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ABSTRACT

Macrophages exert potent microbicidal functions against pathogens; however, some
intracellular bacteria have developed strategies to survive within intracellular phagolysosomes
and use macrophages as a preferential niche to replicate. Liver X receptors (LXRs) are ligand-
activated transcription factors of the nuclear receptor superfamily that regulate metabolic and
immune functions. In this study, we explored the impact of LXR activation on host—bacteria
interactions and its consequences on infection. In a murine model of orally-acquired
salmonellosis, the pharmacological activation of LXRs reduced extraintestinal bacterial
dissemination and attenuated the clinical signs of infection. The beneficial effects of LXR
activation in the control of infection required the expression of the multifunctional protein CD38
in bone marrow-derived cells. We had previously described CD38 as a new LXR target gene that
is synergistically induced by the combination of LXR agonists and inflammatory stimuli in
macrophages. Here, we have identified the transcription factor C/EBPP as an essential mediator
of Cd38 induction by TNFa, IFNy, or LPS, as well as by the combination of these inflammatory

signals and an LXR agonist.

In murine macrophages, LXR activation reduced the internalisation of Salmonella Typhimurium,
uropathogenic E. coli, and enteroinvasive E. coli (EIEC) but not of Listeria monocytogenes,
Staphylococcus aureus, or latex microspheres. After analysing several LXR-mediated activities,
we found that S. Typhimurium infection correlated with the abundance of free cholesterol in
macrophages, indicating that the reduction in cellular cholesterol caused by LXR activation might
mediate the inhibitory effect on bacterial entry. In primary human macrophages, LXR activation
reduced the infection by S. Typhimurium but not by EIEC or S. aureus. Strikingly, LXR activation
caused either no effect or a reduction in the internalisation of L. monocytogenes and latex
microspheres depending on the donor. In conclusion, this work delves into the mechanisms by
which LXRs modulate host interactions with bacteria. Given that the ability of many bacteria to
invade host cells largely depends on initial surface contacts, modulating these events through
LXR-targeting compounds opens new potential therapeutic opportunities for antibacterial drug

development.
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ABC: ATP-binding cassette transporter
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ADP: adenosine diphosphate

ADPR: ADP ribose

AF: activation function

AP1: activator protein 1

APO: apolipoprotein

ASC: apoptosis-associated speck-like
protein containing a CARD

ATF: activating transcription factor
ATP: adenosine triphosphate

Act: actin polymerisation protein

Argl: arginase 1

Atg protein: autophagy-related protein
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BMDM: bone marrow-derived
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CARD: caspase recruitment domain
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C/EBP: CCAAT-enhancer binding protein
CCL: chemokine (C-C motif) ligand
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COX2: cyclooxygenase 2

CREB: cAMP-responsive element binding
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ChREBP: carbohydrate-responsive
element-binding protein
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DAMP: danger-associated molecular
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E. coli: Escherichia coli
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ERK: extracellular signal-regulated kinase

FADD: Fas-associated death domain
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INTRODUCTION

1. Basic principles of the immune response

The immune system consists of a coordinated network of cells and molecules that protect us
from many infectious agents and other types of aggressions (Murphy, 2012). Despite the
continuous exposure to microbes, we only occasionally getill, a fact that illustrates how effective
our protective mechanisms are to maintain us safe. The natural barriers of our bodies represent
the first containment mechanism against infection. Covering epithelia separate our internal
tissues from the external environment and, together with mucosae, hinder the access of
microorganisms. Additionally, the antimicrobial molecules and normal microbiota in our
surfaces build a hostile milieu for microbes. However, some pathogens use invasive factors to
overcome our anatomical barriers and cause infections. Upon entering the body, microbes are
rapidly detected by immune cells that constantly monitor the tissues looking for non-self
entities. Immediately, these sentinels become activated and initiate a cascade of events to

activate other cells and mount an appropriate response to eliminate the dangerous agent.

The immune response is divided into two main components, the innate and the adaptive
immune systems, which act complementarily at different levels to combat pathogens. Innate
immune cells possess a set of invariable receptors that recognise conserved motifs on
microorganisms and rapidly initiate an inflammatory response (Murphy, 2012). Inflammation is
characterised by increased vascular permeability and the infiltration of plasma proteins and
white blood cells to the tissue following an insult such as injury or infection. Resident
macrophages are the primary immune cells beneath mucosal epithelia, and they immediately
respond to potential pathogens by the release of inflammatory molecules that affect the
behaviour of other cells (cytokines) and attract more cells (chemokines). Subsequently, more
immune cells—first neutrophils, and later monocytes and other immune cells—are recruited to
the infection site. Macrophages and neutrophils are professional phagocytes (cells that
internalise extracellular materials) that engulf pathogens to degrade them within specialised
intracellular vesicles (phagolysosomes). Additionally, soluble proteins of the complement
system bind to conserved structures on pathogens and either directly induce pathogen lysis or
facilitate pathogen phagocytosis by macrophages. During infections caused by intracellular
pathogens, natural killer (NK) cells have an important role in promoting the microbicidal
activities of macrophages and inducing the death of infected cells. The sensing of pathogen
structures also activates conventional dendritic cells, which form the bridge between the innate

and adaptive immune responses. Dendritic cells constantly sample the environment by a process
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INTRODUCTION

known as macropinocytosis, which consists in the unspecific internalisation of large amounts of
extracellular fluid. When they are activated by pathogen structures or altered self-molecules,
dendritic cells expose small pieces of the threatening entity (antigens) in their surface and start
producing cytokines. Then, dendritic cells undergo a maturation process that drives the

migration to the draining lymph node and the stimulation of the adaptive immune response.

The two types of cells that mediate the adaptive immune response are T lymphocytes (T cells)
and B lymphocytes (B cells). The detection of foreign agents provides stimulatory signals for both
types of lymphocytes in secondary lymphoid organs, an event that instigates cell proliferation
and differentiation to become fully functional effector cells. The set of lymphocytes that are
activated by an antigen are the ones which express specific receptors that can bind it with
enough affinity. Additionally, the type of soluble mediators present in the microenvironment
during lymphocyte stimulation will determine their differentiation towards a certain effector

phenotype.

T cells are subdivided into two functional groups, helper T cells (Th, CD4*) and cytotoxic T cells
(CTL, CD8"), which either secrete cytokines that modulate the activities of other cells or directly
kill target cells, respectively (Murphy, 2012). T-cell receptors (TCRs) detect antigenic peptides
presented by the major histocompatibility complex (MHC) at the surface of other cells. MHC
molecules are transmembrane glycoproteins that exhibit a repertoire of peptides obtained from
intracellular proteins or from extracellular materials that have been taken up by the cell through
phagocytosis. There are two types of MHC, namely, the class | MHC (MHC-I) and the class Il MHC
(MHC-I). MHC-I harbours peptides present in the cytosol, whereas MHC-II carries peptides from

endosomal vesicles. Each of them is recognised by CD8" or CD4* T cells, respectively.

Following detection of pathogen- or danger-associated structures, conventional dendritic cells
increase the expression of chemotactic receptors, MHC-II, and co-stimulatory molecules on their
surface (Murphy, 2012). Mature dendritic cells migrate to the T cell area of the lymph nodes,
where the MHC-Il loaded with antigenic peptides on dendritic cells interacts with the TCR on
unstimulated (naive) T cells. Simultaneously, other surface proteins expressed by mature
dendritic cells, known as co-stimulatory molecules, bind their cognate receptors on T cells and
provide a second stimulatory signal for activation. Additionally, the cytokines that are secreted
by dendritic cells or by other cells during the MHC:TCR interactions shape the differentiation of
T cells. As aresult, helper T cells can differentiate into Th1, Th2, Th17, or regulatory T cells (Treg),
which will determine the type of cytokines they will secrete afterwards. First, Thl cells

contribute to killing intracellular bacteria and viruses by infected cells. Th1 cell differentiation is
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induced by interleukin (IL)-12 and gamma interferon (IFNy), and these cells secrete IL2, IFNy,
and tumour necrosis factor (TNF)B. Second, Th2 cells participate in parasite killing. The cytokine
IL4 determines their conversion to Th2 cells; afterwards, they secrete large amounts of IL4, IL5,
and IL13. Third, Th17 cells aid in the elimination of extracellular bacteria and fungi. IL6 and IL23
induce CD4* T cell differentiation to Th17, which then secrete different forms of IL17. By
contrast, Treg cells control immune responses by inhibiting the activities of other lymphocytes
and myeloid cells. In the absence of infection, dendritic cells produce transforming growth factor

(TGF) B, which promote Treg differentiation.

In contrast to T cells, B cells can directly detect antigens by surface receptors, named B-cell
receptors (BCRs), and differentiate into antibody-producing plasma cells. However, most B-cell
responses require a second stimulatory signal from T cells to function optimally. Upon antigen
binding by the BCR, B cells internalise it and expose small peptides on the surface MHC-II. Then,
a differentiated helper T cell with the same antigen specificity binds this MHC-II by the TCR and
secretes cytokines that trigger the full proliferation and differentiation of B cells. In humans,
there are five different types (isotypes) of antibodies (also known as immunoglobulins, 1g)
classified according to their functional characteristics into IgA, I1gD, IgE, IgG, and IgM. Together,

the set of antibodies secreted by plasma cells compose the humoral adaptive response.

The adaptive immune response comes to action several days after the dangerous antigen is
detected. If the pathogen persists once the adaptive response is ready, antibodies and effector
T cells will infiltrate the inflamed tissue and specifically target the invading agent for effective
elimination. Notably, each type of insult induces distinct immune responses that activate the
most suitable mechanisms for resolution. For example, CD8+ T cells and NK cells play pivotal
roles in viral infections because they detect intracellular infection and kill target cells. Some
intracellular bacteria reside within macrophage phagosomes and activate Th1 cells that boost
the macrophage killing machinery and cytotoxic T cell responses. Conversely, the infection by
parasites requires extracellular killing mechanisms and is combated by mast cells, basophils, and

eosinophils, all of which can interact with antibodies to accomplish pathogen eradication.

Finally, a pool of naive lymphocytes stimulated in secondary lymphoid organs will differentiate
into memory cells. These adaptive cells persist in our bodies after the infection has resolved to
confer immunological memory, which ensures the rapid recognition and more efficient

elimination of a specific pathogen upon second exposure.
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2. Macrophages

2.1 Macrophage functional diversity and phenotypes

Macrophages are myeloid cells that display pleiotropic roles to maintain body homeostasis. To
begin, macrophages are necessary for the correct patterning of tissues during developmental
stages and to ensure tissue integrity throughout life (reviewed in Wynn et al., 2013). Indeed,
many organs undergo alterations when macrophages or some of their functions are selectively
eliminated. In addition, macrophages participate in the metabolic adaptation to the changing
nutrient and microenvironmental conditions: they promote insulin tolerance and adaptive
thermogenesis (reviewed in Hotamisligil, 2006). Macrophages are also required for erythrocyte
clearance and iron metabolism (reviewed in Soares and Hamza, 2016). Through phagocytosis,
macrophages remove apoptotic cells and cell debris from the tissues and suppress inflammation
and autoimmunity (Henson and Hume, 2006). Similarly, they participate in the resolution phase
of inflammation and promote tissue repair (reviewed in Wynn and Vannella, 2016). Tissue
macrophages express an array of receptors by which they monitor the presence of strange
entities (immune surveillance). Upon recognition of microbial ligands, they orchestrate the

immune response against pathogens (reviewed in Davies et al., 2013).

Tissue-resident macrophages comprise a greatly diverse group of cells that present anatomical
and functional specialization. They have various origins, including differentiation from yolk-sac
or foetal liver during embryogenesis or maturation from circulating monocytes in adulthood
(reviewed in Davies et al., 2013). During stress conditions such as infection, large amounts of
monocytes arise from the bone marrow by emergency myelopoiesis. Among them, LY6C"
monocytes are recruited to the inflammation site and differentiate into macrophages in situ
(reviewed in Murray and Wynn, 2011). Moreover, tissue-resident macrophages can proliferate

in some inflammatory contexts, although their contribution remains elusive.

Macrophages are extremely plastic cells that shift their phenotype to adapt to the
microenvironmental conditions. Macrophage activation, has been defined as the “acquisition of
competence to execute a complex function” (Adams, 1989). The study of macrophages in
particular immunological contexts led to their functional classification as “classically” or
“alternatively” activated cells, terms that are currently used by some authors as equivalent to
M1 or M2 phenotypes, respectively (reviewed in Martinez and Gordon, 2014). Classically

activated macrophages were described first. They perform activities linked to Thl responses
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such as the production of high amounts of pro-inflammatory cytokines (e.g., TNFa) and reactive
oxygen species (ROS) to kill microbes. Later, the identification of the opposite phenotype, which
was related to Th2 activities, led to the definition of alternatively activated or M2 macrophages.
These macrophages have anti-inflammatory and immunoregulatory roles (reviewed in Shapouri-
Moghaddam et al., 2018). M2 macrophages are involved in the immune response to parasites
and are critical for tissue repair. This phenotype is characterised by high expression of IL10,
TGFB, arginase 1 (ARG1), chemokine (C-C motif) ligand (CCL) 17, CCL22, and CCL24 (reviewed in
Shapouri-Moghaddam et al., 2018). However, as research continued it became evident that a
continuum spectrum of macrophage phenotypes exists rather than two opposite polarization
states. In fact, macrophage phenotypes in tissues are determined by the balance of interactions
with multiple stimuli such as pathogen components, cytokines, and growth factors that define

their transcriptional profile.

A terminology was suggested to classify macrophage subsets depending on the inductor stimuli
and several markers (Mantovani et al.,, 2004), which has been updated later (Martinez and
Gordon, 2014) (Figure 1). The M1 stimuli include IFNy, toll-like receptor (TLR) ligands (mainly
lipopolysaccharide, LPS), TNFa, and granulocyte- and macrophage-colony-stimulating factor
(GM-CSF). On the other hand, the M2 macrophage phenotype comprises several subtypes. The
M2a phenotype is promoted by the presence of IL4 and IL13; the differentiation to M2b
macrophages is stimulated by immune complexes and TLR/IL.1R ligands, and; the M2c
macrophage phenotype is determined by the presence of glucocorticoids or IL10. Macrophage
colony-stimulating factor (M-CSF) has also been classified as an M2 stimulus. Nevertheless, it
should be noted that the signalling pathways and transcriptional patterns induced by each
stimulus within the same class of macrophage are distinct. Consequently, some concepts have
been reassessed and a nomenclature guideline was published to standardise descriptions in

experimental activation of macrophages (reviewed in Murray et al., 2014).
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Figure 1. Model of M1-M2 macrophage polarisation proposed by Mantovani and colleagues (Mantovani et al.,
2004). Macrophages polarise to the M1 phenotype upon stimulation with interferon-gamma (IFNy) + LPS or TNF and
exert potent microbicidal and antitumoral activities. The M2 phenotype is induced by IL4 (M2a), immune complexes
+ TLR ligands (M2b), or IL10 and glucocorticoids (M2c). M2 macrophages exert immunomodulatory and pro-tumoral
activities, including type Il responses, suppression of immune responses, and tissue remodelling. IC: immune
complexes; iNOS: inducible nitric oxide synthase; MR: mannose receptor; PTX3: pentraxin 3; RNS: reactive nitrogen
species; ROS: reactive oxygen species; SLAM: signalling lymphocytic activation molecule; SRs: scavenger receptors.
Figure created based on the figure of (Mantovani et al., 2004).

2.2 Pattern recognition receptors

Professional phagocytes contain a set of germline-encoded receptors that detect microbial
structures and aberrant endogenous molecules. These receptors, termed pattern recognition
receptors (PRRs), bind pathogen-associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs), and initiate signalling cascades that result in the production of
cytokines and microbicidal molecules (Murphy, 2012). Animals are often infected by
microorganisms, i.e., bacteria, viruses, fungi, and protozoa. Some helminths are frequent
causative agents for infections as well. To identify pathogens, PRRs detect conserved motifs or
molecules that are not shared by mammal cells. PRRs localise to various subcellular
compartments and recognise specific types of ligands present at each stage of infection. Some

PRRs function as phagocytic receptors, whereas others are signalling receptors.

Phagocytic receptors are transmembrane proteins that upon binding microbial surfaces trigger
phagocytosis. They are classified into opsonic or non-opsonic phagocytic receptors (Figure 2 A).
Opsonins are host proteins that react with microbes and promote their ingestion by phagocytic

cells containing the corresponding receptors. The main opsonic receptors are complement
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receptors and Fcy receptors (FcyR), which recognise proteins of the complement system or
antibodies (IgG), respectively, associated with the particle to be phagocytosed. Non-opsonic
receptors, instead, directly bind pathogen structures. This group comprises CD14, dectin-1,
mannose receptor, scavenger receptor A, CD36, and macrophage receptor with collagenous

structure (MARCO) (Rosales and Uribe-Querol, 2017).

A different set of PRRs comprises signalling receptors that lead to the transcriptional activation
of cytokines, chemokines, and microbicidal proteins (Takeuchi, 2010). These signalling receptors
belong to four main families, namely, membrane TLRs and C-type lectin receptors (CLRs), and
cytoplasmic retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and nucleotide-binding
oligomerisation domain (NOD)-like receptors (NLRs) (Figure 2 B). Among them, TLRs are the best
characterised receptors. TLRs recognise microbes present at extracellular spaces or within
endosomes and recruit adaptor proteins that signal through two main pathways. These
pathways are mediated by toll/interleukin-1 receptor (TIR) domain-containing adaptor
molecules, precisely, myeloid differentiation primary response 88 (MyD88) (MyD88-dependent
pathway) or TIR domain-containing adaptor inducing IFNB (TRIF) (MyD88-independent
pathway). On the other hand, RLRs recognise viral nucleic acids in the cytoplasm. NLRs detect
different microbial components in the cytoplasm, and they can initiate a caspase-1-dependent
inflammatory type of programmed cell death. Following PRR engagement, the sequential
activation of serine/threonine kinases and other intermediary proteins results in the activation

of inflammatory transcription factors. Common downstream targets of PRRs include nuclear
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Figure 2. Pattern recognition receptors. A) List of selected phagocytic receptors and their ligands. B) Representation
of the main members of the PRR families: TLRs, RLRs, and NLRs. C1q, C4b, C3b, and iC3b: complement proteins; LTA:
lipoteichoic acid; dsRNA: double-stranded RNA; MDP: muramyl dipeptide: MDA5: Melanoma Differentiation-
Associated protein 5; NLRC: NOD-leucine-rich repeat family with caspase recruitment domain (CARD); NLRP: NOD-,
LRR- and pyrin domain-containing protein; ASC: apoptosis-associated speck-like protein containing a CARD;
MAVS/VISA: Mitochondrial antiviral-signalling protein. Figure adapted from (Rosales and Uribe-Querol, 2017) (A)
(Hong et al., 2011) (B).
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factor kappa B (NF-kB), activator protein 1 (AP1), interferon regulatory factors (IRFs), and
CCAAT-enhancer-binding protein B (C/EBPB).

