chapter 5. Discussion
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5. Discussion

The objective of this thesis was to elucidate novel functions of SFRs in macrophages. We
mainly focused on one non-canonical SLAM receptor named SLAMF9, an SFR on which
studies are limited and, in some cases, contradictory. We generated and characterized
new anti-mSLAMF9 monoclonal antibodies that recognized this protein by flow cytometry,
immunoblot and immunofluorescence in mouse cells. Likewise, we generated and
validated new SLAMF9 KO mouse lines using CRISPR/Cas9 gene-editing technology.
Using these sophisticated tools, we extensively analyzed the expression pattern of
SLAMF9 at the protein level in the mouse and showed that it is preferentially expressed
in selected macrophage and DC populations. Using BMDMs and alveolar macrophages
as cellular models, we observed that SLAMF9 promoted inflammation through the
secretion of cytokines such as IL-6, TNF-a and CCL2. Conversely, SLAMF9 had an
inhibitory role in the production of the anti-inflammatory cytokine IL-4 and type-I interferon
IFN-B. Moreover, we identified an unexpected association of SLAMF9 with IL-6 mMRNA

translation that correlated with atypical SLAMF9 intracellular localization.

Furthermore, we found that, in vivo, SLAMF9 had a significant role in the regulation of the
inflammatory and antiviral response in adult and newborn mice infected with MCMV. The
contribution of SLAMF9 to the onset of the disease was uncovered with a model of
MCMV-induced neuroinflammation in newborn mice, where SLAMF9 KO individuals had
higher survival rates than their WT counterparts. Our findings suggest a possible crucial

function of SLAMF9 in the production of IL-6 and other cytokines in macrophages.

On the other hand, in the final part of this manuscript (Chapter 4), we presented evidence
of a new role of 2B4 in macrophages. Using an in vitro model of macrophage MCMV
infection and phagocytosis assays, we discovered that 2B4 in macrophages suppressed
the function of the pro-phagocytic integrin LFA-1 and inhibited the phagocytosis of NK
cells. Thus, we demonstrated the contribution of these phagocytes to the regulation of the
contraction phase observed in vivo for Ly49H* memory-like NK cells after MCMV

infection.
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This thesis contributes to the body of knowledge on the role of two SFRs in macrophage
biology in homeostatic and inflammatory conditions. In the case of SLAMF9, an obscure
non-canonical member of the family, our contribution has particular relevance in the
sense that we are the first to report a possible mechanism of action in the regulation of

cytokine production.

5.1 SLAMF9 in normal immune cells and cancer

SLAMF9 expression and function in normal immune cells

We and Wilson et al. (2020)?? are the first to assess extensively the expression pattern
of SLAMF9 at the protein level in the mouse immune system. Noteworthily, we both
performed these studies using homemade monoclonal antibodies, highlighting the lack of
reliable commercial antibodies for the analysis of this protein. Moreover, to date, only two
groups have reported the generation of stable SLAMF9 KO mice!'®122 and one reported
the obtention of SLAMF8 and SLAMF9 double KO mice.!? Studies with these monoclonal
antibodies and mice suggest a role of SLAMF9 in normal immune cells.

Data with immune cells:

In Chapter 2, we described the expression pattern of SLAMF9 in the major mouse immune
cell populations, as well as in several mouse cell lines. We found that SLAMF9 was
preferentially expressed in selected macrophage and DC populations, as well as in some
B-cell populations. Remarkably, the highest expression levels on the surface seemed to
be in B-cell-derived lines, such as SP2/0 and J558, and pDCs from lymph nodes. The
expression of this protein on B cells was also reported by Wilson et al. (2020).1?? They
could identify SLAMF9 in peritoneal B1 cells of mice and peripheral blood B cells (defined
as CD19%) from human donors but not mice. The authors also mentioned detecting
SLAMF9 in pDCs from the liver and a subgroup of Ly6C~ mononuclear phagocytes.
Remarkably, we also identified this small monocyte population of blood phagocytes
(CD11b*and Ly6C").
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As mentioned in the discussion of Chapter 2, another novel and interesting study that
described the expression of SLAMF9 in mouse pDCs from lymph nodes and spleen was
performed by Sever et al. (2019).18 This work also showed that SLAMF9 KO mice had an
increase in immature pDCs that accumulated in the bone marrow and lymph nodes.
Moreover, SLAMF9 KO pDCs showed less production of type-I interferon (IFN-a) and the
pro-inflammatory cytokines TNF-a and IL-6 compared to WT pDCs. Their results for IL-6
and TNF-a are similar to ours (described in Chapter 3), even though we used different cell
types (pDCs vs macrophages). Nevertheless, regarding the production of type-I interferon,
it seems that SLAM9 absence has an opposite effect on these two cell types: while the
authors of the abovementioned study reported a defect in the production of IFN-a in
SLAMF9 KO pDCs compared to WT cells, we found that SLAMF9 KO macrophages

produced higher amounts of IFN-f than their WT counterparts.

Macrophages have multiple functions, including cytokine production and secretion,
extracellular matrix renewal, Ag presentation to T cells, production of cell growth factors,
metabolic regulation, and, depending on the tissue, the regulation of other cell types such
as neurons and hepatocytes.154-166 Nevertheless, it is widely known that a major function
of these cells is the phagocytosis and elimination of microbes, cell debris and unwanted
cells. In this thesis, the phagocytic capacity of SLAMF9 KO macrophages for various
targets was evaluated (Figures 7.6 and 7.7 in the appendix). We found that in general, the
absence of SLAMF9 in macrophages dysregulated the phagocytosis of specific targets, as
in the case of some tumour cells, red blood cells (RBCs) and apoptotic cells. These
macrophages especially exhibited an increase in phagocytic activity in response to Poly I:C
and type-I and type-Il interferon, in addition to resistance to the anti-phagocytic effect of IL-
10, suggesting a dysregulation in pathways involved in the response to these stimuli. This
notion was also supported by the differences in RNA expression in SLAMF9 KO BMDMs,
compared to wild-type BMDMSs, that were identified by RNA sequencing, even in the

absence of target cells.