2.3 C/EBPB

The transcription factor C/EBPP is a master regulator of gene expression in monocytic cells
(reviewed in Huber et al., 2012). C/EBPB belongs to the C/EBP family of transcription factors,
which are widely expressed and regulate multiple biological functions. The six members of the
C/EBP family are characterised by a highly-conserved basic leucine zipper (bZIP) domain at the
carboxy-terminus by which they dimerise and bind to the DNA, and an effector domain at the
amino-terminus that mediates transactivation or repression (reviewed in Tsukada et al., 2011).
To modulate transcription, C/EBPs bind to palindromic a-helical recognition sequences along
the major groove of the DNA forming a Y-shaped structure (Glover and Harrison, 1995; Miller et
al., 2003). C/EBPp binds to the DNA as a homodimer or a heterodimer. To form a heterodimer,
C/EBPPB can associate either with other members of the C/EBP family or with different bZIP
transcription factors such as JUN/FOS proto-oncogenes (AP1 transcription factor subunits),
cAMP-responsive element-binding protein (CREB)/activating transcription factor (ATF) family
members, and MAF (Grigoryan et al., 2009; Newman and Keating, 2003). In addition, C/EBPB
can physically interact with some non-bZIP transcription factors, including the following: NF-kB
(Diehl and Hannink, 1994; Dooher et al., 2011; Faggioli et al., 2004; Ruocco et al., 1996); the
hematopoietic transcription factors myeloblastosis oncogene (MYB) (Tahirov et al., 2002), PU.1
(Listman et al., 2005) and runt-related transcription factor (RUNX) 1; and the nuclear receptors
glucocorticoid receptor (reviewed in Roos and Nord, 2012), peroxisome-proliferator-activated
receptors (PPAR) a (Mouthiers et al., 2005), and liver X receptor (LXR) (Tian et al., 2016). Some
of these interactions are cooperative, whereas others have counteracting effects (reviewed in

Pulido-Salgado et al., 2015).

C/EBPB expression is regulated by proliferation- and differentiation-inducing extracellular
factors as well as by inflammatory molecules (reviewed in Tsukada et al., 2011). It is upregulated
during the differentiation of (pre)monocytes to macrophages (Natsuka et al., 1992) and controls
monocytic cell proliferation and the orchestration of the innate immune response, including
inflammatory gene expression and phagocytosis (Figure 3). In macrophages, C/EBPB expression
is induced by the presence of the cytokines TNF, IL1, IL6, and IFNy as well as by PAMPs such as
LPS (Goethe and Phi-van, 1997; Hsu et al., 1994; Hu et al., 2001; Natsuka et al., 1992; Sonoki et

al., 1997; Tengku-Muhammad et al., 2000). Reciprocally, C/EBPB binds to gene regulatory
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regions of several cytokines (e.g., Tnfa, Il1b, 1l6, 1112), chemokines (e.g., /I8, Ccl3 (also named
Mipla) and Ccl4 (also named Mip1b)), acute-phase proteins, and growth factor receptors (Akira
et al., 1990). The relevance of C/EBPf in the macrophage microbicidal activities is evidenced by
the fact that C/EBPB-deficient mice present increased susceptibility to infection by intracellular
bacteria associated with an impaired bactericidal activity (Screpanti et al., 1995; Tanaka et al.,
1995). Besides, C/EBPP has been linked to M2-associated gene expression (e.g., Arg1, 1/110) after
being upregulated by CREB in response to IFNy + LPS (Ruffell et al., 2009).

LIP srrremsrmnnamsrnsnmssnsnpasnsnnnas Proliferation
LAP/LIP (e.g. c-myc, cyclin D)
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--------- | Differentiation
(e.g. CD14, Mac-2, FcyRlIl)

TNF, IL-1B, IFNg
LPS i
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i : (e.g. TNF, IL-1 B, IL-6, IL-8, COX-2) .
E. coli g Orchestration of the

. i-----| Phagocytosis/antimicrobial activity | Immune response
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Figure 3. Roles of C/EBP in monocytic cells. Various inflammatory molecules and bacteria increase the protein levels
of C/EBPB. The LAP/LIP ratio is enhanced during the monocyte differentiation process. The positive and negative
modulation of several biological processes by LAP* and LAP (blue line) or LIP (red dotted line) are shown. iNOS:
inducible nitric oxide synthase; COX-2: cyclooxygenase 2. Figure adapted from (Huber et al., 2012).

C/EBPB presents three different isoforms that arise from alternative translation initiation sites
(reviewed in Huber et al., 2012). Two of the isoforms, the liver-enriched activating protein*
(LAP*, the full length protein) and LAP, are transcriptional activators that differ slightly in length,
whereas the liver-enriched inhibitory protein (LIP) is the smallest isoform, which lacks the
transactivation domain and generally acts as a dominant-negative isoform. After protein
synthesis, C/EBPB rapidly translocates to the nucleus to regulate transcription (reviewed in
Pulido-Salgado et al.,, 2015). Its activities are further regulated by post-translational
modifications, which can be activating or inhibitory, and affect the protein stability, binding to
DNA, interactions with other transcription factors, and transactivation capacity. While C/EBPB
phosphorylation is usually associated with an activating effect, the linkage of small ubiquitin-like
modifier (SUMOQ) presumably induces inhibition, yet acetylation can have both positive and
negative modulatory actions. In conclusion, C/EBPB is a central mediator of the macrophage
inflammatory response that can be modulated by diverse molecules through a plethora of

mechanisms.
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2.4 Roles of macrophages against bacterial infection

2.4.1 Bacterial sensing and intracellular signalling

Several TLRs detect conserved molecules on bacteria. Cell surface TLR1, TLR2, and TLR6 form
heterodimers (TLR1/2 and TLR2/6) that bind lipoteichoic acid on Gram-positive bacteria or diacyl
and triacyl lipoproteins on Gram-negative bacteria, among others. Flagellin in bacteria can be
detected by surface TLR5. Additionally, TLR9, embedded in endosomal membranes of immune

cells, recognises unmethylated CpG dinucleotides present in bacteria and viruses.

Gram-negative bacteria are rapidly recognised by phagocytic cells through TLR4, which binds to
LPS, an integral component of the bacterial outer membrane (Murphy, 2012). Bacterial LPS, also
known as endotoxin, is a potent immunostimulatory molecule that polarises macrophages
towards the prototypic M1 phenotype. During infection, LPS can dissociate from bacterial cell
wall and be picked up by the soluble LPS-binding protein (LBP). Then, LBP transfers LPS to CD14
on the surface of phagocytes, where it finally interacts with TLR4 and its accessory protein MD-
2 to induce TLR4 dimerization and signal transduction (Figure 4 A) (reviewed in Lu et al., 2008).
In humans, TLR4 and MD-2 are predominantly expressed on monocytes, macrophages, and
dendritic cells (reviewed in Vaure and Liu, 2014). Upon LPS binding, TLR4 recruits adaptor
proteins containing TIR domains. Then, TLR4 initiates two separate signalling pathways: the
MyD88 protein-dependent pathway and the MyD88-independent pathway (reviewed in Kagan
et al., 2008). The MyD88-dependent pathway occurs during the first minutes after TLR4
engagement at the plasma membrane and mediates inflammatory gene expression (Figure 4 B).
Interactions between TLR4 and TIR domain-containing adaptor protein (TIRAP) attract MyD88,
which activates IL1 receptor-associated kinase-4 (IRAK4), and this, in turn, activates IRAK1
(reviewed in Lu et al., 2008). Subsequently, TNF receptor-associated factor (TRAF) 6 activates
TGFB-activated kinase 1 (TAK1), which results in the activation of the inhibitor of NF-kB (IkB)
kinase (IKK) and mitogen-activated protein kinase (MAPK) pathways. On the one hand, the IKK
complex induces the degradation of IKB, a protein that sequesters NF-kB, thereby releasing NF-
KB and enabling transcriptional activation of its target genes. On the other hand, the sequential
activation of MAPK proteins leads to the activation of the transcription factor AP1. Later on,
TLR4 is endocytosed and initiates the MyD88-independent pathway by interacting with different
adaptor molecules (Figure 4 C) (reviewed in Kagan et al., 2008). From the endosomal membrane,
TLR4 recruits TRIF-related adaptor molecule (TRAM) and TRIF (reviewed in Lu et al., 2008). At

this point, two divergent cascades are promoted by TRIF. On the one hand, RIP-1 activates IKK
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and MAPKs. On the other hand, TRAF3 induces IRF3 activation. To activate IRF3, TRAF3 recruits
a protein complex formed by TRAF family member-associated NF-kB activator (TANK), TANK
binding kinase 1 (TBK1) and inducible IKK. Subsequently, IRF3 induces the expression of
antimicrobial mediators such as IFNB, chemokine (C-X-C motif) ligand (CXCL)-10, and TNFa.
Furthermore, the secretion of IFNB and TNFa in response to LPS amplifies the inflammatory
response through the activation of their respective receptors and subsequent signalling
cascades. Given the extreme inflammatory potential of LPS, negative regulators act at many
different levels on the pathway to prevent excessive tissue damage. Additionally, after exposure
to small amounts of LPS, the cells become transiently unresponsive to new challenges with this
molecule. This phenomenon, termed endotoxin tolerance, further protects tissues from

uncontrolled inflammation (reviewed in Biswas and Lopez-Collazo, 2009).
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Figure 4. LPS/TLR4 signalling pathway. A) LPS signaling is mediated by the TLR4/MD-2 receptor complex and
progresses through MyD88-dependent and MyD88-independent pathways, leading to the activation of pro-
inflammatory cytokines and type | interferons. B) MyD88-independent pathway. TRIF recruits TRAF3 and RIP1, which
activate downstream kinases that mediate the activation of the transcription factors AP1, NF-kB, and IRF3. C)
MyD88-dependent pathway. IRAK proteins and TRAF6 activate other downstream proteins that lead to the
activation of IRF5, NF-kB, and AP1. Figure adapted from (Lu et al., 2008).

A central signalling platform during macrophage activation is constituted by the MAPK family of
proteins. MAPKs are serine/threonine kinases that couple extracellular signals with numerous
intracellular responses, including gene expression, metabolism, proliferation, survival,
differentiation, and stress response. (reviewed in Cargnello and Roux, 2011; reviewed in
Plotnikov et al., 2011). There are three main MAPK categories that become sequentially
activated by phosphorylation (Figure 5). Generally, a MAPK kinase kinase (MAPKKK) is activated

by a small guanosine-5’-triphosphate hydrolase (GTPase) or protein kinase downstream of a
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surface receptor. Next, this MAPKKK phosphorylates a MAPK kinase (MAPKK), which in turn,
phosphorylates a MAPK. Then, the final MAPK phosphorylates diverse substrates to regulate

biological activities (reviewed in Morrison, 2012).
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Figure 5. MAPK signalling pathways. Multiple extracellular and intracellular signals stimulate MAPK pathways. Each
signalling pathway consists of sequentially-activated MAPKKKs, MAPKKs, and MAPKs. Activated MAPKs
phosphorylate diverse target molecules, including transcription factors such as c-JUN, c-MYC, and ATF2, which
mediate diverse cellular responses (e.g., proliferation, migration, differentiation, survival or apoptosis, autophagy,
and inflammatory reactions). ASK1: apoptosis signal-regulating kinase 1; MEKK and MKK are MAPKKs; JNK: c-Jun NH2-
terminal kinase; ERK: extracellular signal-regulated. MEK: MAPK/ERK kinase; RTK: receptor tyrosine kinase. Figure
created based on the figure from (Kim and Choi, 2015).

Microbial ligands of PRRs and several cytokines, indeed, trigger signalling cascades that activate
MAPK pathways in innate immune cells (reviewed in Arthur and Ley, 2013). In mammals, the
most studied MAPKs are extracellular signal-regulated kinase (ERK) 1 and ERK 2, p38, and c-JUN
N-terminal kinase (JNK) 1 (JNK 1) and JNK 2. JNK 1/2 and ERK 1/2 participate in the macrophage
inflammatory response elicited by M1 stimuli such as LPS. Of the two p38 isoforms, only p38a
seems to participate in pro-inflammatory cytokine synthesis downstream of TLR signalling (Kang

et al., 2008; O'Keefe et al., 2007).

Macrophage activation by PAMPs/DAMPs or cytokines is accompanied by metabolic shifts that
support their functions (reviewed in Vergadi, 2017). The phosphatidylinositol 3 kinase
(PI3K)/AKT pathway is at the crossroads of metabolic and immune adaptation of macrophages
and enables phenotypic specialisation. AKT is a serine/threonine kinase that controls not only
macrophage survival, proliferation, and migration, but also metabolism and immune activities
(reviewed in Song et al., 2005). AKT is activated by nutrient availability (reviewed in Dibble and

Manning, 2013) and inflammatory molecules, including TLR ligands, cytokines and chemokines,
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and FcyRs (Figure 6) (reviewed in: Covarrubias et al., 2015; Troutman et al., 2012). All these
stimuli lead to PI3K activation, which generates phosphatidylinositol (3,4,5)-triphosphate (PIP3)
at the plasma membrane that subsequently recruits mammalian target of rapamycin complex
(mTORC) 2 to activate AKT. Then, AKT activates mTORC1 and mediates diverse biologic
functions. In general, AKT activation by TLRs or cytokines restricts inflammation and promotes
M2 polarisation (Beharka et al., 2005; Gong et al., 2012a; Lopez-Pelaez et al., 2011; Rocher and
Singla, 2013; Weisser et al.,, 2011). However, different PI3K and AKT isoforms have shown
variable effects on M1 or M2 polarisation (reviewed in Vergadi, 2017). On the other hand, AKT
fosters phagocytosis of apoptotic bodies (Murakami et al., 2014) and IgG-coated particles
(Ganesan et al., 2004; Shiratsuchi and Basson, 2007), but it inhibits autophagy (Ito et al., 2015b;
Owen et al., 2014; Park et al., 2011). Additionally, AKT prevents apoptosis (Fernandez-Hernando
et al., 2007; Larson-Casey et al., 2016). Therefore, the AKT pathway integrates metabolic and
immune signals driving phenotypic activation of macrophages towards M1 or M2, and regulates
biological processes to meet their energetic and immune requirements.
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Figure 6. The AKT pathway regulates diverse biological activities and contributes to the macrophages polarisation
towards the M1 or M2 phenotype. Multiple extracellular stimuli induce signalling events that activate the PI3K/AKT
pathway, which subsequently modulates various cellular processes that help determine the macrophage
polarisation towards an M1 or M2 phenotype. Figure obtained from (Vergadi, 2017).

2.4.2 Secretion of inflammatory mediators

Upon microbial recognition and cell activation, macrophages start producing cytokines. The
main cytokines secreted by macrophages against bacterial infections belong to the IL1 family

(IL1B and IL18), hematopoietin family (IL6), IL12 family (IL12), and TNF family (TNFa) (Murphy,
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2012; reviewed in Vignali and Kuchroo, 2012). Together, these cytokines set up the milieu to

exploit innate immune mechanisms and stimulate adaptive immune responses.

Locally, IL1B and TNFa increase the vascular permeability to allow the influx of effector cells and
molecules (Murphy, 2012). IL18 is a chemoattractant that recruits more immune cells to the
infection site. Moreover, IL1B, TNFa, and IL6 act systemically to induce fever and stimulate the
production of acute-phase proteins by the liver. Acute-phase proteins bind conserved structures

on bacterial surfaces and serve as opsonins that can activate the complement cascade.

TNFa, mainly produced by macrophages and T cells, is a key pro-inflammatory mediator during
inflammation (reviewed in Zelova and Hosek, 2013). Its production is stimulated by PAMPs,
especially LPS, as well as by cytokines, including IL1 and IFNy, or TNFa itself in an autocrine
manner. Numerous events taking place during inflammation are directly or indirectly mediated
by TNFa. So far, it is involved in vasodilation, leukocyte adhesion to the endothelium, edema
(increased accumulation of fluid in the tissue), blood coagulation at the injury site, ROS
production, and fever. TNFa exists in transmembrane (tmTNFa) and soluble (sTNFa) forms, both
active as homotrimers, but with different consequences due to unequal spatial range and
receptor binding characteristics. The biological effects of TNFa are mediated by its interaction
with the TNF receptor (TNFR) 1 and TNFR2, which can also be cleaved and become soluble
receptors. TNFR1 is ubiquitously expressed and can bind tmTNFa and sTNFa. In contrast, TNFR2
exclusively binds sTNFa and its expression is restricted to immune cells, endothelial cells, and
neurons. The functional impact of TNFa depends on which signalling complexes are activated
downstream of TNFR. There are four different signalling complexes, precisely, complex|, Ila, llb,
and lic (Figure 7A,B) (reviewed in Kalliolias and Ivashkiv, 2016). First, the signalling complex | is
activated by TNFR1 or TNFR2 and promotes pro-inflammatory and anti-apoptotic activities
(Figure 7 C). It is composed of TNFR type 1-associated death domain protein (TRADD), receptor-
interacting protein-1 (RIP1), TRAF2, cellular inhibitor of apoptosis protein 1 (clAP1) or clAP2, and
linear ubiquitin chain assembly complex (LUBAC). After ubiquitination, complex | signals through
two separate pathways. On the one hand, signalling through the IKK complex leads to NF-kB
activation. On the other hand, the TAK1 complex activates two MAPK pathways, namely JNK and
p38 pathways. Then, JNK translocates to the nucleus, where it activates AP1. Noteworthy, the
magnitude and kinetics of TNF signalling complex | are finely controlled by negative modulators.
Second, the signalling complex Il functions exclusively downstream of TNFR1 and leads to cell
death. Complex lla and Ilb assemble at the cell cytoplasm with TRADD and Fas-associated death

domain protein (FADD), which trigger subsequent steps in the signalling cascade to activate the
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pro-apoptotic caspase 8 (reviewed in Kalliolias and Ivashkiv, 2016). Complex llc, instead, induces
cell death by necroptosis through the activation of mixed lineage kinase (MLK) domain-like

protein (MLKL) in a RIP-3-dependent mechanism.
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Figure 7. TNF signalling pathway. A) Signalling complexes activated by TNFR1. Soluble and transmembrane TNF
activate TNFR1, which recruits the adaptor protein TRADD to mediate the assembly of different signalling complexes.
First, TNFR1 initiates the signalling through complex |, resulting in activities involved in the immune defence against
pathogens. Later, TNF might assemble the complexes lla and Ilb or lic to induce either programmed cell death or
necroptosis and inflammation, respectively. B) TNFR2 induces the assembly of complex I. C) Signalling pathway
activated by the complex |. Assembly of complex | causes the activation of subsequent proteic complexes that lead
to p38 and JNK activation and the transcription of target genes of AP1 and NF-kB. clAP: cellular inhibitor of apoptosis
protein; NEMO: NFkB essential modulator; TAB: TAK1-binding protein. Figure adapted from (Kalliolias and Ivashkiv,
2016).