Nonetheless, the major defect in SLAMF9 devoid macrophages was observed in cytokine
production in response to stimuli. In Chapter 3, | presented evidence that described a

possible role for SLAMF9 during the inflammatory and anti-viral response through the
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secretion of cytokines such as IL-6, TNF-a, and CCL2. Conversely, SLAMF9 showed an
inhibitory role in the production of the anti-inflammatory cytokine IL-4 and the type-I
interferon IFN-B. Moreover, we identified an unexpected association of SLAMF9 with IL-
6 mMRNA translation that correlated with an intracellular localization of SLAMF9 that is
atypical for an SFR. Finally, using MCMYV for in vivo infection models, we established that
SLAMF9 KO mice had less inflammatory cytokine production and dysregulated immune
cell infiltration to the sites of viral infection, characterized by fewer neutrophils,
monocytes, and NK cells but more CD8* T cells, compared to wild-type mice. These
phenotypes correlated with the higher survival of infected newborn SLAMF9 KO mice,
compared to WT mice.

We also showed that SLAMF9 seemed to be involved in the production of IL-6 in
macrophages through the regulation of its translation. We found that the levels of IL-6
MRNA were comparable between WT and SLAMF9 KO macrophages upon stimulation
with Poly I:C or MCMYV inoculation. However, there was a clear defect in the protein levels
of this cytokine in the cell supernatant, evaluated by ELISA, and in intracellular pools,
examined by flow cytometry assays. Of notice, we showed this phenotype in
macrophages from several origins: BMDMs, alveolar macrophages, microglia and RAW

264.7 cells, supporting the relevance and reproducibility of our findings.

We found that SLAMF9 absence correlated with less association of IL-6 transcripts with
cellular polysomes. Our data suggested that SLAMF9’s atypical intracellular localization
may allow it to associate with specific RNA-binding proteins to promote IL-6 MRNA
translation. Remarkably, it has been reported that some of the proteins that we identified
by mass spectrometry assays as potential SLAMF9 partners, may regulate IL-6 mMRNA
stability and translation. This is the case of the proteins hnRNPA and hnRNPM.203204 |n
fact, IL-6 mMRNA has been shown to be regulated through several mechanisms that
involved RNA-binding proteins and miRNAs that affect its stability, degradation,

translation, transport among others.8
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Future studies should evaluate the specific organelle(s) implicated in the intracellular
accumulation of SLAMF9. Our IP/mass spectrometry assays provided evidence that the
ER may be involved, but the contribution of other perinuclear structures/organelles should
not be dismissed. Among the supramolecular structures that should be evaluated, we
could mention the biomolecular condensates composed of proteins and RNAs such as
stress granules and p-bodies. Interestingly, a recent study described the proteome of
these structures in human activated T-cells and compared to resting T cells. These
authors showed that another SFR, SLAMF1, was a component of these biomolecular

condensates in activated but not resting cells.?%

IL-6 is produced by a variety of cell types, including immune and non-immune cells. The
major sources of IL-6 in humans are monocytes, macrophages, T cells and B cells.
However, mesenchymal cells (especially, adipose tissue cells), endothelial cells,
fibroblasts, myocytes, and other types of cells can produce this cytokine in response to
infection or danger stimuli.18 This means that, depending on the localization, duration,
timing, and nature of the challenge, one or multiple cell type(s) may contribute as the
major source(s) of this cytokine. It is likely that in our MCMV infection model of mouse
adult lung, during the first hours of infection, the cell type that functioned as the major
source of IL-6 (and other cytokines), was the bystanding alveolar macrophage.'*® Indeed,
during the first 48 hours of infection, there was a clear defect in the levels of IL-6 and
TNF-a in the BALs from SLAMF9 KO mice, compared to WT mice. After this period, the
tendency is inverted for a few days and then the differences disappeared. Probably, this
phenotype was the result of the contribution of other resident and recruited cell types. Of
note, in this model, we also observed a dysregulated recruitment of blood monocytes
(great producers of IL-6) to the lungs of SLAMF9 KO mice, compared to WT mice: in
general, the infiltration was higher during the first days and lower on day 8. We did not
address the expression of IL-6 in these cells and their partial contribution to the cytokine

levels in the BAL as these monocytes did not express SLAMF9.
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IL-6 is considered one of the major signals that activate the inflammatory response to
emergent events, and consequently this mediator is strictly regulated at transcriptional
and post-transcriptional levels.'®* This cytokine has a potent and complex pleiotropic role
in the immune system. Among the most relevant and studied functions are the induction
of acute phase responses, the stimulation of hematopoiesis, the induction of
differentiation of activated B cells into antibody-producing plasma cells and the antiviral
activity. It is also widely known that dysregulation of IL-6 production has a central role in
the onset and progression of several chronic inflammatory disorders and autoimmune
conditions. Proof of this is the therapeutic use of sarilumab and tocilizumab, two blocking
monoclonal antibodies targeting the IL-6 receptor, IL6R (CD126). The multiple roles of IL-
6 were described in detail by Tanaka et al., (2014)'®* and Hirano (2021).2%

Of relevance to our in vivo MCMV infection models, it is worthwhile mentioning that
experimental evidence has shown that IL-6 has several anti-viral functions, but depending
on the virus, timing, and the status of the immune response, it also has roles that favor
the viral propagation and impair the activation of the cellular adaptive responses.?%’
Consequently, it would be difficult to speculate which phenotype can be associated with
less local production of IL-6 by macrophages in SLAMF9 KO mice. Instead, we consider
that other cytokines evaluated and perhaps some not evaluated during this work may
contribute to the observed phenotypes. For instance, in comparison to WT macrophages,
TNF-a was also decreased in SLAMF9 KO BMDMSs, alveolar macrophages and microglia
cells. In the same sense, IL-4 and IFN-3, which were produced in higher levels in SLAMF9
KO macrophages, may have contributed to the course of the infection and the onset of
the disease in newborn mice. Especially in the case of IFN-B, a well-known anti-viral
mediator and immunomodulator. Finally, we also showed that stimulated SLAMF9 KO
BMDMs produced less CCL2 (MCP-1) in comparison to WT cells. It is plausible that the

same phenomenon occurred in our vivo infection assays.

Apart from marked differences in cytokine production, in our in vivo models, we also
observed less infiltration of monocytes, neutrophils, and NK cells in infected tissues.

Interestingly, CD8* T cells were higher in proportions and numbers in the SLAMF9 KO
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mice, compared to WT mice. These phenotypes may explain the earlier clearance of
infected alveolar macrophages in SLAMF9 KO adults (Figure 3.7D) and the high survival
of infected SLAMF9 KO newborns compared to WT newborns (Figure 3.9D). It is possible
that the reduced recruitment of most of the immune cells to the adult lung and the newborn
brain is the result of the impaired secretion of important chemoattractants (CCL2, TNF-
a), pro-inflammatory cytokines (TNF-a, IL-6, IL-1B), pyrogens (TNF-a, IL-6) and
vasodilators (TNF-a). On the other hand, the direct effect of higher IFN-B production in
SLAMF9 KO macrophages, and perhaps IFN-a, on MCMV-specific CD8* T cells may be
the cause for the higher counts and proportions of these cells observed in SLAMF9 KO
adult lungs and newborn brains, compared to WT mice. A direct effect of IFN- on CD8*

T cell clonal expansion and memory upon viral infection has been shown before.?%®

Our data suggest that SLAMF9 is a promising candidate for controlling inflammatory
disorders characterized by high cytokine release and immune cell infiltration and
activation, such as arthritis and cytokine storm.'82.183 |n fact, Slamf9 has been reported
as one of the most upregulated genes in immune cells during severe acute respiratory
syndrome—related coronavirus-2 (SARS-COV-2) infection of hamster and mouse
lungs.'2%-131 Furthermore, Slamf9 is upregulated in response to HIN1 influenza virus
infections in mice.'®? Given that we identified SLAMF9 as a critical regulator of IL-6
production in macrophages, and this cytokine has a central role in the inflammatory and
antiviral response, as well as the onset of autoimmune diseases®+1%5 it is plausible that
downregulation of SLAMF9, for instance with siRNAs may contribute to reducing the

inflammatory response.

In summary, we showed that SLAMF9 is expressed in mouse macrophages and
promotes the production of inflammatory cytokines with a possible role in the regulation
of the translation of IL-6 mMRNA. Moreover, SLAMF9 seems to have a relevant role in the
antiviral response, particularly in the regulation of several cytokine production in
macrophages. Figure 5.1 summarizes the major findings described for SLAMF9 function
in mouse macrophages, SLAMF9 is expressed on the cell surface but mainly

accumulates intracellularly in the perinuclear region; still, more experiments are
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necessary to determine the specific organelle(s) implicated. IP/mass spectrometry
assays provided evidence that the ER may be involved, but the contribution of other
perinuclear structures/organelles as stress granules and p-bodies should not be

dismissed.
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Figure 5.1 SLAMF9 in the regulation of the immune response in mouse
macrophages

Model for the role of SLAMF9 in macrophages. SLAMF9 is a transmembrane protein
expressed on the cell surface but mainly accumulates intracellularly in the perinuclear
region. Its highest expression seems to happen in response to Interferon and TLR stimuli,
mostly in response to MCMV infection; SLAMF9 promotes IL-6 mRNA translation by
unknown mechanisms that enhance the association of this transcript to cellular
polysomes. In Vivo, SLAMF9 promotes the production of other cytokines, such as TNF-a
and CCL2, but represses the production of IL-4 and IFN-.
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5.2 Possible ligands for SLAMF9

SLAM family receptors SFRs are homotypic receptors, except for 2B4, which binds to
CD48, a non-canonical member of the family.®> As SLAMF9 possesses extracellular and
transmembrane domains, it may be a receptor for a ligand, a relevant question that we
and others have tried to answer.1?> We performed flow cytometry-based binding assays
using chimeric proteins containing the extracellular domain of each SLAM family member
and the Fc of human immunoglobulin (Fc fusion proteins), as well as cells overexpressing
SLAMF9. We did not observe the binding of cell surface SLAMF9 to any family member,
including SLAMF9 itself (Figure S1 in the appendix). Remarkably, Wilson et al. (2020)22
tried to identify the ligands of mouse SLAMF9 among the SFR family using size exclusion
chromatography-multi angle light scattering (SEC-MALS) and surface plasmon
resonance (SPR) and were also unable to find any significant interaction. They concluded
that any ligand for SLAMF9 is most likely outside the CD2 family. Although, the scientific
literature contains references to a putative homotypic interaction for SLAMF9,11920° as
Wilson et. al (2020) also stated, there is no evidence for a SLAMF9 self-association, and

the origins of this assumption are ambiguous.

To the best of our knowledge, there is only one paper that contributed, with experimental
evidence, to the identification of possible SLAMF9 ligands. Wojtowicz et.al (2020)3°
published a resource paper that described the whole human interactome of the
immunoglobulin superfamily (IgSF). In total, they studied the interaction of 564 human
cell-surface and secreted proteins using a high-throughput, automated ELISA-based
screening platform. This strategy allowed them to test 318,096 protein—protein interaction

combinations. Furthermore, some of the interactions were validated by SPR.

Among the ~380 previously unreported interactions, the authors reported the
identification of two possible SLAMF9 ligands. These ligands are bacterial permeability-
increasing protein (BPIl) and immunoglobulin superfamily member 10 (IGSF10).
Unfortunately, the scientific literature on both proteins, especially IGSF10, is scarce.

Some reports have shown that BPI is expressed in human and mouse neutrophils in
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response to LPS, and has three major functions: 1) binding and neutralizing LPS, 2)
interacting with inner and outer bacterial membranes, directly inhibiting bacterial growth,
and 3) opsonizing bacteria to enhance phagocytosis by macrophages.?!! Interestingly,
these authors reported that BPI was expressed in mouse bone marrow-derived dendritic
cells (BMDCs) but not in macrophages. However, a more recent report showed that BPI
was expressed in human macrophages but did not identify it in the mouse.?'?2 However,
the expression of BPI in mouse macrophages should not be discarded, as it may occur
under specific conditions and stimuli. The expression of BPI in BMDCs is interesting due
to the high expression of SLAMF9 on the surface of these cells. Future studies should
investigate if the interaction between these proteins occurs in physiological conditions
and determine their contributions to the immune response. Remarkably, SLAMF9 and
BPI seem to be involved in the same branch of the immune response, that is, the

promotion of the inflammatory response.