Macrophages activated by the detection of bacteria also secrete IL12, which stimulates the
activities of NK cells and Th1 lymphocytes. Reciprocally, NK cells and Th1 cells potentiate the
microbicidal functions of macrophages through IFNy secretion. Some pathogens can persist
within macrophages for some time, but following exposure to IFNy, macrophages boost their
microbicidal capacity and effectively eliminate them. IL12 and IL18 are the main inducers of IFNy
production by NK cells, innate lymphoid cells, Th1 cells, and CTLs (reviewed in Schroder et al.,
2004). NK cells are the first IFNy producers before the adaptive immunity takes part. However,
the complete activator effect of IFNy on macrophages is only achieved after sensitisation
induced by pathogen-specific Th1 cells. Thl cells interact with infected macrophages by specific
TCR:MHC-Il interactions and provide the sensitising signal through the binding of CD40 ligand to
CD40 on macrophages. The functional consequences of activation by IFNy include higher
production of TNFa; increased expression of CD40, TNFR, and MHC-Il, and; enhanced
intraphagosomal microbial degradation by reactive oxygen and nitrogen species (reviewed in

Murphy, 2012).

A dimer of IFNy binds to the IFNy receptor (IFNGR), composed of two IFNGR1 and two IFNGR2

chains, to initiate the intracellular signalling cascade (Figure 8) (reviewed in Hu and lvashkiv,
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2009; reviewed in Majoros et al., 2017; reviewed in Schroder et al., 2004). IFNGR1 chains interact
with intracellular Janus tyrosine kinase (JAK) 1 and signal transducer and activator of
transcription (STAT) 1. IFNGR2 chains, instead, bind JAK2. The binding of IFNy to its receptor
causes JAK2 autophosphorylation, JAK1 phosphorylation by JAK2, and IFNGR1 phosphorylation
by JAK1. Successively, a STAT1 homodimer is recruited to the receptor and becomes
phosphorylated. Next, the phosphorylated STAT1 dimer dissociates from IFNGR-JAK1-JAK2
complex to enter the nucleus and regulate the transcription of genes containing an IFNy
activation site (GAS). Noteworthy, many of the STAT1 target genes are transcription factors, for
example, IRF1 is directly induced by STAT1 and drives the second wave of transcriptional
activation upon binding to IFN-stimulated response elements (ISRE). Non-canonical signalling
pathways for IFNy have also been described (reviewed in Majoros et al., 2017). Several negative
regulators of the JAK-STAT pathway limit the extent and duration of IFNy signalling, for example,

the protein suppressor of cytokine signalling 1 (SOCS1) (reviewed in Schroder et al., 2004).

. (=
1

LE i 56

e
~ IRF-1

\ |
| Nucleus
! |:eg. IRF-2
iINOS
IFN
SRE IFN-regulated gene
IRF-1 i
[': IRF-E/GAS/IRF-E

IRF-1

Figure 8. Signalling pathway mediated by IFNy. Binding of FNy to the IFNyR (IFNGR1, yellow; IFNGR2, green), induces
a sequence of phosphorylation events in the receptor chains and JAK proteins that generate docking sites for STAT1.
STAT-1 homodimers are subsequently phosphorylated and migrate to the nucleus, where they bind GAS elements to
modulate the transcription of target genes. Many of the STAT1 target genes are in fact transcription factors that
cause the second wave of transcription. This is the case of IRF1. To a lesser extent, IFNy signalling induces the
formation of STAT1:STAT1:IRF9 and STAT1:STAT2:IRF9 complexes. Those complexes and IRF-1 can bind to ISRE
regions on target genes to regulate transcription. IRF-1 can also induce STAT1 expression through an unusual ISRE
site (IRF-E/GAS/IRF-E). ICAM-1: intercellular adhesion molecule-1; MIG: monokine induced by IFNy; iNOS: inducible
nitric oxide synthase. Figure adapted from (Schroder et al., 2004).
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2.4.3 Phagocytosis

Phagocytosis is defined as the ingestion of particles bigger than 0.5um by cells (reviewed in
Rosales and Uribe-Querol, 2017). It is a complex process that requires the activation of cell
membrane receptors that initiate intracellular signalling cascades to induce the reorganisation
of the actin cytoskeleton. Macrophages are professional phagocytes that exert homeostatic and
immune functions by removing apoptotic cells and microbes. Indeed, the phagocytosis of
pathogens is an essential step for an early contention of infection, and it stimulates antigen

presentation by antigen-presenting cells.

Phagocytic receptors couple target particle recognition to phagocytosis. Besides triggering
phagocytosis, some of them have broader effects such as the induction of cytokine production
(Murphy, 2012). To be activated, phagocytic receptors need to aggregate (crosslink), a dynamic
event that depends on the lateral diffusion of receptors (reviewed in Rosales and Uribe-Querol,
2017). Noteworthy, TLRs are not phagocytic receptors but they cooperate with non-opsonic
phagocytic receptors to prepare (prime) phagocytosis. In fact, the activation of some TLRs
reduces the spatial confinement of receptors in the plasma membrane by modulating the actin
cytoskeleton (Figure 9 A) (reviewed in Freeman and Grinstein, 2014). Additionally, TLR
engagement induces inside-out activation of integrins, which adopt a conformation with
enhanced capability of ligand binding (reviewed in Rosales and Uribe-Querol, 2017).
Phagocytosis mediated by CR and FcyR has been the focus of many studies. In contrast, the
phagocytosis pathway mediated by non-opsonic receptors remains largely unknown. Therefore,
the general steps mediating opsonic receptor-driven phagocytosis will be taken as a model to
explain the process. First, membrane-bound cortical actin present during the macrophage
resting state is disrupted (Figure 9 B) (reviewed in Rosales and Uribe-Querol, 2017). Initially,
coronins debranch the actin meshwork and release linear filaments as substrates for cofilin and
gelsolin, which dissociate them into actin monomers. The disruption of cortical actin also
facilitates the diffusion of receptors through the plasma membrane. Second, actin polymerises,
and the cell extends pseudopods to cover the particle to be phagocytosed. Various sequential
steps mediate this event. Ligand binding to CR or FcyR activates intracellular kinases and
phosphatases that recruit more proteins and generate second messengers and certain
phosphoinositide forms. The changes in membrane lipid composition and the formation of
signalling complexes activate downstream pathways. The small GTPases of the Rho family are

core targets of this signalling cascade (reviewed in Rosales and Uribe-Querol, 2017). Small Rho
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Figure 9. Steps for phagocytosis: receptor priming and actin cytoskeleton remodelling. A) Control of receptor
mobility by the actin cytoskeleton. In the resting state, membrane receptors such as FcyRs, integrins, and scavenger
receptors are confined by pickets attached to an F-actin meshwork. The interaction of chemokines or TLR ligands with
their surface receptors induces actin remodelling, which leads to membrane ruffling and the formation of more
branched and dynamic cortical actin filaments. Consequently, membrane receptors can diffuse more freely through
the membrane and encounter ligands (primed state). The engagement of phagocytic receptors by target particles
retains the receptors tethered to the ligand and, in some cases, anchored to the actin cytoskeleton, rendering them
immobile (Freeman and Grinstein, 2014). B) Changes in the cytoskeleton during phagocytosis. Resting phagocytes
project membrane extensions to sense their environment. These membrane extensions are primarily formed by linear
actin fibres. Following recognition of the target particle, the actin cytoskeleton is disrupted at the phagocytic cup, and
the cells start extending pseudopodia, which consist of branched actin filaments. The formation of these new actin
filaments at the phagocytic cup is promoted by the coordinated actions of small GTPases, nucleation-promoting
factors, and actin nucleator proteins. Finally, actin filaments at the base of the nascent phagosome depolymerise and
the phagosome closes. Figures adapted from (Freeman and Grinstein, 2014) (A) and (Rosales and Uribe-Querol, 2017)

(B).

GTPases are molecular switchers that alternate between the active (guanosine triphosphate
(GTP)-bound) and inactive (guanosine diphosphate (GDP)-bound) forms to regulate the activity
of effector proteins. The shifts from one state to the other are mediated by guanine exchange
factors (GEF) and GTPase-activating proteins (GAPs). As a result of phagocytic receptor
engagement, the small GTPases Rho, Rac, or Cdc42 (their use differs depending on the inducing

phagocytic receptor) become activated. Next, they activate nucleation promoting factors (e.g.,

Wiskott-Aldrich Syndrome protein [WASp] or Scar/WAVE), which subsequently activate the

24

Selective effects of LXR activation in host-bacteria interaction. Estibaliz Glaria. 2021



INTRODUCTION

actin nucleating protein Arp2/3 to ultimately mediate pseudopod extension. Last, actin
depolymerisation occurs at the base of the nascent phagosome and the phagocytic cup closes.
The activities of PI3K and phospholipase C (PLC) generate PIP3 and diacylglycerol (DAG),
respectively, which inactivate Rho family GTPases and, consequently, impair Arp2/3 activity. The
activity of cofilin also contributes to actin depolymerisation. Once the phagosome is closed, it
will follow the phagolysosomal degradative pathway to become an effective microbicidal

compartment.

2.4.4 Macrophage bactericidal mechanisms

Macrophages deploy an arsenal of mechanisms to kill pathogens. For example, bacteria that are
internalised through phagocytosis become entrapped within phagosomes, which become
increasingly microbicidal compartments (reviewed in Flannagan et al., 2009). There, the
bacterial replication is inhibited by restricting their access to essential metabolites, extreme
acidification of the medium, and exposure to antimicrobial proteins such as reactive nitrogen
and oxygen species. Alternatively, macrophages can initiate a type of programmed cell death

known as pyroptosis to restrict infection (reviewed in Bergsbaken et al., 2009).

Bacteria that are taken up by phagocytosis remain entrapped within a phagosome that
undergoes maturation by successive fusion and fission with vesicles from the endocytic pathway
(Figure 10) (reviewed in Rosales and Uribe-Querol, 2017). The resulting remodelling of the
phagosomal membrane and internal contents engender a hostile environment for pathogen
survival. To begin, the GTPase Rab5 recruits early endosome antigen 1 (EEA1) to the membrane
of the early phagosome, which promotes the fusion with recycling endosomes. Constantly
during the maturation process, V-adenosine triphosphatases (V-ATPases) on the phagosomal
membrane translocate protons into the lumen, leading to the gradual acidification of the
compartment. At the stage of the intermediate phagosome, intraluminal vesicles emerge, which
bear membrane-associated proteins that are targeted for degradation. Progressively, Rab5 is
substituted by Rab7, which recruits new proteins and converts the vesicle into a late phagosome.
Then, the late phagosome establishes contacts with microtubules that guide its centripetal
movement. The microbicidal capacity of late phagosomes is enhanced by the acquisition of
lysosomal-associated membrane proteins and luminal proteases from late endosomes or from
vesicles originated in the Golgi complex. Finally, the late phagosome fuses with lysosomes to

give rise to the phagolysosome. This ultimate vesicle is very acidic and concentrates numerous
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microbicidal components such as hydrolytic enzymes, scavenger molecules, and nicotinamide

adenine dinucleotide (NAD*) phosphate (NADPH) oxidases.
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Figure 10. Steps of phagosomal maturation. Following phagocytosis, the phagosome matures by fusing with vesicles
of the endocytic pathway and becomes a highly microbicidal compartment. The phagosome gradually acidifies by the
action of a proton-pumping V-ATPases and it also acquires various degradative enzymes. The composition of the
membrane changes through the acquisition of molecules that control membrane fusion such as the GTPases Rab.
ESCRT: endosomal-sorting complex required for transport; HOPS: homotypic protein sorting; ILV: intraluminal vesicle;
LAMP: lysosomal-associated membrane protein; RILP: Rab-interacting lysosomal protein; vPS34: vacuolar protein-
sorting 34. Figure obtained from (Rosales and Uribe-Querol, 2017).

A different mechanism used by cells to degrade unwanted or damaged intracellular components
is macroautophagy (from now on referred to as autophagy) (reviewed in Gong et al., 2012b).
Autophagy is a process in which cytosolic materials are encapsulated in a double-membrane
vacuole, the autophagosome, that fuses with lysosomes to give rise to the autophagolysosome,
a potent degradative compartment. Xenophagy is a type of selective autophagy with
antimicrobial functions. This process is highly regulated by multiple signalling pathways and
coordinated by autophagy-related (Atg) proteins. Cytosolic sensors detect bacterial components
or damaged phagosomes and provide an “eat me” signal that recruits autophagic receptors to
induce subsequent microtubule-associated protein 1A/1B-light chain 3 (LC3)-dependent
autophagy. Besides, some proteins of the autophagic machinery mediate non-canonical
functions in a process named LC3-associated phagocytosis (reviewed in Heckmann and Green,
2019). LC3-associated phagocytosis is activated by the engagement of surface receptors by
phagocytic cargos such as pathogens present in the extracellular space. For instance, the ligation
of TLRs (TLR1-TLR2, TLR2-TLR6, and TLR4) or the C-type lectin dectin-1 can initiate this type of
phagocytosis. Then, LC3 is recruited to the single-membrane phagosome and stimulates its

maturation through fusion with endosomes and lysosomes to promote bacterial killing.

Macrophage pyroptosis can be induced by different conditions, including the infection by

intracellular bacteria, as a host cell protective response (reviewed in Bergsbaken et al., 2009).
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This type of cell death is characterised by the rapid lysis of the cell and the release of intracellular
inflammatory contents. The binding of some NLRs to their cognate ligands in the cytosol induces
the formation of a multiproteic complex known as the inflammasome. This complex activates
caspase-1, which induces cellular DNA cleavage and plasma membrane pore formation. In
addition, caspase-1 activates IL1B and IL18 that will be released to the extracellular medium
after cell lysis. The inflammatory cytokines released by macrophages during this process attract
and activate neutrophils to phagocytose and kill the ejected pathogens and cell debris. In that

way, macrophages avoid the establishment of an intracellular bacterial niche within them.

2.5 The macrophage paradox

Despite the multiple antimicrobial mechanisms of macrophages, they represent, paradoxically,
a preferential niche for the establishment of many intracellular bacteria (reviewed in Price and
Vance, 2014). These intracellular bacteria have developed mechanisms to alter macrophage
biology for their benefit (Figure 11) (reviewed in Sarantis and Grinstein, 2012). By different
mechanisms, bacteria avoid being targeted for destruction and create the necessary conditions
to sustain their replication. For example, some bacteria activate specific regulatory host cell
receptors to alter the normal receptor crosstalk that would lead to bactericidal immune
responses (reviewed in Hajishengallis and Lambris, 2011). The interference with the activation
of critical protein kinases and phosphatases is another mechanism shared by many bacteria to
inhibit macrophage activation. Typically inhibited targets include the JAK-STAT pathway, MAPK
proteins, protein kinase C (PKC), PI3K, and TLR-induced activation of NF-kB (reviewed in Thi et
al., 2012).

Macrophage phagocytosis is co-opted by numerous intracellular bacteria to gain access to their
intracellular niche (reviewed in Sarantis and Grinstein, 2012). Indeed, bacteria that take profit
from macrophage infection often possess their own invasive mechanisms to enter both
phagocytic and non-phagocytic cells. Invasive bacteria contain virulence factors that manipulate
critical steps of particle engulfment either by the engagement of host cell phagocytic receptors
or by injection of bacterial effector molecules into the host cell cytosol. On the one hand,
bacteria can supply ligands for macrophage cadherins and integrins that promote engulfment.
On the other hand, some pathogens mimic the phagocytic receptor-driven signalling by
providing intermediary molecules of the pathway. To transport their invasion factors, bacteria
use specialised structures named secretion systems. These systems consist of a needle-like

complex that injects proteins across the plasma membrane into the host cell cytosol. For
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Figure 11. Strategies used by pathogens to subvert or evade phagocytosis. Pathogens can co-opt cellular receptors
or inject effector proteins to promote their engulfment by host cells. Once inside the phagosome, pathogens can use
different systems to escape from the phagosome into the cytoplasm, avoid phagosomal maturation, or survive to the
hostile environment present in phagolysosomes. Other pathogens, instead, inhibit their recognition by host cells.
Figure obtained from in (Sarantis and Grinstein, 2012).

instance, many bacteria induce their internalisation by macrophages through the signalling
events promoted by phosphoinositides, either by injecting molecules that activate
phosphatidylinositol kinases and phosphatases to generate phosphoinositides or by directly
delivering their own signalling phosphoinositides into the host cell cytosol. Then, the conversion
of specific phosphoinositides into second messengers by host cell enzymes recruits proteins that
will coordinate phagocytosis to the nascent phagosome. Some bacteria can also produce their
own GEFs and GAPs to control the activity of the Rho family small GTPases and induce actin
reorganisation. Other bacteria inject actin nucleating proteins into the host cell to guide actin

filament polymerisation.

In addition, early after being internalised by macrophages, intracellular bacteria start
manipulating the phagosome to counteract its microbicidal activities. Commonly, these bacteria
alter the phagosomal maturation or escape from the compartment to reach the cytosol
(reviewed in Mitchell et al., 2016; reviewed in Thi et al., 2012). Intravacuolar bacteria modify the
composition of the phagosomal membrane to prevent the acquisition of proteins involved in its

maturation. As a result, intravacuolar bacteria can arrest phagosomal maturation or delay it until
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they have adapted to survive within phagolysosomes. Even though phagosomes are devoid of
nutrients to avoid microbial growth, intravacuolar bacteria express molecules that allow them
to acquire the essential nutrients and co-factors, especially divalent cations and iron.
Furthermore, some bacteria overcome the oxidative burst and generation of reactive nitrogen
species. To accomplish so, they inhibit the assembly of NADPH oxidase at the phagosomal
membrane or use deactivating enzymes that neutralise the reactive species. In contrast,
cytosolic bacteria rapidly translocate virulence factors across the phagosomal membrane to leak
out of the compartment. Once in the cytosol, these bacteria find a favourable nutrient-rich
environment; however, they need to downregulate or modify the PAMPs to delay the
recognition by cytoplasmic NLRs. Finally, bacteria that survive inside macrophages employ
mechanisms to disseminate to other cells. For example, Listeria spreads using an actin-driven
cell-to-cell invasion system that avoids extracellular exposure, whereas Salmonella induces
pyroptosis and is released to the extracellular medium, from where it can infect other cells. In
conclusion, each pathogen harbours a set of molecules that manipulate different host factors to

fulfil its specific requirements and build a replication permissive intracellular niche.
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3.CD38

CD38 is a multifunctional protein that is widely expressed in immune cells (reviewed in Malavasi
et al.,, 2008). It is located in the plasma membrane and intracellular compartments as a
transmembrane protein, or it can also be secreted as a soluble molecule. Transmembrane CD38
functions as a receptor, signalling mediator, and enzyme. As a receptor, it binds platelet
endothelial cell adhesion molecule-1 (PECAM-1 or CD31) expressed by the cells within the
vascular system, including endothelial cells (Deaglio et al., 1998). CD38 also participates in
signalling events related to immune cell activation by laterally associating with other proteins or
complexes. For example, it co-localises with the TCR, BCR, and MHC-II on the surface of T cells,
B cells, and monocytes, respectively (Dianzani et al., 1995; Funaro et al., 1993; Zilber et al.,
2005). On the other hand, CD38 is an enzyme that uses NAD* to generate calcium-mobilizing
second messengers (reviewed in Hogan et al., 2019). At neutral pH, CD38 produces adenosine
diphosphate (ADP) ribose (ADPR), cyclic ADPR (cADPR), and nicotinamide. These enzymatic
activities require a large amount of NAD*, consequently, its consumption by CD38 drastically
impacts the intracellular NAD* levels. At acidic pH, CD38 converts NADP* into nicotinic acid
adenine dinucleotide phosphate. CD38 can be placed in two opposite orientations in the
membrane, each containing the catalytic domain at one side (Zhao et al., 2012). As a result,
CD38 controls the levels of its substrate and products, mainly NAD* and ADPR, at the

extracellular space, cytoplasm, and the lumen of the organelles.

The levels of CD38 expression by leukocytes are modulated by their activation or maturation
state (reviewed in Glaria and Valledor, 2020). In macrophages, CD38 expression is induced by
several inflammatory cytokines and the bacterial component LPS (Amici et al., 2018; Igbal and
Zaidi, 2006; Lee et al., 2012a; Lischke et al., 2013; Musso et al., 2001). Dendritic cells also
upregulate CD38 expression during maturation (Beceiro et al., 2018; Fedele et al., 2004). In both
types of leukocytes, CD38 expression is linked to the classical activation phenotype and the
production of inflammatory cytokines. Some studies suggest that CD38 might modulate
phagocytosis by macrophages, although the outcome of CD38 expression varies depending on
the particle to be phagocytosed (Kang et al., 2012; Lucke et al., 2018; Matalonga et al., 2017).
Additionally, CD38 participates in the migration of leukocytes through chemotaxis. For instance,
CD38 is involved in neutrophil infiltration to the inflammation site and dendritic cell migration
to the draining lymph nodes (Beceiro et al., 2018; Estrada-Figueroa et al., 2011; Frasca et al.,

2006; Partida-Sanchez et al., 2001; Partida-Sanchez et al., 2007; Partida-Sanchez et al., 2004).
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The mobilisation of calcium by the enzymatic products of CD38 contributes to the chemotactic
events in neutrophils and dendritic cells, and, in the case of dendritic cells, the interactions
between CD38 and CD31 have also a role in migration. Regarding the adaptive immune
response, CD38 expression has been used as a lymphocyte activation marker in humans
(reviewed in Glaria and Valledor, 2020). Besides, CD38 might participate in lymphocyte

maturation and activation at different stages.

Finally, CD38 modulates the outcome of infection by different pathogens. In vivo models using
CD38-deficient mice showed increased susceptibility to infection by L. monocytogenes,
Mycobacterium avium, and Streptococcus pneumoniae (Lischke et al., 2013; Partida-Sanchez et
al., 2001; Partida-Sanchez et al., 2003; Viegas et al., 2007). In contrast, in adult patients infected
by the human immunodeficiency virus (HIV), CD38 expression is associated with the progression
to acquired immunodeficiency syndrome and with poor prognosis (Benito et al., 1997; Giorgi et
al., 1999; Liu et al., 1996; Mocroft et al., 1997). Various studies have analysed the role of CD38
during sepsis, a dangerous clinical condition characterised by exacerbated inflammation that
can lead to organ dysfunction and death (van der Poll et al., 2017). Although the expression or
enzymatic activities of CD38 had an impact in the pathology of sepsis, divergent outcomes were
found among studies (Bahriet al., 2012; Patton et al., 2011; Shu et al., 2018) and further research

would be required to elucidate the function of CD38 in sepsis.

To sum up, the body of evidence indicates that CD38 is modulated by different clinical conditions
and it is involved in various immune cell functions. Monoclonal antibodies against CD38 have
been approved for therapeutic use in multiple myeloma (reviewed in Morandi et al., 2018).
Further research might determine whether targeting CD38 could be therapeutically exploited in

other pathologies.
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4. Features of pathogenic bacteria in humans

Bacteria are ubiquitous microorganisms present in the nature and in animal hosts. After birth,
the body surfaces of humans that are exposed to the environment acquire microorganisms that
persist as commensal bacteria (reviewed in Bhunia, 2018). Microbiota plays essential roles in
human health, for instance, it regulates the nutrient absorbance and metabolism, protects us
from invading microorganisms, and modulates the immune system. However, several microbes
have acquired virulence factors that allow them to overcome the protective barriers of the
organism and cause damage to host cells. As a result, pathogenic bacteria provoke host

morbidity and/or mortality.

Bacteria can be classified according to many features. According to their pathogenicity, bacteria
are defined as commensal (non-pathogenic), primary pathogens (regularly cause disease) or
opportunistic (only cause disease in immunocompromised people or other risk populations)
(reviewed in Bhunia, 2018). Regarding oxygen requirements, aerobic bacteria need oxygen,
facultative anaerobic bacteria tolerate small amounts of oxygen, and strict anaerobic bacteria
cannot withstand oxygen. Another important criterion for classification is the structure of the
bacterial cell wall and Gram staining characteristics. Gram-positive bacteria consist of a rigid
outer peptidoglycan layer and an inner cytoplasmatic membrane formed by a lipid bilayer
(Figure 12 A). The outer peptidoglycan layer makes Gram-positive bacteria susceptible to the
digestion by lysozyme. Besides, peptidoglycan potently stimulates the cytosolic NOD receptors
in phagocytes. The cell wall of Gram-positive bacteria also contains teichoic acid, teichuronic
acid, lipoteichoic acid, lipoglycan, and polysaccharide. The variety of lipoteichoic acid that stands
above the bacterial cell wall determines the serotype (O antigen) of Gram-positive bacteria. On
the other hand, Gram-negative bacteria have two lipid bilayers, the outer and the inner
membranes, which are separated by a thin peptidoglycan layer and the periplasmatic space
(Figure 12 B). The outer membrane consists of phospholipids, proteins, and LPS. The LPS
molecule is formed by an outer O side chain, a core oligosaccharide, and lipid A, by which it
anchors to the membrane. The O antigen serotyping profile of Gram-negative bacteria is
determined by the O side chain of LPS. The proteins present in the outer membrane of Gram-
negative bacteria are known as outer membrane proteins (OMPs) and participate in the nutrient
and ion transport, enzymatic activities, and the adhesion to mammalian cells. Porins, which
transport small molecules, are the most common OMPs, and they are potent

immunostimulators.
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Figure 12. Bacterial components and accessory structures. A, B) Composition of the cell wall in Gram-positive (A)
and Gram-negative (B) bacteria. C) Bacterial components and accessory structures. D) Structure of the T3SS. Figures
adapted from: https://www.thesciencenotes.com/distinction-between-gram-positive-and-gram-negative-
bacteria/ (A, B); https://biologydictionary.net/eubacteria/ (C); and (Dos Santos et al., 2019) (D).

Bacteria use extracellular accessory structures to accomplish diverse functions (Figure 12 C).
(reviewed in Bhunia, 2018). Fimbriae or pili are long appendages that contribute to bacterial
adhesion to surfaces or host cells, to bacterial motility, and to inter-bacterial exchange of genetic
material. Most commonly, fimbriae are present in Gram-negative bacteria. On the other hand,
flagella are filamentous structures that participate in bacterial locomotion, adhesion, and
invasion. Depending on the number of flagella contained by bacteria and the flagellar
arrangement throughout the cell, bacteria are categorised as monotrichous (a single flagellum),
amphitrichous (one flagellum on each pole), lophotrichous (multiple flagella in each pole), or
peritrichous (many flagella all around the cell). Various bacteria use adhesins to bind to
molecules on host cells and promote invasion. The capsule is a layer of polysaccharides that
surrounds the bacterial envelope and facilitates the adhesion to host cells. The capsule also
serves to mask bacteria, thus hindering the recognition by phagocytic cells. Additionally, some
bacteria bear nanomachine channels called secretion systems that enable the transport of
proteins, DNA, and virulence factors across the bacterial envelope (Figure 12 D). For example,
the type three secretion system (T3SS) is generally found in pathogenic bacteria and acts as a
syringe to inject virulence factors into the eukaryotic cell cytoplasm. Conversely, Gram-positive
bacteria frequently use the Sec pathway to translocate precursors of virulence proteins and

enzymes that undergo proper folding after secretion.

The following section describes relevant characteristics of the bacterial pathogens studied in the

present thesis. Selected features of these bacteria are listed in Table 1 at the end of the section.
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4.1 Salmonella enterica

In humans, Salmonella enterica serovar Typhimurium (S. Typhimurium) is typically acquired by
ingestion of contaminated food or water and causes self-limiting gastroenteritis in healthy
individuals (reviewed in Malik-Kale et al., 2011). However, it can cause systemic infection in

immunocompromised people (reviewed in Gordon, 2008).

Salmonella spp belong to the Enterobacteriaceae family. They are Gram-negative, non-spore-
forming motile bacilli. They express peritrichous flagella and are facultative anaerobes (reviewed

in Bhunia, 2018).

Intestinal phagocytic microfold cells (M cells) or CD18-expressing phagocytes transport ingested
S. Typhimurium from the intestinal lumen to the submucosa (reviewed in Malik-Kale et al.,
2011). Alternatively, Salmonella can traverse the intestinal epithelial barrier through
transcytosis across enterocytes or paracellular movement between disrupted interepithelial
junctions. Then, some bacteria are phagocytosed by resident immune cells whereas others
invade enterocytes at the basolateral side (reviewed in Haraga et al., 2008). In epithelial cells,
Salmonella elicits IL8 secretion, which recruits polymorphonuclear cells that release cytotoxic
granules. Host cell invasion by Salmonella can be mediated by T3SS-dependent and T3SS-
independent factors (reviewed in Velge et al., 2012). On the one hand, Salmonella uses the
OMPs Rck and PagN as T3SS-independent mechanisms to bind host cell receptors and induce a
receptor-driven “zipper” entry (Figure 13 A). This type of entry takes place through discrete actin
rearrangements. Salmonella can also use different adhesins that promote its entry into host
cells. On the other hand, for the T3SS-dependent invasion, bacteria inject effector proteins
across the host cell plasma membrane that induce massive actin rearrangements and
membrane ruffling (Figure 13 B). This type of invasion is known as “trigger” entry. The effector
proteins mediating the engulfment of bacteria by host cells as well as the subsequent
modifications in the vacuolar membrane are injected by two needle-like T3SSs. The type | T3SS
(T3SS-1), encoded by the Salmonella pathogenicity island | (SPI1), is especially relevant for the
induction of bacterial internalisation. The effector proteins translocated by the T3SS-1 are SipA,
SipC, SopB, SopE, and SopE2. Through different activities these effectors induce the production
of signalling phosphoinositides, activate or mimic mammalian GEFs (that subsequently activate
Racl and Cdc42), and bind cellular actin to induce the drastic remodelling of the cytoskeleton.
The type Il T3SS (T3SS-2), encoded by the SPI2, translocates proteins across the phagosomal

membrane to promote the intracellular survival and replication of bacteria. Both T3SSs sculpt
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the Salmonella-containing vacuole (SCV), a spacious intracellular vesicle with an altered
membrane composition that avoids microbicidal mechanisms (Figure 13 C) (reviewed in Malik-
Kale et al., 2011). The SCV travels along microtubules towards a juxtanuclear position, where
Salmonella can reach the necessary nutrients and start replicating. Bacterial replication occurs
inside a dynamic tubular network that extends from the surface of the SCV known as Salmonella-

induced filaments.

Macrophages represent a preferential niche for Salmonella replication and their migration
through the reticuloendothelial system is responsible for bacterial dissemination to other organs
and systemic infection (reviewed in Gogoi et al., 2019). Macrophages can detect extracellular
Salmonella through TLR2 (diacyl and triacyl lipopeptides), TLR4 (LPS), and TLR5 (flagellin) (Arpaia
et al,, 2011). Early invasion by Salmonella induces MAPK signalling and the activation of AP1 and
NF-kB, together with a boost of microbicidal activities (Hobbie et al., 1997; Patel and Galan,
2006; Vitiello et al., 2004). After phagocytosis, Salmonella undergoes an extensive remodelling
of surface molecules, including the modification of LPS structure and the repression of T3SS-1
and flagellin expression (Ernst et al., 2001; Gibbons et al., 2005; reviewed in Haraga et al., 2008;
Heithoff et al., 1999). Besides, the modulation of effector protein expression at different stages
of infection allows Salmonella to interact with and manipulate various host inflammatory and
cell death pathways such as pyroptosis, necroptosis, and apoptosis (reviewed in Wemyss and
Pearson, 2019). However, macrophages can detect the presence of bacterial effector proteins
or bacteria in the cytosol through NLRs, which trigger the formation of the inflammasome
complex and macrophage pyroptosis, finally releasing S. Typhimurium to the extracellular space
(Gogoi et al., 2019). Subsequently, the inflammation caused by pyroptosis recruits neutrophils

that exert a key role in eliminating bacteria through ROS production (Miao et al., 2010).
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Figure 13. Strategies used by Salmonella to invade host cells and sustain intracellular replication. A) Zipper
mechanism of Salmonella invasion. The receptor-driven entry of Salmonella into host cells activates different
tyrosine kinases and the PI3K/AKT pathway. Then, small GTPases are activated and promote actin polymerisation
by Arp2/3 to mediate bacterial engulfment. B) Trigger mechanism of Salmonella invasion. Salmonella injects
bacterial effectors (SipA, SipC, SopB, SopE, SopE2) into the host cell cytoplasm. By different mechanisms, these
effectors activate small GTPases and induce actin polymerisation at bacterial contact sites. The resulting membrane
ruffling mediates Salmonella internalization. C) Intracellular fate of Salmonella. Salmonella can enter the host cell
by T3SS-dependent or T3SS-independent pathways. Once internalised, Salmonella uses the T3SS-1 and T3SS-2
effector proteins to remodel the membrane of the vesicle and create the Salmonella-containing vacuole.
Progressively, Salmonella acquires endosomal markers and migrates to a juxtanuclear position, where it encounters
the necessary conditions to sustain replication. Bacterial replication occurs in Salmonella-induced filaments (SIFs).
In some cases, Salmonella escapes from the SCV or is targeted by xenophagy. SNX3: sorting nexins; PI(3,4)P2:
phosphatidylinositol (4,5)-bisphosphate; LAMPs: Lysosomal-associated membrane protein 1; MTOC: microtubule-
organising centre. Figure adapted from (Velge et al., 2012) (A,B) and (Malik-Kale et al., 2011) (C).

4.2 Escherichia coli

Escherichia coli (E. coli) is a species of the Escherichia genus that belongs to the
Enterobacteriaceae family (reviewed in Bhunia, 2018). E. coli is a Gram-negative rod-shaped
bacterium that typically contains peritrichous flagella and fimbriae. It comprises diverse isolates
that can be distinguished attending to the O antigen (somatic), H antigen (flagellar), or K antigen

(capsular).
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E. coli is a predominantly harmless bacterium that colonises the intestines of humans and
animals early after birth, becoming part of the gut microbiota (reviewed in Bhunia, 2018).
However, adapted pathogenic variants of E. coli have emerged by horizontal transfer of mobile
genetic elements encoding virulence factors (reviewed in Croxen and Finlay, 2010). In contrast
to commensal bacteria, E. coli pathovars often carry large virulence gene clusters, known as
pathogenicity islands, in a plasmid or inserted into their chromosome. Pathogenic E. coliisolates
share several virulence traits. For example, they modulate their internalisation by host cells
using adhesins or proteins that manipulate signalling pathways. Besides, pathogenic E. coli
strains often use strategies to evade host immune responses. Depending on the colonisation

site, E. coli pathovars are divided into diarrhoeagenic or extraintestinal.