On the other hand, research on IGSF10 has shown that this receptor was important for the
migration of gonadotropin-releasing hormone (GnRH)-expressing neurons, and its
mutation delayed puberty in humans.?!® Recent transcriptomic studies have shown that
IGSF10 may be relevant for the prognosis of several types of cancer (detailed by Zhou et
al., 2022).?14 Nevertheless, no study addresses the protein expression pattern or function
of this molecule in the immune system. Notably, one study that described the transcriptome
of microglia cells of Alzheimer’'s patients showed that IGSF10 was expressed in healthy
microglia control cells and significantly downregulated in Alzheimer's disease microglia
cells.?!> These results suggested that the IGSF10 protein may be detected in microglia, a

cell type that also expresses SLAMF9.
Therefore, it seems that SLAMF9 possible ligan(s) is not itself or any member from the
extended SLAM family of receptors, and experimental evidence suggests that BPI and

IGSF10 may be proteins that could bind to SLAMF9 in physiological conditions.

5.3 SLAMF9 expression and function in cancer
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We assessed the expression pattern of SLAMF9 mRNA in several human cell lines and
contrasted our results with data deposited in public databases. Our database search
revealed that in humans, SLAMF9 mRNA is expressed in diverse tumour cell lines such
as melanoma, non-small cell lung cancer and multiple myeloma. Then, we screened
different human cell lines and found that the highest SLAMF9 expression occurs in
monocytic-like cells and the melanoma SKMEL-28 cell line, while considerable mRNA

levels are present in several multiple myeloma cell lines such as U266 and KMS-11.

In addition, we presented evidence of a correlation of SLAMF9 low expression levels with
higher patient survival in sarcoma, paraganglioma, pancreatic ductal, colorectal and
kidney cancer, showing that studying SLAMF9 function might contribute to our
understanding of tumour biology. Interestingly, in recent years, several transcriptomic
studies have shown that SLAMF9 is one of the most upregulated or downregulated genes

in a variety of tumour samples.

For instance, Helmink et al. (2020)?'¢ reported the downregulation of SLAMF9 in
melanoma tumours of non-responder patients following immune checkpoint blockade
with ipilimumab (anti-CTLA-4) and nivolumab (anti—-PD-1); this result contrasted with the
findings of Abril et al. (2021), wherein SLAMF9 was upregulated in melanoma tumours
with low enrichment of DCs and generally low immune infiltration in non-responder
patients treated with PD-1 blockade immunotherapy.?!” Regarding the expression of
SLAMF9 in melanoma tumours, it is interesting to speculate whether the detection of its
MRNA is due to its expression in immune cells (macrophages, DCs and MDSCs),
melanoma cells, or both. According to our data and transcriptomic data in public
repositories, all options are plausible. One of the first studies to report the detection of
SLAMF9 in this type of tumour was performed by Dolt et al. (2018).128 Here, SLAMF9 at
the protein level was identified in murine and human TAMs and interestingly, SLAMF9
MRNA was upregulated in BMDMs cultured with conditioned B16F1 melanoma-derived
tumour-conditioned medium, suggesting the induction of SLAMF9 expression in

macrophages by melanoma cells.

In the last couple of years, several studies have also reported SLAMF9 as one of the top

up- or downregulated genes in various types of cancer, other than melanoma, in humans,
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mice and dogs. Most of these studies used high-throughput technologies such as RNA-
seq and single-cell RNA-seq or bioinformatics approaches to analyze publicly available
data in repositories. Some examples are as follows: SLAMF9 has been found to be
upregulated in patient samples of breast cancer stroma?*® and downregulated in microglia
cells that interact with glioblastoma tumour cells via extracellular vesicles.?*® Likewise, it
is shown to be highly expressed in rare cases of human laryngeal chondrosarcoma,
especially in non-immune tumour cells.??® In addition, SLAMF9 expression was
downregulated in a mouse model for the treatment of TAM-enriched tumours with an
activating anti-CSF1R therapeutic antibody??* and highly expressed in monocytes in the
TME of naive primary osteosarcoma in dogs; notably, the authors reported high
expression of SLAMF9 on dog monocytes that contrasted its detection on their human

counterparts.???

Yin et al. (2022) reported an interesting discovery.??3 They identified SLAMF9, as well as
four other transcripts, as important signatures, and risk determinants for the prognosis of
gastric cancer. The authors also reported that SLAMF9 mRNA undergoes the most
common methylation modification, namely N6-methyladenosine (m6A), that controls
several processes in mMRNA biology such as its degradation, stability, splicing,
transcription, nuclear export, nuclear accumulation, and others. Finally, a recent article
reported that Slamf9 was one of the most upregulated genes in senescent neutrophils in
a model of immune infiltration of mouse prostate tumours.??* As we presented in Chapter
2, we could not detect SLAMF9 on the surface of unstimulated mouse blood neutrophils,
and we did not evaluate the mRNA levels of Slamf9 in these and other immune cells. It is
intriguing to speculate about the expression and function of SLAMF9 in other immune
cells differing from those in monocytes, macrophages and DCs, especially in the light of
our findings that indicated an intracellular accumulation of SLAMF9 in some macrophage

populations (Chapter 3).
Thus, SLAMF9 has been shown as a relevant gene differentially expressed in some types

of human tumours, and in some cases, it has been associated with patient outcomes.

These data suggest that the study of SLAMF9 may have important implications in our
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understanding of the development and of several types of cancer and the discovery of
new treatment approaches.
Certainly, these studies, and others not mentioned here, emphasize the need for more

research on the function of this molecule in the context of tumour biology.