4.2.1 Enteroinvasive E. coli

Enteroinvasive E. coli (EIEC) is a gastroenteritis-causing isolate highly similar to Shigella
(reviewed in Croxen and Finlay, 2010). Both EIEC and Shigella cause a disease that ranges from
diarrhoea to severe bacillary dysentery. Their pathogenicity mechanisms are identical and are
mediated by proteins encoded in the pINV plasmid. EIEC is a facultative intracellular pathogen
(reviewed in Schroeder and Hilbi, 2008) that has unique features compared to other pathogenic
E. coli isolates, as it does not express adherence factors or flagella. In addition, most of the EIEC
serotypes are non-motile, although there are a few motile (for example, the 0124:H30 serotype
used in the present study) (Silva et al., 1980). The virulence factors of EIEC rely on a T3SS that
mediates the invasion of host cells, bacterial survival, and the induction of macrophage
apoptosis. After ingestion of contaminated food or water, EIEC traverses the epithelial barrier
of the colon through transcytosis across intestinal M cells. Then, bacteria are taken up by
macrophages and activate virulence factors to subvert the macrophage microbicidal activities.
EIEC can escape from the phagosome and induce macrophage apoptosis. Concomitantly, it is
released to the submucosa, where it invades colonocytes at the basolateral side. To enter
colonocytes, EIEC uses invasion proteins that induce local actin reorganization. Afterwards, EIEC
modulates signalling pathways, evades immune recognition, replicates in the host cell

cytoplasm, and manipulates actin to be propelled for cell-to-cell dissemination.

4.2.2 Uropathogenic E. coli

Uropathogenic E. coli (UPEC) is the most common cause of community-acquired urinary tract
infections (reviewed in Terlizzi et al., 2017). First, UPEC colonises the urethra, then, ascends to

the bladder, and, finally, adheres to and invades epithelial cells. Within epithelial cells, UPEC can
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establish intracellular bacterial communities that form reservoirs able to flux out to invade
adjacent cells. To invade epithelial cells, UPEC uses fimbrial and non-fimbrial adhesins. For
example, the fimbrial adhesin FimH induces Rho GTPase-dependent actin rearrangements in
bladder epithelial cells. Other important virulence factors of UPEC include the polysaccharide
capsule, flagella, outer membrane vesicles, OMPs, toxins, and iron acquisition systems. During
infection, UPEC induces epithelial cell exfoliation and causes inflammation. The subsequent

production of cytotoxic granules by the recruited neutrophils causes tissue damage.

4.3 Listeria monocytogenes

Listeria monocytogenes (L. monocytogenes) is a foodborne pathogen that causes gastroenteritis
in healthy people, but can also originate a dangerous systemic disorder named Listeriosis in
immunocompromised groups (reviewed in Bhunia, 2018). In pregnant women, infection by

Listeria can cause abortion.

Listeria are Gram-positive, rod-shaped bacteria (reviewed in Bhunia, 2018). They contain
peritrichous flagella, although their contribution to pathogenicity is unclear as their expression
at body temperature (37°C) is low. Following ingestion of contaminated food, Listeria can
traverse the intestinal epithelium passively through M cell- and dendritic cell-assisted pathways.
Alternatively, these bacteria cross enterocytes by transcellular or paracellular pathways. To
invade enterocytes, L. monocytogenes uses adhesion and invasion proteins that bind to surface
receptors, initiating signalling cascades that promote local actin rearrangements and bacterial
internalisation by host cells through a “zipper-like” entry. Important factors during adhesion and
invasion include Listeria adhesion protein, internalin (Inl) A, InIB, and virulence invasion protein.
Once inside the cell, L. monocytogenes escapes from the phagosome using a pore-forming
haemolysin named Listeriolysin and a phosphatidylinositol-specific phospholipase that is
transported by a type 2 secretion system known as Sec. In the cytoplasm, Listeria can access
nutrients and replicate. Subsequently, the actin polymerisation protein (Act) A of Listeria
recruits actin and drives actin polymerisation to mediate its cell-to-cell spread hidden from the
extracellular defence mechanisms. The production of inflammatory mediators by enterocytes
and resident immune cells in response to Listeria recruits more macrophages, dendritic cells,
and neutrophils. The persistence of Listeria inside the cytoplasm of dendritic cells and
macrophages facilitates systemic bacterial dissemination as they travel to the lymph nodes and
other organs. Finally, the infection resolves mainly by the actions of cytotoxic T cells and

macrophages.
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4.4 Staphylococcus aureus

Staphylococcus aureus (S. aureus) is gaining attention because of the emergence of drug
multiresistant strains that pose at risk the treatment of life-threatening infections (reviewed in
Bhunia, 2018). Within the Staphylococcus genus, S. aureus is the most common disease-causing
species in humans. It is an opportunistic bacterium that is present as commensal in human skin,
nares, and respiratory and genital tracts. However, it can cause severe infections affecting many

organs in susceptible populations.

S. aureus is a Gram-positive coccus-shaped bacterium that appears in clusters. Even though it is
a non-motile bacterium, S. aureus contains virulence factors that promote infection, including

adhesins, toxins, superantigens, pore-forming haemolysins, and proteases.
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5. Nuclear receptors

Nuclear receptors are a family of structurally conserved ligand-dependent transcription factors
(reviewed in Glass and Ogawa, 2006). Their activity is controlled by hormones and other
lipophilic molecules that drive adaptive responses to different physiological conditions. The
structure of nuclear receptors is modular, consisting of an activation domain known as activation
function 1, a DNA-binding domain, and a ligand-binding domain (Figure 14A). The ligand-binding
domain contains an a-helical region known as activation function 2 (AF2), whose conformational
changes modulate the interactions of nuclear receptors with transcriptional co-activators and
co-repressors. To control transcription, LXRs bind to specific target sequences on DNA regulatory

regions called response elements.

Nuclear receptors are divided into three categories: steroid and thyroid hormone receptors,
orphan receptors, and adopted orphan receptors (reviewed in Glass and Ogawa, 2006). The first
class of receptors includes the well-studied glucocorticoid- and oestrogen- receptors, as well as
receptors for androgens, progesterone, and others. In contrast, orphan receptors have unknown
physiological ligands. The discovery of physiological ligands for orphan receptors gave rise to the
group of “adopted” orphan receptors. Among those, LXRs and PPARs have been characterised

as important immunomodaulators.

Liver X Receptors

Liver X Receptors are sterol sensors that control lipid and glucose metabolism, as well as innate
and adaptive immune cell functions (reviewed in Schulman, 2017). They are activated by
oxidised forms of cholesterol (e.g., 22(R)-, 24(S)-, 25-, and 27- hydroxycholesterol and 24(S)-, 25-
epoxycholesterol) or the cholesterol precursor desmosterol. Highly specific synthetic LXR
agonists have also been developed, such as T0901317 (T1317) and GW3965. The genes NR1H3
and NR1H2 encode two LXR isoforms, LXRa and LXRB, respectively. While LXRP is ubiquitously
expressed in the body, LXRa is restricted to the tissues with high metabolic activity, i.e., the
intestines, the liver, adipose tissue, adrenals, the kidney, and myeloid hematopoietic cells. The
two LXR isoforms exert either overlapping or selective activities on gene expression (Ramon-

Vazquez et al., 2019).
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Figure 14. Secondary structure of LXRs and mechanism for ligand-dependent transcriptional activation. A)
Secondary structure of LXRs. B) Ligand-dependent transcriptional activation by LXRs. In the absence of an LXR ligand,
the RXR-LXR heterodimer is bound to the LXRE on target genes and represses gene expression. Upon ligand binding
to any of the receptors, they undergo a conformational change that releases co-repressors and recruits co-activators
to induce transcription. Figure adapted from (Calkin and Tontonoz, 2012).

To positively control transcription, LXRs form heterodimers with another nuclear receptor, the
retinoid X receptor (RXR) (reviewed in Calkin and Tontonoz, 2012). The RXR-LXR heterodimer
binds to LXR response elements (LXRE) on DNA, commonly composed of two direct repeat
AGGTCA motifs separated by 4 nucleotides (Figure 14 B). Through different mechanisms, LXRs
can positively or negatively modulate gene expression. In the absence of ligand, DNA-bound
RXR-LXR dimers interact with co-repressors, mainly with nuclear receptor co-repressor (NCoR)
and silencing mediator of retinoic acid and thyroid hormone receptor (SMRT), and repress gene
transcription (Hu et al., 2003). In transgenic models, LXR-deficient cells express higher levels of
some LXR target genes than their wild-type counterparts due to the release of basal repression,
which is called de-repression (Wagner et al., 2003). The binding of an agonistic ligand to the
ligand-binding domain of LXRs induces a conformational change in AF2 that promotes co-
repressor release and attracts co-activators to induce gene transcription (Malini et al., 2008;

Perissi et al., 2004; Svensson et al., 2003).

LXRs can also repress the expression following ligand binding. Several mechanisms have been
proposed to explain this action, including transrepression, which is the repression of the activity
of other transcription factors without direct binding of the nuclear receptor to DNA (Blaschke et

al., 2006; Ghisletti et al., 2009; Ghisletti et al., 2007). Ligand-dependent transrepression has
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been explored predominantly in macrophages because of its inhibitory effects on inflammatory
stimulus-activated transcription factors such as NF-kB, STAT-1, and AP1 (reviewed in Glaria et
al.,, 2020). To exert transrepression, LXRs undergo conjugation to small ubiquitin-related
modifier (SUMO) and prevent co-repressor release from inflammatory gene promoters (Ghisletti

et al., 2007; Lee et al., 2009; Nunomura et al., 2015; Venteclef et al., 2010).

LXRs regulate cholesterol, fatty acid, and glucose metabolism (Figure 15). To maintain systemic
cholesterol homeostasis, LXRs control the expression of genes that modulate cholesterol
absorption, excretion, efflux, transport, and conversion to bile acids in the liver (reviewed in
Wang and Tontonoz, 2018). They promote reverse cholesterol transport from peripheral tissues
to the liver by activating the transcription of various target genes. On the one hand, LXRs induce
the expression of the ATP-binding cassette transporters (ABC) A1 (ABCA1) and G1 (ABCG1),
which promote cholesterol efflux from peripheral cells such as macrophages. ABCA1 is located
at the plasma membrane and exports cellular cholesterol and phospholipids to apolipoprotein
(APO) A1 (APOAZ1) to form nascent high-density lipoproteins (HDL) in the plasma (Lee and Parks,
2005; Oram et al., 2000; Smith et al., 2004). It has recently been suggested that ABCA1 might
access laterally transmembrane lipids for their export (Qian et al., 2017). In contrast, ABCG1
localises to endosomal membranes and stimulates cholesterol transport away from the
endoplasmic reticulum (Tarling and Edwards, 2011). LXRs also induce the expression of different
types of APOs, including APOE, which can be secreted by cells such as macrophages and
facilitates cholesterol efflux (reviewed in Calkin and Tontonoz, 2012; Curtiss and Boisvert, 2000;
Langer et al., 2000; Mazzone, 1996; Zhang et al., 1996). On the other hand, LXR activation
inhibits the uptake of low-density lipoprotein (LDL) and very LDL (VLDL) by peripheral cells
through augmented expression of the inducible degrader of LDL receptor (IDOL), thereby
reducing cholesterol uptake by the cells (Zelcer et al., 2009). Additionally, LXRs increase ABCG5
and ABCGS8 expression in the liver and the intestine, leading to cholesterol excretion and

inhibition of dietary cholesterol absorption (reviewed in Wang and Tontonoz, 2018).

LXRs control fatty acid metabolism by directly binding to regulatory regions on lipogenic target
genes or by inducing the expression of transcription factors that promote lipogenesis, namely,
the sterol regulatory element-binding protein 1c (SREBP1c) and carbohydrate-responsive
element-binding protein (ChREBP) (Cha and Repa, 2007; Repa et al., 2000a; reviewed in Wang
and Tontonoz, 2018). Both SREBP1c and ChREBP promote the synthesis of fatty acids and

triglycerides by transcriptional activation of genes such as acetyl coenzyme A carboxylase (ACC),

43

Selective effects of LXR activation in host-bacteria interaction. Estibaliz Glaria. 2021



INTRODUCTION

White adipose tissue

mh Fatty acid oxidation

1 Conversion ‘ L j —_— J—Mnochondrla
Fatty acids

to bile acids

SPOT14,

APOD
GLUT4 T Glucose uptake

ABCA%
%ABCGS

Pre-fB
HDL
ABCA1 & 5

| ABCG8
ABCG1 T Reverse cholesterol transport ‘ u |~L{\bsorption‘ i
ARL / 4
Cholesterol ‘ Q -
IDOL— L N A
Macrophage LDLR \ ~_Intestine y

(peripheral tissues) .

Figure 15. Metabolic activities of LXRs. In peripheral cells such as macrophages, LXRs stimulate cholesterol efflux and
inhibit cholesterol uptake. As a result, the cholesterol transport to the liver by plasma HDL particles increases. In the
liver, LXR promotes fatty acid synthesis and cholesterol conversion to bile acids. Then, the liver secretes triglycerides
through VLDLs that reach peripheral tissues. The white adipose tissue captures fatty acids from VLDL and breaks them
down through their B-oxidation stimulated by LXRs. LXR also promotes glucose uptake by adipocytes. ABC: ATP-
binding cassette transporter; APO: apolipoprotein; ARL7: ADP-ribosylation factor-like 7 CYP7A1, LPL: lipoprotein
lipase; SPOT14: thyroid hormone-responsive cytochrome P450 7A1. Figure adapted from (Calkin and Tontonoz, 2012).

stearoyl coenzyme A desaturase (SCD) 1, and fatty acid synthase (FASN) (reviewed in Wang et
al., 2015). SREBP1c remains inactive in the membrane of the endoplasmic reticulum during
normal cholesterol levels (reviewed in Goldstein et al., 2006). Upon cholesterol shortage, it is
transported to the Golgi, where it undergoes proteolysis and is released from the membrane as
an active transcription factor that will translocate to the nucleus. The transcription factor
ChREBP is activated in response to elevated serum glucose levels through dephosphorylation
mediated by the protein phosphatase 2. In addition to promoting lipogenesis, ChREBP induces
the expression of genes involved in glucose metabolism such as liver pyruvate kinase, glucose-
6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and the glucose transporter
type 4 (GLUTA4). LXRs can also directly activate the transcription of GLUT4, which is an insulin-
stimulated glucose transporter that mediates glucose uptake by the adipose tissue and skeletal
muscle (reviewed in Calkin and Tontonoz, 2012). Therefore, LXRs lower the cholesterol levels
and promote glucose tolerance, facts that convert them into potentially powerful therapeutic
targets for metabolic disorders (reviewed in Hong and Tontonoz, 2014). Besides, LXRs modulate

the phospholipid composition of cell membranes through the induction of the target gene
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lysophosphatidylcholine acyltransferase 3 (LPCAT3). LPCAT3 promotes the incorporation of
polyunsaturated fatty acids into phospholipids, and the resulting changes in the membrane
phospholipid composition confer protection against lipid stress (Demeure et al., 2011; Ishibashi

et al., 2013; Rong et al., 2013).

Beyond metabolic regulation, LXRs exert immunomodulatory functions that contribute to the
proper control of inflammatory responses (reviewed in Glaria et al., 2020). Remarkably, the
expression of LXRs maintains a controlled anti-inflammatory state that preserves tissue
homeostasis (Gonzalez et al., 2009). Macrophages initiate apoptotic cell clearance through
signalling by MER tyrosine kinase (MERTK), a surface receptor that drives phagocytosis of
apoptotic bodies (efferocytosis) (Rothlin et al., 2015). This event activates LXRs, which, in turn,
increase the expression of MERTK, inhibit the synthesis of inflammatory mediators, and promote
cholesterol efflux probably to compensate for the excess in the incorporation of lipids (Gonzalez

et al., 2009).

LXR activation counter-regulates inflammatory gene expression stimulated by both TLR3/4
ligands and endogenous inflammatory cytokines (e.g., TNFa, IL1B, and IFNy) in macrophages
(Endo-Umeda et al., 2018; Ghisletti et al., 2007; Ito et al., 2015a; Joseph et al., 2003; Lee et al.,
2009; Pascual-Garcia et al., 2013). One of the mechanisms mediating these effects is
transrepression of inflammatory genes such as inducible nitric oxide synthase (iNOS),
cyclooxygenase 2 (COX2), IL6, IL1B, and some chemokines (Figure 16). In addition, LXRs induce
the expression of target genes that interfere with inflammation. For instance, ABCA1 causes
plasma membrane alterations that impair inflammatory signalling downstream of TLRs (Ito et
al., 2015a). More precisely, cholesterol efflux promoted by ABCA1 disturbs the organization of
membrane microdomains that act as signalling platforms for TLRs. Those microdomains known
as lipid rafts are dynamic assemblies of cholesterol, sphingolipids, and proteins that among
other functions, modulate intracellular signalling in immune cells (Varshney et al., 2016). As a
result of ABCA1-induced membrane modifications, the recruitment of TRAF6 and MyD88 to TLRs
on lipid rafts is impaired and leads to lower MAPK and NF-kB activation. LXRs indirectly reduce
inflammation-promoting polyunsaturated fatty acid synthesis through induction of the
transcription factor SREBP1c and other lipogenic enzymes (Spann et al., 2012). Besides, LXRs
increase IRF8 expression, which acts at various levels to inhibit the production and maturation
of the cytokine IL18 (Pourcet et al., 2016). Complementarily, LXRs promote cell survival by
inversely modulating anti- and pro-apoptotic genes (Joseph et al., 2004; Valledor et al., 2004).

An important LXR target in that context is the CD5 molecule-like (CD5L) (also known as apoptosis

45

Selective effects of LXR activation in host-bacteria interaction. Estibaliz Glaria. 2021



INTRODUCTION

inhibitor of macrophages, AIM). CD5L is a scavenger receptor induced by LXRs that promotes
cell survival (reviewed in Sanjurjo et al.,, 2015). Additionally, CD5L promotes an anti-
inflammatory profile in macrophages and contributes to the resolution of inflammation. In
conclusion, LXRs inhibit inflammation by multiple mechanisms. Reciprocally, IFNy- and TLR3/4
ligands inhibit the ability of activated LXRs to induce the expression of target genes involved in

metabolic homeostasis (Castrillo et al., 2003; Han et al., 2018; Pascual-Garcia et al., 2013).
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Figure 16. LXRs inhibit the inflammatory response in macrophages through multiple mechanisms. TLR signalling or
IFNy stimulation induce inflammatory gene expression. Agonist-bound LXRs mediate mechanisms of transrepression,
which interfere with the release of corepressors or with the activity/recruitment of transcription factors (NF-kB,
STAT1) required for inflammatory gene expression. In addition, LXRs inhibit inflammation indirectly through
the transcriptional activation of LXR targets (in blue) involved in the modulation of metabolic and/or immune
responses. The cholesterol efflux mediated by ABCA1 results in changes in the lipid composition of the membrane,
which interferes with TLR signaling. SREBP1c induces the expression of enzymes involved in the generation of lipids
with anti-inflammatory properties. MER couples efferocytosis (apoptotic cell phagocytosis) with the suppression of
the inflammatory response. CD5L enhances the expression of molecules involved in the resolution of inflammation
and promotes an anti-inflammatory profile. IRF8 induces the expression of IL18BP, which binds to secreted I1L18 and
inhibits its biological actions. Caspl: caspase 1. Figure obtained from (Glaria et al., 2020).