Overall, In Chapters 2 and 3 of this thesis we presented evidence for a new function of
the non-canonical SLAM family member SLAMF9 in macrophages. We described an
atypical intracellular localization of SLAMF9 that associated with a probable role of this
protein in the promotion of IL-6 mMRNA translation through the interaction with specific
RNA-binding proteins. Moreover, using MCMV for in vivo infection models, we
established that SLAMF9 KO mice had less inflammatory cytokine production and
dysregulated immune cell infiltration to the sites of viral infection, characterized by fewer
neutrophils, monocytes, and NK cells, but more CD8* T cells. These phenotypes
correlated with the higher survival of infected newborn SLAMF9 KO mice. Our findings
help in identifying and characterizing new regulators of the immune response, particularly

the pro-inflammatory and antiviral responses in macrophages.

5.4 2B4 in inhibition of phagocytosis and promotion of NK cell memory

In Chapter 4, we described a new role for two members of the SLAM family (2B4 and
CD48) in memory-like NK cell contraction upon MCMYV infection, through the inhibition of
the pro-phagocytic integrin lymphocyte function-associated antigen 1 (LFA-1) on
macrophages. | presented in vitro data showing that CD48 on activated NK cells and its
counter-receptor 2B4 on macrophages were crucial for the attenuation of the
phagocytosis of NK cells by bystanding non-MCMV-infected macrophages. Experiments
with 2B4 KO macrophages showed elevated phagocytosis levels of these cells compared
to WT controls. Likewise, WT macrophages exhibited greater phagocytosis of CD48 KO
NK cells compared to WT NK cells.

Macrophages are known for their important role in eliminating pathogens such as viruses

and bacteria, but also cells such as cancer cells or many other unwanted cells in the
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organism.®* In this thesis, we showed that in the context of MCMV infection, bystanding
macrophages displayed downregulated expression of multiple SLAM family members,
including 2B4, the counter-receptor of CD48 expressed on NK cells. The downregulation
of surface proteins, including SLAM family members, in MCMV-infected macrophages is
a phenomenon previously reported.4>225 |t occurs in part due to viral proteins such as
m154 that leads to the proteolytic degradation of CD48.??°> Herein, we described a
possible mechanism by which the downregulation of 2B4 on bystanding macrophages
may facilitate the contraction phase for Ly49H* memory-like NK cells in experiments

performed by our group and other reports in this field. 4447

2B4 has been shown to be an inhibitory receptor in NK cells?°1292 and macrophages.®’
We found that 2B4 is involved in inhibiting phagocytosis by bystanding macrophages in
the context of MCMV infection, thereby attenuating the elimination of activated virus-
specific NK cells. Our findings are in line with previous work that showed the same role
for 2B4 in macrophages towards the prevention of the phagocytosis of T cells expressing
CD48.87 Even though | did not perform any in vivo experiments in this project, it is worth
mentioning that our group discovered that the partial depletion of in vivo macrophages
with anti-CSF-1R antibodies or clodronate rescued the expansion defect of CD48 KO
Ly49H* NK cells compared to WT Ly49H* NK cells (See Figure 5 in Supplemental file:
Submitted Paper by Li Rui, Galindo et al.; unpublished).

As with many other immune cells, macrophages need the reduction of inhibitory signals
such as the one induced by 2B4 and the involvement of activating signals provided by
pro-phagocytic receptors. We showed that LFA-1 was upregulated on bystanding
macrophages during MCMYV infection, and this integrin was directly involved in promoting
phagocytosis by NK cells. Remarkably, LFA-1 comprises the alpha-integrin CD11a and
the beta-integrin CD18; none of the other related alpha integrins, CD11b and CD11c, was
upregulated on bystanding macrophages. Our findings are aligned with the recent
discovery from our laboratory of the contribution of CD11a and CD11c to the phagocytosis
of tumor cells by inflammatory macrophages, thus showing that CD11b (Mac-1) is not the

only pro-phagocytic integrin with relevance in macrophage phagocytosis.1%¢
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Notably, our group has also previously found that 2B4 inhibited cell cytotoxicity in mouse
NK cells via repression of LFA-1 inside-out activation by the phosphatase SHIP-1.20?
Herein, we observed that, like in NK cells, 2B4 suppressed the function of LFA-1 in
macrophages. Whether a similar mechanism is involved in both cell types deserves

consideration.

Overall, in chapter 4, we presented the use of an in vitro model (that complements in vivo
data) based on MCMV infection of BMDMs that allowed us to unravel a previously
unknown mechanism by which bystanding, but not infected, macrophages could
phagocytose NK cells in a process that involved 2B4-CD48 interaction and the integrin
LFA-1 (Figure 5.2). These results significantly contributed to the knowledge about the
homeostasis of memory-like NK cells in the context of MCMYV infection.

With 2B4-CD48 engagement
Infected cells (macrophages, DCs,

fibroblasts, hepatocytes, etc.)
NK cells

Cytokines

73

No phagocytosis ®

Activ.

Bystanding macrophages Infected cells (macrophages, DCs,

fibroblasts, hepatocytes, etc.)

A g MCMV

NK cells

Phagocytosis ('

Bystanding macrophages

Without 284.cpas engagement
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Figure 5.2 A model of 2B4-CD48 function in adaptive NK cell contraction

Figure taken from the manuscript by Li Rui, Galindo C,...Veillette A. (Unpublished) with
authors’ authorization. See supplemental file.

In response to mouse cytomegalovirus (MCMV), infected cells activate NK cells via the
interaction of MCMV protein m157 with NK cell activating receptor Ly49H and cytokines.
Bystanding macrophages are also activated and can phagocytose activated Ly49H* NK
cells via pro-phagocytic integrin LFA-1, which recognizes as yet unidentified ligands on
activated NK cells. This eliminating ability is suppressed by inhibitory receptor 2B4
expressed on macrophages that is triggered by CD48 on NK cells (left panel). In the
absence of 2B4-CD48 interaction, phagocytosis of activated Ly49H* NK cells is

enhanced, leading to excessive contraction of Ly49H* cells.

In conclusion, in this thesis we elucidated novel roles of SLAM family receptors in
macrophages. The new functions and mechanisms of action described for SLAMF9 and
2B4 will contribute to the future development and implementation of immunotherapies for

the treatment of infectious diseases, cancer, autoimmune disorders.
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Justification

We performed flow cytometry-based binding assays, using chimeric proteins containing
the extracellular domain of each SLAM family member and the fragment crystallizable
region (Fc) of human immunoglobulin (Fc fusion proteins), and cells overexpressing
SLAMF9. We did not observe the binding of SLAMF9 to any of the 9 family members,
including SLAMF9 itself.