As mentioned in previous sections, some pathogens have developed strategies to escape from
host defences (reviewed in: Hajishengallis and Lambris, 2011; Mitchell et al., 2016; Sarantis and
Grinstein, 2012). Remarkably, both immune and metabolic pathways are targeted by different
pathogens to establish successful infection (reviewed in: Glaria et al., 2020; Samanta et al.,
2017). In line with this, pharmacological activation of LXRs impacts several bacterial, viral, and
protozoan infections (Figure 17). LXR activation increases macrophage survival to infection by S.

Typhimurium, L. monocytogenes, Bacillus anthracis, and E. coli (Joseph et al., 2004; Valledor et
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al.,, 2004). In vivo, an LXR agonist reduces the bacterial burden of L. monocytogenes and
Mycobacterium tuberculosis (M. tuberculosis) (Joseph et al., 2004; Korf et al., 2009). Moreover,
LXR activation in macrophages infected by M. tuberculosis potentiates the synthesis of
antimicrobial peptides (Ahsan et al., 2018). On the other hand, LXR activation impairs the entry
of HIV, hepatitis C virus, and Newcastle disease virus into target cells through ABCA1-dependent
mechanisms (Bocchetta et al., 2014; Hanley et al., 2010; Jiang et al., 2012; Morrow et al., 2010;
Mujawar et al., 2006; Ramezani et al., 2015; Sheng et al., 2016). In contrast with the positive
impact of LXRs in the previous settings, the activation of LXRs is detrimental for the resolution
of Leishmania chagasi/infantum and Klebsiella pneumoniae infections due to a weakened
inflammatory response or altered neutrophil infiltration to the inflammation site, respectively

(Bruhn et al., 2010; Smoak et al., 2008).
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Figure 17. LXR activation induces protective mechanisms that limit viral and bacterial infection.
LXR agonists upregulate the expression of LXR targets (in blue) that contribute in reducing the infection by several
pathogens (names of pathogens in green). AIM/CD5L confers resistance to apoptosis and induces the synthesis
of antimicrobial peptides. ABCA1 promotes cholesterol efflux. Consequently, the reduced intracellular cholesterol
limits the growth of mycobacteria and, potentially, other bacterial strains that depend on intracellular cholesterol. In
addition, changes in the cholesterol levels within lipid rafts may interfere with the entry of several viruses into host
cells. IDOL, by virtue of its role in controlling the turnover of the LDLR, inhibits the capability of HCV to infect host
cells. LXRs can also affect the intracellular replication of HIV-1 through mechanisms of transrepression, which
affect corepressor release or transcription factor recruitment to the proviral DNA. Ub, ubiquitin: LDLR: LDL receptor.
Figure adapted from (Glaria et al., 2020).
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We identified CD38 as a new LXR target gene involved in the modulation of Salmonella infection
in murine macrophages (Matalonga et al.,, 2017). The discovery revealed a previously
unappreciated antibacterial circuit by which LXRs might protect from infection (Figure 18). Later
studies corroborated the transcriptional control of CD38 by LXRs in dendritic cells, in which LXR-

induced CD38 expression enhanced chemotaxis (Beceiro et al., 2018).

Salmonella

Synthetic
LXR agonist

Nucleus

Figure 18. Working model. LXR activation limits macrophage infection by Salmonella through the transcriptional
activation of CD38. Activation of LXRs by synthetic agonists increases the expression of CD38 and reduces the
intracellular NAD+ levels. As a result, LXR-CD38 axis prevents the cytoskeletal changes associated with infection and
limits bacterial entry into macrophages. Additionally, LXRs cooperate with inflammatory stimuli such as IFNy or LPS
to induce a stronger transcriptional activation of CD38 expression. Figure adapted from (Matalonga et al., 2017).

The activation of LXRs in macrophages increased the expression of the multifunctional protein
CD38 and potentiated the intracellular NAD* glycohydrolase enzymatic activity in a CD38-
dependent manner. As a result, macrophages exposed to Salmonella Typhimurium and treated
with a synthetic LXR agonist failed to acquire the characteristic pancake-like morphology
associated with bacterial infection. Specifically, LXR-induced CD38 expression and low NAD*
levels reduced the dorsal F-actin in macrophages exposed to Salmonella and impaired the
internalisation of non-opsonised bacteria. The products of the NAD* glycohydrolase activity of
CD38 at neutral pH are calcium-mobilizing second messengers, namely ADPR, cADPR, and

nicotinamide. Despite the fact that the production of these second messengers by CD38 may
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have a physiological impact, this study suggested that the drop in intracellular NAD* as a
consequence of consumption by CD38, rather than its enzymatic products mediated the

inhibitory effects of LXRs on infection.

Going deeper into the mechanisms of LXR-mediated transcriptional control of Cd38, the study
found an enhancer region containing an LXRE 2Kb upstream of the gene encoding for CD38 that
was responsive to RXR-LXR agonists. Additionally, the activation of LXRs cooperated
synergistically with LPS or the endogenous cytokines TNFa and IFNy to induce transcriptional
Cd38 expression. Such collaborative action of LXRs and inflammatory mediators on Cd38
expression contrast with the generalised reciprocal negative regulation of these pathways.
These findings suggest that CD38 accomplishes relevant immune functions in contexts in which
LXRs are activated, representing a potential point of convergence between immune and

metabolic signals.
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HYPOTHESIS

Based on the anti-inflammatory effects that LXR agonists exert in different
models of inflammation and infection, initial predictions anticipated that LXR
activation could impair the capability of immune cells to establish an aggressive
response against pathogens. However, in vivo studies have shown increased
susceptibility of LXR-deficient mice to infection by some bacterial species (Joseph
et al.,, 2004; Korf et al., 2009). In addition, previous studies from our group
indicated that LXR activation limits the infection of host macrophages by
Salmonella Typhimurium. Based on these observations, we hypothesize that LXRs
might modulate the interaction between host cells and different bacterial species
in mice and humans. Therefore, in this work we have further investigated the
consequences of LXR activation on the severity of the infection by Salmonella
Typhimurium in vivo and we have analysed the impact of the LXR pathway—and
the relevance of potential underlying mechanisms—on macrophage infection by

different bacterial species in murine and human macrophages.
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OBJECTIVES

1) To identify the transcriptional mechanisms by which LXRs and

inflammatory stimuli control Cd38 expression in murine macrophages.

2) To extend the knowledge of the scope of LXR-mediated antibacterial

effects in mice:

1.1) To determine the effect of pharmacological LXR activation on

S. Typhimurium infection in vivo.

1.2) To increase our understanding of the molecular mechanisms
underlying LXR-induced limitation of Salmonella infection in

macrophages.

1.3) To elucidate the spectrum of bacteria that are susceptible to

LXR-mediated inhibition of infection.

3) To define the impact of LXR activation in early events of bacterial

infection in human macrophages.
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MATERIALS AND METHODS

A comprehensive list of the main reagents used in the present thesis is shown in Table 2.

Table 2. Laboratory products used in the studies of the present thesis.

Kit, for 633 or 635 nm

Scientific

Product Manufacturer ::::L’; gr
Cell culture
Accutase” solution Sigma-Aldrich A6964
Fetal Bovine Serum Sigma-Aldrich F7524
Ficoll-Paque™ PLUS Cytiva 17-1440-02
Gentamicin sulfate salt Sigma-Aldrich G1264
Human Serum AB male HIV tested biowest $4190
e o et e et | o sz
HyClone RPMI 1640 media, with L-glutamine | Cytiva SH30027.01
Phosphate Buffered Saline (PBS) Cytiva SH30028,02
Penicillin-Streptomycin Sigma-Aldrich P4333
r:sc:blood cell lysing buffer 10X BD Pharm BD Biosciencies | 555899
Cytokines, growth factors and inflammatory
mediators
Lipopolysaccharides from E. Coli 0127:B8 Sigma-Aldrich L3129
Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139
Recombinant Human M-CSF Peprotech 300-25
Recombinant Murine IFN-y Peprotech 315-05
Recombinant Murine TNF-a Peprotech 315-01A
Nuclear receptor agonists
GW 3965 hydrochloride Tocris bioscience | 2474
L6268 H:ZQ;S:IOM)
T0901317 (T1317) gazrxc"al 71810
Stainings
Alexa Fluor™ 488 Phalloidin Thermo Fisher | 11737

Scientific

:u}:soBeecrI:zsitm;;;;)ﬂSllZ trihydrochloride Sigma-Aldrich 14533
g::;:;z;r:xin Subunit B CF® 633 Dye biotium 00077
Crystal Violet Sigma-Aldrich 3886
;;;g:;::;:plex' from Streptomyces Sigma-Aldrich F9765
Fluorescein 5 (6)- isothiocyanate (FITC) Sigma-Aldrich F3651
Z\L:?:;g:rm Agglutinin, Alexa Fluor™ 488 ThermofFisher W11261
!Iol:;z;aizrm Agglutinin, Alexa Fluor™ 555 ';?i::iz:isher W32464
LIVE/DEAD Fixable Near-IR Dead Cell Stain Thermo Fisher 134975
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Product Manufacturer Caege
number
cDNA synthesis and qPCR
M-MLV Reverse Transcriptase, RNase H
Minus, Point Mutant Promega M3682
oligo(dT),g Sigma-Aldrich -
Power SYBR™ Green PCR Master Mix Applied Biosystems | 4367659
PCR nucleotide mix (dATP, dCTP, dGTP,
dTTP) Promega u1420
Western Blot
Bio-Rad Protein Assay Dye Reagent Bio-Rad ) 5000006
Concentrate Laboratories
Clarity™ Western ECL Substrate BioRad 1705060
Laboratories
° . "
Intercept® (TBS) Protein-Free Blocking LI-COR 927-80001
Buffer
UltraCruz® Protease Inhibitor Cocktail Sénta Cruz $c-29130
Biotechnology
Revert™ 700 Total Protein Stain for
Western Blot Normalization LI-COR 926-11011
Antibodies
Akt1/2 antibody (N-19) (discontinued) Santa Cruz sc-1619
Biotechnology
Anti-AKT1 (phospho $S473) antibody abcam ab8932
Mnnnclon'al anti-B-Actin antibody Sigma-Aldrich AS441
produced in mouse
B-Tubulin antibody Cell Signaling 2146
Purified rat anti-Mouse CD16/CD32 Lo
(Mouse BD Fc Block™) BD Biosciences 553141
P (i " N Santa Cruz g
cD38 y (M-19) Biotechnology 5c-7049
" . . Santa Cruz
C/EBP B antibody (C-19) (discontinued) Biotechnology sc-150
" Santa Cruz
ERK 2 antibody (D-2) Biotechnology sc-1647
Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (D13.14.4E) XP° rabbit | Cell Signaling 4370
mAb
FITC Rat anti-mouse CD38 BD Biosciences 558813
INK1/3 antibody (C-17) (discontinued) | S2Nt@ CrvZ sc-474
Biotechnology
Purified mouse anti-INK/SAPK Lo
(pT183/pY185) BD Biosciences 612541
" Santa Cruz
p38 alpha/beta MAPK antibody (A-12) Biotechnology sc-7972
Phn.spho-p38 MAPK (Thr180/Tyr182) Cell Signaling 9211s
antibody
Others
Cholesterol-Water Soluble (Cholesterol—
olesterol-Water c.>u e (Cholesterol Sigma-Aldrich ca951
methyl-B-cyclodextrin)
Firefly & Renilla Luciferase Single Tube biotium 30081
Assay Kit
Fluoresbrite® YG Microspheres 3.00pm | Polysciences 17155-2
Latrunculin A Enzo BML-T119
Methyl-B-cyclodextrin Sigma-Aldrich C4555
BK135
RhoA / Racl / Cdc42 G-LISA Activation (BK124-S +
Assay Bundle 3 Kits Cytoskeleton BK127-S +
BK128-S)
SuperFect Transfection Reagent QIAGEN 301307
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Animals

C57BL/6 mice were purchased from Harlan. For the in vivo infection study female adult mice
were used, whereas either male or female mice were used as a source of bone-marrow derived
macrophages for in vitro studies. LXRa-, LXRB-, and LXRa/B-deficient mice were initially donated
by Dr. David Mangelsdorf (UT Southwestern Medical Center, Dallas, TX)(Peet et al., 1998; Repa
et al., 2000a) and backcrossed into C57BL/6 background for more than ten generations. These
mice were raised as a colony in our animal facility under specific pathogen-free (SPF) conditions.
STAT1-deficient mice were donated by Dr. Anna Planas (IDIBAPS, Barcelona, Spain) (Gorina et
al., 2011) and raised as a colony under non-SPF conditions. CD38-deficient mice were raised as
a colony under non-SPF conditions as part of a collaboration with Dr. Jaime Sancho (IPBLN-CSIC,
Granada, Spain) (Cockayne et al., 1998). All the mice raised by our group were fed a regular chow
diet and the protocols requiring animal manipulation have been approved by the Institutional
Animal Care and Use Committees from the Parc Cientific de Barcelona or Universitat de
Barcelona. We obtained bone marrows from mice with myeloid C/EBPB deficiency (LysMCre-
C/EBPB™") generated by Dr. Josep Saura (Universitat de Barcelona -IDIBAPS, Barcelona, Spain)
(Pulido-Salgado et al., 2017). Bone marrows from CD38 catalytically-inactive (Cl) “knock-in” mice
were obtained in a collaboration with Dr. Eduardo N. Chini (Mayo Clinic College of Medicine,
Rochester, USA) (Tarragod et al., 2018). Bone marrows from mice deficient for JINK1 or JNK2 were
obtained from Dr. Carme Auladell (Universitat de Barcelona, Barcelona, Spain) (Dong et al.,
1998; Yang et al., 1998). Bone marrows from IRF1-deficient mice were obtained from Dr. Lionel

Apetoh (INSERM, Dijon, France) (Vegran et al., 2014).

Cell cultures

e Murine bone marrow-derived macrophages. Bone marrow-derived macrophages (BMDM)
were obtained from femurs and tibiae of mice as described (Valledor et al., 2000). Bone
marrow precursors were differentiated in Dulbecco’s Modified Eagle Medium (DMEM)
(Cytiva) supplemented with 20% heat-inactivated fetal bovine serum (FBS) and 30% L-cell
conditioned medium as a source of M-CSF. After 6-9 days, macrophages were plated for

subsequent experiments in DMEM supplemented with 10% heat-inactivated FBS.

e RAW 264.7 murine macrophages (ATCC TIB-71). Cultured in DMEM supplemented with 10%

heat-inactivated FBS and 1% penicillin-streptomycin at 37°C, 5% CO..

e COS-7 monkey fibroblast-like cells (ATCC CRL-1651). Cultured in DMEM supplemented with
10% heat-inactivated FBS and 1% penicillin-streptomycin at 37°C, 5% CO,.
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L929 murine fibroblasts (ATCC CCL-1). Cultured in DMEM supplemented with 10% heat-
inactivated FBS at 37°C, 5% CO,. After one week of cell culture, the supernatant containing

M-CSF (L-cell) was collected and frozen in aliquots.

THP-1 human monocytes (ATCC TIB-202) (donated by Dr. Maria Rosa Sarrias, IGTP,
Barcelona, Spain). Cultured in Roswell Park Memorial Institute (RPMI)-1640 with 10% heat-
inactivated FBS and 1% penicillin-streptomycin at 37°C, 5% CO,. THP-1 monocytes were
differentiated to macrophages by incubating them with 10 ng/ml of phorbol myristate
acetate (PMA) for 96 h.

Primary human macrophages. A fraction of leukocytes that had been separated from
peripheral blood was obtained from healthy donors at the Blood and Tissue Bank (Generalitat
de Catalunya). Peripheral blood mononuclear cells (PBMCs) were isolated by a Ficoll density
gradient centrifugation and were subsequently washed 3 times with PBS. Erythrocytes were
lysed for 10 min at room temperature. The cells were plated (15x10° cells/ml) in RPMI
supplemented with 10% heat-inactivated human serum and incubated for 30 min at 37°C,
5% CO,. Then, unadhered cells were eliminated by two washes with PBS and the monocytes
that remained adhered to the plate were cultured for 6 days in RPMI with 10% heat-
inactivated FBS and 50ng/ml recombinant human M-CSF. The culture medium was replaced
after 3 days in culture. Once differentiated, the macrophages were either used directly (for
RNA experiments) or detached in accutase for 45 min at 37°C and re-plated at the desired
confluence (for infection studies). The culture medium of differentiated macrophages was

not supplemented with M-CSF.

Alternatively, primary human macrophages were obtained by a different protocol during a
stay in the laboratory of Dr. Stefan Linder (Institute for Medical Microbiology, Virology and
Hygiene, University Medical Center Eppendorf, Hamburg, Germany). This protocol has been
previously described (Naj et al., 2013). The most remarkable differences from the protocol
used by our group (described above) are that the monocytes from buffy coats are selected
using magnetic beads coupled to anti-CD14 antibodies and that monocyte differentiation to
macrophages is carried out in culture medium supplemented with 20% autologous human

serum in the absence of exogenous recombinant M-CSF.
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In vitro treatments

In most experiments, macrophages were treated with vehicle (dimethyl sulfoxide, DMSO), an
LXR agonist (T1317 or GW3965) and/or an RXR agonist (LG268) at 1uM in culture medium

complemented with 10% heat-inactivated FBS for different periods.

In studies on gene and protein expression induced by inflammatory signals, BMDMs were
stimulated with IFNy (5ng/ml), TNFa (20ng/ml) or LPS (100ng/ml) in DMEM-10% heat-

inactivated FBS for different periods.

To deplete membrane cholesterol, the cells were incubated in non-supplemented culture
medium (DMEM or RPMI, without FBS) in the presence of methyl-B-cyclodextrin (MBCD) (Sigma)
(0.1-10mM, 1 h). To overload the cells with cholesterol, macrophages were incubated in non-
supplemented culture medium in the presence of cholesterol-complexed MBCD (Chol-MBCD)
(Sigma) (100uM, 2 h). Immediately after the incubation with either of these compounds,
macrophages were washed with PBS and exposed to bacteria in non-supplemented culture
medium (in MBCD-treated cells) or culture medium supplemented with 1% FBS (in Chol-MBCD-

treated cells).