Figure S1 shows one example of this binding assays. We included SLAMF7 as a positive
control of binding. Importantly, these binding assays were performed at RT and 4 °C, and

different incubation times, and the same result was obtained.
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Figure S1. Example of flow cytometry-based binding assays to evaluate possible
SLAMF9 ligands.

A. Gating strategy left: Cells identification, center: singlets selection, right: live cells
selection. B. The Bl-derived cells lines: BI-MIGR1 (Transduced with the empty vector, Bl-
psRa-SLAMF7, Bl MIGR1-SLAMF7, Bl MIGR1-SLAMF8, and Bl MIGR1-SLAMF9) were
incubated for 30 min with three ug of the respective Fc-SLAMF chimeric protein. Then, a
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secondary F(ab’) goat anti-human IgG conjugated to Alexa-fluor 647 was added. After a

30-minute incubation, the samples were analyzed by flow cytometry.
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A. -Mon-primed
- +IFN-y (100ng/ml)
- +Poly I:C {10pg/ml)

BoneMarrow

= 3 FACS
progenitors ol | 18h Culture
p ) D ——
Y 7d TR )
MO o

+M-CSF ®

B- Non-primed +IFN-y (100ng/ml) + Poly 1:C (10pg/ml)
HIRP —ud SRPa————————————— " ]
o Cad T b 3IRP-a 5-4 1 —
CD200R: - CD200R
Y cozoom — |
——
SLAMFT. — SLAMFT |
[ sLamrr —
I ———
e - ]
5 e 5 F iead
[ - a —
E wr E LF&1 B f
g - FamEo-
P e Ko =— - -§ e
E] £ H
i . H :
CE 5 con & O — wr
] [ wT HO
e ko CD1HeA I
B cotte e .
[
comb .- - coMb
e epitb —m [——
O cora - O —
i) o Tibo loo 10 100 Joo0 10 100 1000 10000
Delta MFI Delta MFI Delta MF|

Figure S2. Surface marker characterization of stimulated SLAMF9 KO BMDMs

A. Schematic of the protocol followed for the obtention and priming of BMDMs with IFN-
y and Poly I:C. B. Bar graph of the MFIs for selected surface markers on unprimed or
primed SLAMF9 KO and WT BMDMs. A two-tailed paired t-test was used for comparisons
with a p-value < 0.05. Error bars depict the mean with s.d. *p < 0.05, *xp < 0.01, ***p <
0.001.n = 4.
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Appendix 7.3
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Figure S3. Strategy for studying some B cell populations in SLAMF9 KO mice

A. Schematic of the procedure used for immunization of SLAMF9 KO and WT mice and

generation of antigen-specific plasma cells. Serum and spleen were collected on day 12
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after immunization. B. Gating strategy for detection of plasma cells in the spleen. C.
Gating strategy for detection of memory B cells in the spleen. D. Gating strategy for
detection of germinal center B cell in spleen. E. specific IgG and IgM levels in serum after
SLAMF9 KO and WT mice immunization with NP(7)BSA + Alum. Each dot represents a
mouse, n = 3. A two-tailed paired t-test was used for comparisons with a p-value < 0.05.
Error bars depict the mean with s.d.

Appendix 7.4
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Figure S4. Surface marker characterization of alveolar macrophages

Representative flow cytometry histograms of surface markers of alveolar macrophages
obtained by bronchoalveolar lavage (BAL) from SLAMF9 KO and WT mice.
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Figure S5. Surface marker characterization of stimulated SLAMF9 KO peritoneal

macrophages

A. Schematic of the protocol for the obtention of thioglycolate-elicited macrophages and
their selection through adherence to the plate. The protocol for the evaluation of surface
markers is also shown. Two different approaches were used: analysis of freshly isolated
cells or analysis of 18-hour cultured cells. B. Representative flow cytometry histograms
of surface markers of thioglycolate-elicited macrophages from SLAMF9 KO and WT mice.
Cells were cultured for 18 hours with 10% of conditioned media containing M-CSF and
analyzed by FACS. C. Bar graph of the MFIs of selected surface markers from freshly
isolated peritoneal macrophages described in A. D. Same as C but for macrophages
cultured for 18 hours before the FACS analysis. E. Table summarizing the significant
differences found in SLAMF9 KO compared to WT macrophages from different origins. A
two-tailed paired t-test was used for comparisons with a p-value < 0.05. Error bars depict
the mean with s.d. *p < 0.05, *xp < 0.01, *»xxp < 0.001.n = 4.
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Appendices 6 and 7

Justification

As phagocytosis is the primary function of macrophages, and our group has previously
shown the critical role of the SLAM family member SLAMF7 in tumor cell phagocytosis,

we evaluated the role of SLAMF9 in this important cellular process.

We started by using a microscopy-based phagocytosis assay of tumor cells by BMDMs,
in the presence or the absence of inhibition of the CD47-SIRPa axis. Using
carboxyfluorescein succinimidyl ester (CSFE)-stained L1210 cells as targets (Figure
S6A-B), we found that lack of SLAMF9 resulted in an increase in phagocytosis after
treatment with isotype control or a blocking anti-CD47 mAb (Figure S6C). To discard the
possibility that this result was due to a stronger contribution of Fc-mediated phagocytosis
in SLAMF9 KO BMDMs, we used CD47 KO L1210 cells to avoid the use of antibodies.
We obtained the same result as described above, showing that SLAMF9 KO BMDMs
were better at phagocytosis of L1210 cells, compared to WT macrophages (Figure S7A-
B).