Bacterial strains and growth conditions

The following bacterial strains were used in these studies: Salmonella enterica serovar
Typhimurium (S. Typhimurium) strain SV5015 (obtained from Dr. Antonio Judrez, Universitat de
Barcelona, Barcelona, Spain) (in vivo study), S. Typhimurium strain SL1344 WT and invG (donated
by Michael Hénsel, Universitidt Osnabriick, Osnabriick, Germany) (in vitro experiments), Listeria
monocytogenes strain EDG-e (donated by Dr. Antonio Juarez, Universitat de Barcelona,
Barcelona, Spain), enteroinvasive E. coli strain 0124:H30 (Dr. A. Judrez), Staphylococcus
aureus subsp. aureus strain Rosenbach 1884 (Dr. A. Judrez), uropathogenic E. coli strain J96

(donated by Dr. Carlos Balsalobre, Universitat de Barcelona, Barcelona, Spain).

Gram-negative bacteria were transformed with a plasmid encoding red fluorescent protein (RFP)
that also conferred resistance to ampicillin (pBR.RFP.1 plasmid) (Birmingham et al., 2006). For
infection studies, bacteria were inoculated in 2xYT medium and grown overnight at 37°C and
under agitation at 180 rpm (2xYT was supplemented with 100pg/ml ampicillin for the growth of
transformed bacteria). Then, the bacterial culture was diluted 1:100 in 2xYT (£ ampicillin) and

bacteria were grown in the previously specified conditions until they reached the exponential
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phase of growth (4 h approximately). The optical density of the culture was measured at 600 nm
and the bacterial concentration was estimated based on a standard formula (Glaria et al., 2019).
In experiments with Gram-positive bacteria, these bacteria were stained with 0.01% fluorescein
isothiocyanate (FITC) in NaCOs-NaHCO; buffer (4x107 CFU/ml) for 1 h at room temperature with
agitation at about 50 rpm. The stained Gram-positive bacteria were washed three times with

PBS before their use for infection.

In experiments of infection in vivo, S. Typhimurium was grown for 16 h in 2xYT supplemented

with 100pg/ml ampicillin.

Infection and phagocytosis assays in vitro

Bacteria at the exponential phase of growth were added to macrophage cultures at the following
multiplicity of infection (MOI): S. Typhimurium (MOI 3), UPEC (MOI 8), EIEC (MOI 15), L.
monocytogenes (MOI 8), and S. aureus (MOI 5). Fluorescent microspheres (3-um) were added
at a ratio of 5 microspheres per macrophage. In initial experiments, controls of bacterial
adhesion were performed by treating the macrophages with latrunculin A (1uM, 1 h) or by
maintaining the cells at 4°C (starting 15 min before infection). To analyse infection or
phagocytosis, macrophages were incubated with bacteria or microspheres (in culture medium
supplemented with 10% heat-inactivated FBS, unless otherwise specified) for 30 min at 37°C,
5% CO,. At the end, the cells were placed on ice and extracellular bacteria were eliminated by
three washes with ice-cold PBS. Subsequently, the macrophages were processed as indicated in

the next sections for each type of experiment.

In experiments evaluating the expression of inflammatory cytokines in response to infection
(Figure 23), the macrophages were incubated with S. Typhimurium as described above, washed
with PBS twice, and incubated in DMEM-10% heat-inactivated FBS complemented with
gentamicin (10pug/ml) until 6 h after the onset of infection. Afterwards, the cells were lysed and

processed for the analysis of RNA expression.

To corroborate the MOI in each experiment, the bacterial suspensions used for infection were
subjected to 1:10 serial dilutions in 2xYT and were inoculated in Agar-LB dishes containing
100pug/ml ampicillin. Bacteria were allowed to grow at 37°C until colony forming units (CFUs)

could be counted.
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Analysis of infection by flow cytometry

After infection with bacteria, macrophages were detached from the plates either by scrapping
(murine macrophages) or by incubation in accutase for 45 min at 37°C (human macrophages).
Then, the cells were transferred to microtubes and pelleted by centrifugation. Subsequently,
macrophages were fixed in 2% paraformaldehyde (PFA) (dissolved in PBS) for 20 min at room
temperature. The fluorescence in the cells was analysed using a FacsAria | SORP sorter (Becton
Dickinson). Eukaryotic cells were gated according to their forward vs side scatter and cell
doublets were excluded in plots of forward scatter area (FSC-A) vs width (FSC-W). Excitation and
emission wavelengths used with each marker are listed in Table 3. The fluorescence from
bacteria or microspheres was plotted vs the general eukaryotic cell emission (autofluorescence)
unless the employed fluorochromes overlapped with the channels used for the detection of
autofluorescence; in that case, the fluorescence was plotted vs FSC-A. The bacterial index was
calculated using the following formula (FL+ refers to fluorescent macrophages in the RFP or FITC
channel depending on the use of Gram-negative or Gram-positive bacteria, respectively):
bacterial index = (percentage of FL+ macrophages) x (mean fluorescence intensity in the FL+

population).

Table 3. Flow cytometry settings.

Fluorochrome Excitation laser Detection filter
Cholera Toxin Subunit B CF® 633 Dye Conjugate | Red (640nm) 780/60
Filipin complex, from Streptomyces filipinensis | Ultraviolet (355nm) 440/40
Fluoresbrite® YG Microspheres 3.00um Blue (488nm) 530/30
Fluorescein 5 (6)- isothiocyanate (FITC) Blue (488nm) 530/30
Red Fluorescent Protein (in bacteria) Green (561nm) 610/20
:‘.(I)\:IEG/3I33E:'D6;i;anl:TIIe Near-IR Dead Cell Stain Kit, Red (640nm) 780/60

Analysis of cell viability by flow cytometry

Macrophages were stained with the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit for 633 or
635 nm (Thermo Fisher Scientific) at 1:1000 dilution in PBS for 30 min (on ice). Then,
macrophages were fixed in 2% PFA (dissolved in PBS) for 20 min at room temperature. The cells
were kept at 4°C until the analysis. The dead cells were detected by flow cytometry using the

settings specified in Table 3.
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Analysis of infection by confocal fluorescence microscopy

Macrophages were plated on glass coverslips that were placed inside culture plates and were
infected as described above. The cells were washed with PBS three times and fixed in 2% PFA
(in PBS) for 20 min at room temperature. The cell membrane was stained for 30 min with
2.5ug/ml Wheat Germ Agglutinin (WGA) Alexa Fluor™ 488- or 555- conjugated (Thermo Fisher
Scientific) at room temperature. Cell nuclei were stained with Hoechst 33342 (Sigma) at 1ug/ml
for 10 min at room temperature. The coverslips containing the sample were mounted on
microscopy slides with Mowiol. Images were acquired using a Carl Zeiss LSM
880 spectral confocal microscope with the 63x oil objective, zoom 0.6. In each sample, 5-7 fields
were selected based on similar cell confluences to obtain at least 100 cells per sample. Serial
0.5um z-axis optical images were acquired across the whole height of the cells. Intracellular
bacteria were counted manually using the Fiji software. The cells in the image edges were

excluded from the analysis.

Quantification of viable intracellular bacteria (CFU counting)

After infection, macrophages were lysed with 0.5% Triton X-100 (in PBS) on ice. The lysates were
diluted in 2xYT and plated on agar-LB plates for subsequent growth at 37°C. Bacterial CFUs were

counted once they were readily visible.

Crystal violet staining

Macrophages were washed with PBS and fixed with 10% formalin (Sigma) for 15 min. After
washing again with PBS, the cells were stained with crystal violet solution (0.1% Crystal Violet,
0.2% ethanol in sterile water) for 10 min at room temperature. The wells were washed twice
with sterile water and dried completely. Then, the cells were lysed in 2% sodium dodecyl
sulphate (SDS) for 30 min. Crystal violet staining was quantified by absorbance at 590 nm in an

Infinite M200 microplate reader (Tecan).

Analysis of lipid rafts and cholesterol by flow cytometry

Macrophages were scrapped off the plates, transferred to microtubes, and pelleted by
centrifugation. Lipid rafts were stained with 2ug/ml Cholera Toxin Subunit B, CF633 conjugate
(Biotium) in PBS-0.5% bovine serum albumin (BSA) for 30 min (on ice), followed by 3 washes
with PBS-0.5% BSA. In some cases, the dead cells were stained as described before. Then,

macrophages were fixed in 2% PFA (dissolved in PBS) for 20 min at room temperature.
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Unesterified cholesterol was stained with Filipin complex (Sigma) at 50ug/ml in PBS-1% FBS for

2 h at room temperature.

The fluorescence in the cells was analysed using a FacsAria | SORP sorter (Becton Dickinson).
Eukaryotic cells were gated according to their forward vs side scatter and cell doublets were
excluded in plots of forward scatter area (FSC-A) vs width (FSC-W). Excitation and emission
wavelengths used with each marker are listed in Table 3. The fluorescence from lipid rafts,

cholesterol, and dead cells was analysed in plots of fluorescence vs FSC-A.

Analysis of human macrophage morphology and filamentous actin intensity by
confocal fluorescence microscopy

This analysis was carried out during a three-month stay in the research group led by Dr. Stefan
Linder (University Medical Center Eppendorf, Hamburg, Germany), with strong expertise in
cytoskeletal regulation in vascular cells. During that period, we analysed the effects of LXR

activation on the actin cytoskeleton of human macrophages incubated with S. Typhimurium.

Human macrophages were plated on glass coverslips, treated with the LXR agonist GW3965
(1uM, 24 h), and infected with S. Typhimurium as described in previous sections. Then, the cells
were washed with PBS three times and fixed in 2% PFA (in PBS) for 20 min at room temperature.
The actin cytoskeleton was stained with Alexa Fluor™ 488 Phalloidin (Thermo Fisher Scientific)
at 4 units/ml for 45 min at 37°C. Cell nuclei were stained with Hoechst 33342 (Sigma) at 1ug/ml
for 10 min at room temperature. The samples were mounted on microscopy slides with Mowiol.
Images were acquired using a Leica TCS SP5 confocal microscope with the 40x oil objective. Serial
0.5um z-axis optical images were acquired across the entire height of the cells. The parameters
of interest were measured using the FlJI software. A macro was generated to automatise the
analysis. Briefly, the 3D stack was “flattened” to obtain a 2D image that compiled the
information across the entire height of the cells using the “Z-project” method. Then, several
filters were applied to the image in the channel of filamentous actin (F-actin) and the brightness
and contrast were set to defined values. The image was converted to binary, and the “adjustable
watershed” plugin was used to segment the image into sections corresponding to each cell. The
area occupied by each cell was established as a region of interest (ROI) and, in the cases in which
the plugin generated inaccurate ROIs, we eliminated them and drew new ROIs manually.
Afterwards, the area, circularity, and aspect ratio of the cell, as well as the intensity of F-actin
were measured for each ROl using the commands “analyse particles” and “set measurements”.

The intensity of F-actin in each cell was measured using the “mean grey value” option (which

64

Selective effects of LXR activation in host-bacteria interaction. Estibaliz Glaria. 2021



MATERIALS AND METHODS

indicates the intensity corrected by the cell area) on images obtained using the average intensity

“Z-project” method in FlII.

In vivo infection by Salmonella Typhimurium

In experiments evaluating the clinical signs of infection, adult (3—5 months old) WT, LXR-
deficient, or CD38-deficient female mice were administered 10% sodium bicarbonate by oral
gavage and 10 min later the mice were infected by oral gavage with S. Typhimurium (107 CFU in
200 pl saline solution per animal). To evaluate the effects of LXR activation on morbidity, the
animals were daily administered by intraperitoneal injection either vehicle (DMSO) or the LXR
agonist T0901317 (T1317) (15 mg/kg animal) dissolved in physiologic saline, starting 24 h prior
to infection. Each animal was daily monitored for weight changes and other parameters
associated with infection-induced morbidity, and a clinical scoring system was defined according
to the development of any of the following clinical signs (one point for each sign): >15% weight

loss, severe hunched position, ruffled fur, watery eyes, or slow movement.

In some experiments, the mice were sacrificed at day 4 post-infection, and the infection index
in the spleen was determined. In these assays, the spleens were disaggregated through a 100-
mm cell strainer, and the erythrocytes were lysed using 1X Pharm Lyse lysing solution (BD
Biosciences). The splenocytes were fixed in PBS 5% PFA, and the percentage of infected cells
(containing RFP+ bacteria) was analysed by flow cytometry. Bacterial index was calculated for
each animal by the following formula: bacterial index = (percentage of RFP+ splenocytes) x
(mean fluorescence intensity in the RFP+ population). Spleen samples from non-infected mice

were used as negative controls.

Mouse irradiation and bone marrow transfer

Eight-week-old C57BL/6 females were sub-lethally irradiated with two sessions of 4.5 Gy
separated by 4 h. The animals were then injected with 3 x 10° bone marrow cells from either
WT or CD38-deficient female donors. These procedures were carried out at the animal facility
of Parc de Recerca Biomédica Barcelona (PRBB). Two months after the bone marrow transfer,
the mice were treated with an LXR agonist or vehicle and infected with S. Typhimurium as

indicated above.

To analyse the efficiency of replacement of the hematopoietic system, we marked surface CD38
with fluorochrome-conjugated antibodies and detected its expression by flow cytometry. Cell

suspensions were obtained from the blood, spleen, and bone marrow of non-infected mice. The
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cells were centrifuged and resuspended in PBS-5 % FBS. To block unspecific binding of 1gGs to
Fcy receptors on the cell surface of phagocytic cells, the cells were incubated with Fc-block (BD
Biosciences) using the manufacturer’s recommendations. CD38 surface expression was
measured using anti-CD38-FITC conjugated antibodies (BD Biosciences). Flow cytometric
determinations were carried out using a Cytomics FC500 MPL flow cytometer (Beckman

Coulter).

RNA extraction and cDNA synthesis

Cells or tissues were lysed in TRIzol (Invitrogen) and the total RNA was extracted following the
manufacturer’s recommendations. Briefly, the lysates were passed several times through a 25G
needle-syringe. Chloroform was added (1:6 dilution) and samples were vigorously agitated,
followed by 3 min incubation at room temperature and centrifugation at 12,000 xg for 15 min
at 4°C. The RNA from the upper aqueous phase was transferred to a different tube and 2-
propanol (Sigma) (1:3 dilution) was added. Samples were frozen at -80°C until further
processing. When the samples were recovered, the RNA was pelleted by centrifuging at 12,000
xg for 10 min at 4°C. RNA pellets were washed with 75% ethanol twice, centrifuged and the final
pellet was dissolved in RNase free H20-mQ. Total RNA was quantified by Nanodrop (Thermo

Fisher Scientific).

cDNA synthesis was performed following the manufacturer’s recommendations. Briefly, 0.5-1ug
of total mMRNA was subjected to reverse transcription using the following materials: 200 units of
M-MLYV reverse transcriptase RNase H Minus, Point Mutant (Promega); M-MLV reaction buffer;

4uM oligo(dT)1s primer (Sigma), and; 0.5mM PCR nucleotide mix (Promega).

Quantitative real-time PCR analysis

Quantitative real-time PCR (qPCR) was performed using the Power SYBR Green Reagent Kit
(Applied Biosystems) in a CFX384™ real-time system (Bio-Rad) at the following conditions: a
denaturing step at 95°C for 10 min; 35 amplification cycles of 95°C, 60°C, and 72°C, 30 sec each;
and a dissociation curve. Each sample was analysed in triplicates. Relative gene expression was
calculated based on a standard formula for each gene and normalised by L14 in murine samples

or GAPDH in human samples. See the sequences of primers in Table 4.
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Table 4. Sequences of the forward and reverse primers

used for gPCR reactions.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)
Murine
cdsl GTTGGATCGTGTTTTTCAGA TCCCACTAGCTGCACTTTGGT
Cd38 GCATGTTCAAGCTCCTCCTT TCAGTCCAGGCTACAGGTGA
Cebpb AAGCTGAGCGACGAGTACAAGA | TCAGCTCCAGCACCTTGTG
Cox2 ATTCTTTGCCCAGCACTTCA GGGATACACCTCTCCACCAA
ll1b TGGGCCTCAAAGGAAAGAAT CAGGCTTGTGCTCTGCTTGT
16 CCAGAGATACAAAGAAATGATGG | ACTCCAGAAGACCAGAGGAAAT
112b GGAAGCACGGCAGCAGAATA AACTTGAGGGAGAAGTAGGAATGG
L14 TCCCAGGCTGTTAACGCGGT GCGCTGGCTGAATGCTCTG
Mertk GACTCCCTATCCCGGAGTTC CTGCAGCCTCAACACAGAGA
Nos2 GCCACCAACAATGGCAACA CGTACCGGATGAGCTGTGAATT
Tnfa CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC
Human
ABCA1 TGAGCTACCCACCCTATGAACA CCCCTGAACCCAAGGAAGTG
ABCG1 GGTCGCTCCATCATTTGCAC GCAGACTTTTCCCCGGTACA
CD38 TTGGGAACTCAGACCGTACC GTTGCTGCAGTCCTTTCTCC
GAPDH GTGAAGGTCGGAGTCAACGG TTGAGGTCAATGAAGGGGTCA

Search of transcription factor binding sites

The DNA sequence of the Cd38enh was analysed in the AliBaba2 program, which predicts
transcription factor binding sites in an unknown DNA sequence using the binding sites collected

in TRANSFAC.