As macrophages respond to external stimuli and can be activated by cytokines such as
IFNs, we treated these cells overnight with IFN-y or IFN-B before performing the
phagocytosis assay. As shown in Figure S6D, the effect of these interferons on
phagocytosis was better appreciated upon blocking with anti-CD47 mAb. This effect was
stronger on SLAMF9 KO BMDMs, reaching phagocytosis levels of almost twice the
values observed for the WT cells (around 35% vs. 15% for SLAMF9 KO and WT,
respectively). Given that microscopy-based phagocytosis assay may have some
subjectivity component due to the observer criteria, we performed pHrodo-based
phagocytosis assays and acquired the results by flow cytometry. Figure S6E depicts
representative flow cytometry plots for the evaluated phagocytosis conditions. As shown
in Figure S6F, the percentage of pHrodo+ cells was significantly higher in SLAMF9 KO
BMDMs than in the WT cells, validating the results from the microscopy-based assays.
Another well-characterized target for BMDMs phagocytosis study is mouse red blood cells

(RBCs); these cells express CD47 as a mechanism to prevent being phagocytosed by
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autologous macrophages, and especially after opsonization, blocking of CD47 produces
high phagocytosis rates. We tested several conditions with this target from CD47 KO or
WT mice. Remarkably, we found the major difference when BMDMs were primed with
Poly I:C and the SLAMF9 KO macrophages reached phagocytosis levels significantly
higher than the WT, even with WT RBCs (Figure S6G). Phagocytosis levels in WT
BMDMs were close to zero, while phagocytosis levels of SLAMF9 KO macrophages were

around 10%.

This suggested that SLAMF9 KO macrophages were more responsive to Poly I:C and
that the activation from this stimulus was strong enough to phagocytose RBCs, partially

bypassing the CD47 blocking requirement.

We also evaluated the effect that anti-inflammatory cytokines such as IL-4 and IL-10 have
on phagocytosis in SLAMF9 KO BMDMs; after overnight treatment with either of these
cytokines, we performed microscopy-based assays using L1210 cells expressing the Tac
antigen and opsonized with anti-Tac MAb 7G7 (Figure S7C) or non-opsonized L1210
cells (Figure S6H-I). IL-4 dramatically decreased the phagocytosis levels in both WT and
SLAMF9 KO BMDMs; however, unlike WT cells, IL-10 treatment was not able to reduce
phagocytosis in SLAMF9 KO macrophages (Figure S6H). This “resistance” to the effect
of IL-10 was observed using non-opsonized or opsonized L1210 cells. It was not related
to defects in the IL-10 receptor signal transduction pathway, as revealed by a western
blot of phosphorylated STAT3 (pSTAT3) levels in SLAMF9 KO BMDMs similar to those
in WT cells (Figure S6l). Finally, we showed that the phagocytosis results observed with
L1210 targets could be recapitulated with another B cell tumor cell line, SP2/0 (Figure
S7D). Furthermore, we studied the endocytosis of immunocomplexes and phagocytosis
of bacteria and apoptotic cells in these macrophages, finding statistically significant
differences with apoptotic cells only (Figure S6J-L). Additionally, to evaluate if these
results were representative of what may happen with primary tissue-resident
macrophages, we performed some of these assays with alveolar macrophages and
thioglycolate-elicited peritoneal macrophages (Figure S7E-F). Phagocytosis of apoptotic
cells by alveolar macrophages was similar between SLAMF9 KO and WT macrophages.

However, the increased phagocytosis of L1210 cells by macrophages was also observed
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in thioglycolate-elicited cells from SLAMF9 KO mice, showing similar tendencies to the
results found with BMDMs.

From these experiments, we concluded that SLAMF9 KO macrophages showed a
dysregulated response in phagocytosis of specific targets, as in the case of some tumor
cells, RBCs, and apoptotic cells. These macrophages especially exhibited an increase in
phagocytic activity in response to Poly I:C and type-I and type-Il interferon, in addition to
a resistance to the anti-phagocytic effect of IL-10, suggesting a dysregulation in pathways
involved in the response to this kind of stimuli.

Material and methods for phagocytosis assays

Phagocytosis was evaluated using a microscopy-based assay or a pHrodo-based assay,
as described by Chen et al (2017) and Tang et al.,(2021). In brief, for the microscopy-
based assay, 5 x10* macrophages on day 8 or 9 of differentiation were plated in wells of
a 24-well tissue culture plate and pre-treated or not for 18 h with indicated stimuli: mouse
(m) IFN-a (1000 units/ml), mIFN-B (1000 units/ml), mIFN-y (100 ng/ml), Poly I:C (10
pg/ml), miL-4 (100 ng/ml) or mIL-10 (100 ng/ml). The next day, target L1210, L1210-
derived cells or SP2/0 cells were labeled with 2.5 mM of carboxyfluorescein succinimidyl
ester (CFSE) (Thermo Fisher Scientific). After removing the stimuli and incubating the
macrophages in serum-free medium for 2 hours, 2,5 x 10° CFSE-labeled target cells were
added for 2 hours to the macrophages, in the presence or not of blocking anti CD47 or
control IgG (10 mg/ml). Five images were taken for each condition. For the pHrodo-based
assay, target cells were pre-labeled with 100 ng/ml of pHrodo Green AM Intracellular pH
Indicator (Thermo Fisher Scientific), prior to addition to macrophages. After 2 hours, cells
were harvested with Accutase (Innovative Cell Technologies), stained with APC-

conjugated anti-F4/80 to identify macrophages, and analyzed by flow cytometry.

To obtain apoptotic L1210 cells, L1210 was treated overnight with 1 mM of staurosporine.
Under these conditions, 80% became apoptotic, and cells were stained with 7AAD and
Anexin V to confirm apoptosis. Apoptotic cells were then labeled with CFSE and
incubated with macrophages at a ratio of 20:1 for 30 min at 37 C. Phagocytosis was

monitored by microscopy.
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CD47 KO L1210 cells were generated using CRISPR—Cas-mediated genome editing,
using the guide RNA sequences CACCGAGCAACAGCGCCGCCGCCAA and
CACCGTTGGCGGCGGCGCTGTTGCT. All cell lines were cultured in 10% FBS in RPMI
or DMEM according to the cell type requirements reported by the ATCC.
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Figure S6. Phagocytosis in SLAMF9 KO mouse macrophages

A. Schematic of the protocol used for the microscopy-based phagocytosis assay. B.
Representative acquired image for the phagocytosis of L1210 (green) depicted by white
arrows. C. Phagocytosis quantification in the presence of an anti-CD47 mAb or control
immunoglobulin G (IgG). D. Same as C, but macrophages were primed with IFN-y or IFN-
B for 24 hours before the phagocytosis assay. E. Representative flow cytometry dot plots
obtained during the pHrodo-based phagocytosis assay for the SLAMF9 KO and WT
BMDMs. F. Quantification for the pHrodo-based phagocytosis assay presented in E.G.
Phagocytosis quantification of non-opsonized WT or CD47 KO mouse red blood cells
(RBCs) by primed or unprimed SLAMF9 KO and WT BMDMs. H. Phagocytosis level
guantification for BMDMs treated as described in C but with IL-4 or IL-10. I.
Representative immunoblot detecting the levels of STAT3 and its phosphorylated version
(pSTAT3) in SLAMF9 KO and WT BMDMs incubated with IL-10 for the indicated time
(hours). J. Representative flow cytometry plots from phagocytosis assays of IgG-
containing immune complexes (immunocomplexes) performed with SLAMF9 KO and WT
BMDMs. Red histograms represent the signal of BMDMs in the absence of phagocytosis.
K. Representative flow cytometry plots for the phagocytosis assays of GFP+ E. coli
performed with SLAMF9 KO and WT BMDMs. Red histograms represent the signal of
BMDMs in the absence of phagocytosis. L. Quantifying the microscopy-based
phagocytosis assay of L1210 apoptotic cells by SLAMF9 and WT BMDMs.
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A' SLAMF7 cD19 B220 CcD47 B
11210-(CD47-/-) . .
g
. - - - £
2
£
L1210-(CRSPR empty vector) | - =
in Bwos SLan
C. 30+ 40+ E.
e IgG2also °
') ) ] )
3 L e Anti-TAC 2 304 * 1gG Phagocytosis of
S 204 E = anti-CD47 Apoptotic cells
o
& 2 204 .
£ 2 :
. 404 o B
s S 10] e} w f
* B A Al Af S
u ! QI ; ; Ql QI 0 - wT SLAMFIKO
S LS N [N BMDM . .
\:{‘V\ \:\l" Q:\\, Q‘\\, ‘\\’ ’\\‘ wT SLAMFI KO
®
& ®© N N o ®
DA
-Sé v’ro Qi\ +0 Non-primed IFN-y 100 ng/mi
F. G. ) ©
; 25 2z 25 - oG
aperitoneal Thyoglyee %30 g-’" . anti-CD47
mestan sspesitonesl lavage L1210 + CSFE T\| % 15 %15
- A = =
A . b ’ S 1p S0
- AN < Ih ™ S °
CQ ddm % 1shCulture © —_— i - 5 ® 5
@€ !
s "..' 0 0
WT and KO
e SLAMFI KO

BMDM: WT SLAMFS KO wWT

Figure S7. Further phagocytosis assays with SLAMF9 KO macrophages from

different origins

A. Surface marker characterization of L1210 CD47 KO rendered with a CRSPR/Cas9
plasmid with a gRNA sequence against the CD47 gene, and L1210 cells transfected with
a plasmid with gRNA scramble sequence. B. Phagocytosis quantification from a
microscopy-based assay using the rendered cells described in A. C. Phagocytosis
guantification for SLAMF9 KO or WT BMDMs treated with IL-4 or IL-10 and with L1210
cells expressing hCD25 (TAC) opsonized or not with an anti-TAC antibody. D.
Phagocytosis quantification for SLAMF9 KO or WT BMDMs with SP2/0 cells as targets.
E. Phagocytosis quantification of apoptotic L1210 cells by SLAMF9 KO or WT alveolar
macrophages obtained by BAL. F. Schematic of the protocol for obtention of thioglycolate-

elicited macrophages and the phagocytosis assay with L1210 cells. G. Phagocytosis
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quantification of L1210 cells in IFN-y primed and unprimed thioglycolate-elicited
macrophages. n = 3. One-way ANOVA followed by Tukey's multiple comparison tests
were used to assess significance. Error bars depict the mean with s.d. xp < 0.05, **p <
0.01, ***p < 0.001.

Discussion for Appendices 6 and 7

In our phagocytosis assays we observed increased phagocytosis of red blood cells in
SLAMF9 KO macrophages, compared to WT macrophages. Similarly, SLAMF9 KO cells
had higher phagocytic capacity of tumor cells, and apoptotic cells but not bacteria or
immune complexes, as measured by fluorescence microscopy and pHrodo-based
assays. Interestingly, phagocytosis of tumor cells by SLAMF9 KO BMDMs seemed
resilient to anti-inflammatory stimuli such as interleukin (IL)-10 but not IL-4. Similarly, the
phagocytic activity of SLAMF9 KO BMDMs increased when cells were treated with type-
| or type-ll interferon, or the Toll-like receptor (TLR)-3 agonist Poly-1:C. We confirmed
these results with tissue-resident mouse macrophages such as alveolar and
thioglycolate-elicited peritoneal macrophages.

Our phagocytosis assays also showed an enhanced response to type-I, type-Il interferon,
and Poly I:C in BMDMs and peritoneal macrophages (Figure 2.7D, G; Figure S5G).
Perhaps one of the most interesting results we obtained from our phagocytosis assays
was the resilience to the inhibitory effect of IL-10 of SLAMF9 KO macrophages (Figure
2.7H; Figure S5C). This effect was not due to differences in STAT3 phosphorylation as
revealed by western blot (Figure 2.71). It is intriguing to speculate the cause of this
phenotype, especially as phagocytosis seems to be higher in SLAMF9 KO macrophages
treated with IL-10 than in the unprimed cells (Figure 2.7H). One interesting relationship
between this phenotype, and the dysregulation to interferon response described
previously, is that STAT3 is not exclusively phosphorylated by IL-10R activation; in fact,
IFN-B has been shown to signal through STAT3 as well, meaning that these two cytokine-
response signaling pathways can converge at this point. Whether this phenomenon is
responsible for the abrogated response to IL-10 in SLAMF9 macrophages must be

addressed.
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