Reporter activity assays

A DNA fragment of 613bp located 2Kb upstream of the transcription initiation site of Cd38
(Cd38enh) was cloned into a pGL3 luciferase reporter vector (Promega). A variant of the
Cd38enh construct with two point mutations in the LXRE (MUT) was generated by site-directed
mutagenesis. To evaluate the transcriptional regulation on this region, we co-transfected RAW
264.7 macrophages or COS-7 fibroblasts with various plasmids: 500ng of pGL3-Cd38enh WT or
MUT; 300ng of pBluescript (KS+) overexpression plasmid encoding murine C/EBPB or empty
pBluescript; 300ng of pcDNA3-LXRa or pcDNA3-LXRB; 300ng pcDNA3-RXRa, and; 100ng of pRL-
TK mammalian co-reporter vector (encoding renilla-luciferase). Transfections were carried out
using the Superfect Transfection Reagent (Qiagen) following the manufacturer's instructions.
Briefly, the cells were incubated with the transfection complexes (Superfect mixed with

plasmids) for 2.5 h in regular growth conditions, followed by a wash with PBS and incubation
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with vehicle (DMSO) or an LXR agonist for 24 h under regular culture conditions. Then, the cells
were washed with PBS and lysed in 200ul of Passive Lysis buffer. Luciferase activity was assessed
using the Firefly & Renilla Luciferase Single Tube Assay Kit (Biotium) following the
manufacturer’s recommendations. To measure luciferase activity, 20ul of lysate were placed
inside a well of a 96-well plate, and the luminescence was measured after adding 100ul of Firefly
luciferase working solution first and 100ul of Renilla luciferase working solution afterwards.
Luciferase activity was detected in an Infinite M200 microplate reader (Tecan). The values

obtained from Firefly luciferase activity were normalized by those of Renilla activity.

Protein extraction and Western blot analysis

The cells were placed on ice, washed with PBS, and lysed in RIPA lysis solution (50mM Tris-HCI
pH 7.4, 1% Triton-X-100, 0.5% Na-deoxycholate, 0.1% SDS, 150mM NaCl, 2mM EDTA, 50mM
NaF) supplemented with protease inhibitors (1ImM phenylmethylsulfonyl fluoride, 0.2mM
NasVO,, and protease inhibitor cocktail (Santa Cruz Biotechnology)). Insoluble material was
removed by centrifugation at 14,000 x g for 15 min at 4°C. Protein concentration in the lysates

was determined by the Bradford assay.

Cell lysates (10-30 pg) were boiled for 5 min at 95°C in Laemmli SDS loading buffer. Proteins
were separated by SDS-PAGE (10-12.5% acrylamide) electrophoresis and electrophoretically
transferred to PVDF membranes (Immobilon-FL). The membranes were blocked in Odissey
blocking buffer (Li-Cor) diluted 1:1 with TBS-0.05% Tween 20 (TBS-T) and later incubated with
primary antibodies overnight at 4°C (the antibodies used in the study are listed in Table 2). Then,
the membranes were washed three times in TBS-T and incubated for 1 h with peroxidase-
conjugated secondary antibodies. After three washes with TBS-T, the membranes were
incubated with enhanced chemiluminescence detection reagent (GE Healthcare) for 5 min and
the chemiluminescence was measured in the Odyssey Fc Imaging System (Li-Cor). Protein band
qguantification was performed using the Image Studio ™ Lite software (Li-Cor). The protein
expression in each sample was normalised by B-tubulin in most cases except for phosphorylated
JNK, which overlapped with B-tubulin and was normalised by B-actin. In experiments evaluating
total and activated forms of proteins (phosphorylated versus total, Akt or MAPKs), two
electrophoretic gels and PVDF membranes were used in parallel under identical conditions

except for the incubation with the specific primary and secondary antibodies.

Activity of Rho GTPases
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Macrophages were treated for 24 h with vehicle (DMSO) or an LXR agonist in culture medium
supplemented with 1% heat-inactivated FBS. Then, the cells were either directly processed or
exposed to exponentially grown Salmonella at a MOI 3 (for Cdc42 detection) or 10 (for Racl
detection) for different periods (between 1 and 10 min). The activation of small Rho family
GTPases was assessed with the RhoA / Racl / Cdc42 G-LISA Activation Assay Bundle
(Cytoskeleton) following the manufacturer’s instructions. All the reagents and materials were
cooled before their use and the samples were processed sequentially to minimise the
degradation of GTP during sample processing. The cells were washed in PBS and lysed with the
correspondent lysis buffer complemented with protease inhibitors. Cell lysates were harvested
with a scraper and the insoluble material was removed by centrifugation at 14,000 x g for 1 min.
The supernatants were immediately snap frozen in liquid nitrogen, except for a volume of 20yl
that was used to measure the protein concentration in the lysate by the Protein Assay Reagent.
The frozen lysates were stored at -80°C until the G-LISA protocol was performed in the following
days. The samples were brought to the same concentrations (0.3-0.4ug/ul) and the protocol
specified by the manufacturer for each of the Rho GTPases was used. Briefly, for Cdc42 and Racl
detection, 50ul of lysate were directly added to each well on the strip (on ice), while for RhoA
detection, the lysate was diluted 1:2 in binding buffer and 50ul of the diluted lysate were added.
Simultaneously, 50ul of positive and negative control were used as specified in the protocol. The
plate was placed in an orbital shaker at 240 rpm 4°C for 15 min (Cdc42) or 30 min (Rac1, RhoA).
Then, the wells were washed twice with the Wash buffer provided by the manufacturer and
incubated with antigen-presenting buffer for 2 min. The wells were washed again three times
with the Wash buffer and incubated with the primary antibody on the orbital shaker at 240 rpm
at room temperature for 30 min (Cdc42) or 45 min (Racl, RhoA). Afterwards, the wells were
washed three times with Wash buffer and incubated with the secondary antibody at the same
conditions as with the primary antibody. Then, the wells were washed three times and incubated
with the HRP detection reagent for 15 min at 37°C (Cdc42) or for 20 min at room temperature
(Racl, RhoA). At the end, the reaction was stopped by adding the HRP stop buffer. The

colorimetric signal was measured at 490 nm in an Infinite M200 microplate reader (Tecan).

Data processing and statistical analysis

Raw data were recorded in a Microsoft Excel worksheet. To make data from different
experiments comparable, in the indicated cases, the values were normalised by the ratio
between the mean of all the experiments and the mean of each experiment. Data were then

analysed using the GraphPad Prism 7.0 software. The normal distribution of the residues was
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assessed by the Shapiro-Wilk test. Data following a Gaussian distribution were evaluated with
parametric tests: T-test to detect differences between two groups, and either one-way or two-
way ANOVA to detect differences among more than two groups according to one or two factors,
respectively. When the ANOVA test indicated significant differences, one of the following post-
hoc tests was used for multiple comparisons: Tukey’s test, Sidak’s test to compare selected
groups, or Dunnet’s test to compare all the conditions with the control. In Figure 32, the analysis
was performed by multiple T-tests and the statistical significance was corrected by the Holm-
Sidak’s method. Differences in non-parametric data were evaluated by the Mann-Whitney U test
(two groups) or Kruskal-Wallis + Dunn’s test (more than two groups). The proportion of infected
cells detected in confocal microscopy studies were registered as a contingency table and were

analysed by the Fisher’s exact test.

Statistical differences were considered significant at p-values < 0.05. The following signs are used
to indicate the significant p-values in the figures: *p<0.05, **p<0.01, ***p<0.001,
***%H<0.0001; #p<0.05, #p<0.01, *¥p<0.001, ##H<0.0001; ~p<0.05, *p<0.01, A ~p<0.001,

ANANP<0.0001. Non-significant differences were indicated as “n.s.”.
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1. Pharmacological activation of LXRs ameliorates the clinical
course of Salmonella Typhimurium infection in vivo

Upon ingestion of contaminated food, S. Typhimurium is able to cause infection by traversing
the intestinal barrier and invading non-phagocytic epithelial cells and intestinal macrophages.
Despite the microbicidal activities of macrophages, these cells represent a preferential niche for
Salmonella replication and a means of transport for bacterial dissemination to other organs
(Price and Vance, 2014). As described in the introduction, our previous data indicated that LXR
activation restricts the entry of S. Typhimurium into murine macrophages (Matalonga et al,,
2017). To evaluate whether pharmacological LXR activation results in a positive or negative
outcome on infection by S. Typhimurium in vivo, we infected C57BL/6 female mice by oral
gavage (S. Typhimurium, 10’ CFU/mouse) and compared the progression of infection between
vehicle- and LXR agonist-treated mice. The treatment with the LXR agonist (T1317) or the vehicle
(DMSO) was initiated 24 h prior to the infection and was continued daily by intraperitoneal
injection. Each day, the weight of mice was monitored as well as five clinical signs associated
with infection: > 15% weight loss, severe hunched position, ruffled fur, watery eyes, and slow
movement. A score was established for each animal based on the presence or absence of each
of these clinical signs. The weight of mice was monitored daily as well. On day 4 post-infection,
the differences in the clinical score and the body mass indicated an amelioration of the disease
in mice treated with the LXR agonist compared to the vehicle-treated counterparts (Figure 19
A,B). Four days after the onset of infection, the levels of infected cells were measured in the
spleen as an indicator of bacterial dissemination. In line with the amelioration of the clinical
severity, the administration of the LXR agonist reduced the dissemination of Salmonella to the
spleen (Figure 19 C). Likewise, LXRa/B-deficient (LXR”") mice were challenged with Sa/monella
to evaluate the specificity of the LXR agonist. As expected, the LXR agonist did not ameliorate
the clinical course of salmonellosis in LXR”" mice (Figure 19 D,E). To assess the involvement of
the LXR target CD38 in the protective effects of the LXR agonist, CD38-deficient (CD387") mice
were also subjected to the infection in vivo. LXR activation in CD387- mice had no impact on the
clinical indicators of disease or in the bacterial dissemination (Figure 19 F-H), suggesting that

CD38 induction by LXRs plays a role in the protective effects against infection in vivo.
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Figure 19. Pharmacological treatment with a synthetic LXR agonist ameliorates the clinical signs associated
with Salmonella Infection in a CD38-dependent manner. Wild-type (WT) (A-C), LXR-deficient (LXR™/-) (D, E), or CD38-
deficient (CD387/) (F-H) female mice were infected by oral gavage with S. Typhimurium (107 CFU per animal). The
animals were daily administered by intraperitoneal injection either vehicle (DMSO in physiologic saline, black circles)
or the LXR ligand T1317 (15 mg/kg animal dissolved in physiologic saline, magenta squares), starting 24 h before the
infection. n = 14 (WT), n= 7 (LXR™-), and n = 13 (CD38/-) mice per group. (A, D, F) The weight of each mouse was
measured daily starting before infection. The graphics represent estimated marginal means of mass + standard error
mean (SEM) during the first 4 days post-infection. The statistical analysis was performed using repeated-measures
two-way ANCOVA after adjusting for mass at the time of infection. (B, E, G) Development of clinical signs during the
first 4-5 days of infection. For each mouse, a score was calculated based on the presence of clinical signs (one point
for each sign): >15% weight loss, severe hunched position, ruffled fur, watery eyes, or slow movement. Dead animals
(¥) were assigned a score of 6. Horizontal bars represent mean values in the live population (Mann-Whitney U). (C,
H) After 4 days, the infection index by RFP-expressingS. Typhimurium in splenocytes was determined by flow
cytometry (log values). n=5 mice per group (T-test). *p < 0.05, **p < 0.01. These results were published in (Matalonga
et al, 2017).

To further assess the involvement of CD38-expressing bone marrow-derived cells in the
protective effects of LXR activation, wild-type (WT) mice were irradiated and transplanted with
either WT or CD387 bone marrows. The efficiency of cell replacement after bone marrow
transplantation was analysed through the detection of surface CD38 expression by flow
cytometry (Figure 20 A). The proportion of CD38-expressing cells in mice transplanted with WT

or CD387 bone marrow was: 48.4% vs 13.5% in the bone marrow, 50.9% vs 10.8% in the blood,
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and 74.4% vs 9% in the spleen. Therefore, the cells derived from CD387-bone marrows largely
replenished the cell populations in organs enriched in bone marrow-derived cells after
transplantation. Pharmacological LXR activation improved the clinical profile and decreased the

splenic bacterial load in mice that received WT bone marrows (Figure 20 B-D) but not in the ones
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Figure 20. CD38 expression in bone marrow-derived cells contributes to the amelioration of Salmonella infection
by pharmacological LXR activation. Sub-lethally irradiated WT female mice were subjected to bone marrow
transplantation (3 x 10% bone marrow cells per animal) from either WT (A-D) or CD38-deficient (A, E-G) female donors.
Two months after transplantation, the animals were infected with RFP-expressing S. Typhimurium (107 CFU/animal).
Bacterial infection and administration of the LXR agonist T1317 or vehicle was performed as described in Figure 19.
The efficacy of replacement of bone marrow-derived cells in the bone marrow, blood, and spleen was analysed by
surface CD38 detection by flow cytometry (A). The body weight (B, E) and clinical score (C, F) were registered daily
for 4 days after infection. (D, G) The infection index in splenocytes was evaluated by flow cytometry. n = 7-9 mice per
group. Estimated marginal means of mass (+ SEM) analysed by repeated-measures two-way ANCOVA after adjusting
for mass at the time of infection (B, E), Mann-Whitney U (C, F), or t test (D, G). In C, D, F, and G the blue horizontal
bars indicate mean values. *p < 0.05; **p < 0.01. These results were published in (Matalonga et al., 2017).
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transplanted with CD387 bone marrows (Figure 20 E-G). These results indicate that CD38
expression by bone marrow-derived cells contributes to the beneficial effects of

pharmacological LXR activation in Salmonella infection.

Besides evaluating pathological aspects associated with Salmonella infection, we explored the
impact of LXR activation on the inflammatory status of the mice. After 4 days of infection, the
expression of a group of classical inflammatory genes was measured by gPCR in the spleen and
the liver: the main organs to which S. Typhimurium disseminates from the intestine. The
infection by Salmonella potently increased the mRNA levels of //1b, Tnfa, I1l6, Cox2, and Nos2 in
vehicle-treated mice (Figure 21 A). Overall, WT mice treated with the LXR agonist expressed

lower levels of these inflammatory molecules in both organs. Curiously, the LXR agonist did not
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Figure 21. LXR activation inhibits inflammatory gene expression in spleens and livers from mice infected with S.
Typhimurium. WT (A) or CD38-deficient (B) mice were infected by oral gavage with S. Typhimurium (107 CFU/animal).
The animals were daily administered by intraperitoneal injection either vehicle (DMSO in physiologic saline) (black
circles) or the LXR agonist T1317 (15 mg/kg animal dissolved in physiologic saline) (magenta squares), starting 24 h
before the infection. The expression of inflammatory genes in the liver and the spleen was evaluated by real time
gPCR four days after the onset of infection. Three non-infected animals from each genotype were used as negative
controls (grey diamonds) without infection. The mRNA levels of each inflammatory gene were normalised by L14
expression. n=5 mice/group. Blue bars represent mean values. *p < 0.05; **p < 0.01 (T-test comparing the two groups
of infected mice, DMSO- vs T1317-treated animals). These results were published in (Matalonga et al., 2017).
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inhibit significantly the expression of these inflammatory mediators in the liver and the spleen
of CD387 mice (Figure 21 B). Similar effects were detected in the mice subjected to bone marrow
transplantation: LXR activation diminished the expression of inflammatory mediators in mice
that received a WT bone marrow, but it did not influence their levels in WT mice with CD38"-

bone marrow (Figure 22).
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Figure 22. Effects of LXR activation on inflammatory gene expression after WT or CD38-deficient bone marrow
transplantation and S. Typhimurium infection. Sub-lethally irradiated WT female mice were subjected to bone
marrow transplantation (3x10° bone marrow cells/animal) from either WT or CD38-deficient female donors. Two
months after transplantation the animals were infected with S. Typhimurium and treated with the LXR
agonist/vehicle as described in Figure 21. The expression of inflammatory genes in the liver and the spleen was
evaluated by real time qPCR four days after the onset of infection. The mRNA levels of each inflammatory gene were
normalised by L14 expression. In the groups subjected to infection, n=7-9 mice/group. Two non-infected animals
from each bone marrow transfer group were used as negative controls (without infection). *p < 0.05 (T-test
comparing the two groups subjected to infection, vehicle vs T1317-treated mice). These results were published in
(Matalonga et al., 2017).
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To evaluate whether CD38 contributes to the repressive actions of LXR agonists on inflammatory
gene expression, we performed repression studies in vitro using bone marrow-derived
macrophages (BMDM). Macrophages were treated with vehicle or the LXR agonist T1317 for 24
h and exposed to S. Typhimurium for 30 min or 1 h. After 6 h, the expression of inflammatory
genes was evaluated by gPCR. In WT BMDM, the LXR agonist repressed the expression of all the
analysed inflammatory mediators (Figure 23 A). Of note, the levels of induction of the cytokines
Il1b, 116, 1112b, and Tnfa were lower in CD38”" macrophages. However, except for //6, the LXR

agonist inhibited inflammatory gene expression in these cells, suggesting that CD38 is not
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Figure 23. LXR activation represses S. Typhimurium-induced inflammatory gene expression in macrophages
independently of CD38. WT, CD38/- (A), or LXR7- (B) BMDMs were pre-stimulated with T1317 (1uM) or vehicle
(DMSO) for 24 h and exposed to S. Typhimurium (MOI 5) for 30 min (A) or 1 h (B). The cells were washed and incubated
with gentamycin until 6 h post-infection. Data represent mean mRNA expression values quantified by gPCR and
normalised by L14 (+ SEM). n=6 (A), n = 5 (B), two-way ANOVA Bonferroni. *p < 0.05; **p < 0.01. #p < 0.01 vs the
same treatment in WT cells. These results were published in (Matalonga et al., 2017).
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required for the anti-inflammatory actions of LXRs in vitro. These effects were specifically
mediated by LXRs, as the agonist was not able to repress inflammatory gene expression in LXR
/- cells (Figure 23 B). Since CD38 did not participate in the LXR-mediated repression of
inflammatory gene expression in infected macrophages in vitro, it is feasible that the reduced
ability of the LXR agonist to suppress the expression of inflammatory mediators in CD387* mice
during infection in vivo, is an indirect consequence of the lack of inhibition of bacterial
dissemination by the LXR pathway in CD387 mice. The data shown in this section was

incorporated in (Matalonga et al., 2017).

2. The transcription factor C/EBPB mediates the cooperation
between LXRs and inflammatory signals in the transcriptional
control of Cd38 expression

Accumulated evidence indicates the existence of reciprocal negative crosstalk between LXRs and
inflammatory signals (Castrillo et al., 2003; Han et al., 2018; Pascual-Garcia et al., 2013). Through
these actions, the activation of the LXR pathway represses the macrophage transcriptional
response to inflammatory mediators (as shown in the previous section) and, reciprocally, pro-
inflammatory signalling negatively affects the induction of several LXR target genes that play key
roles in metabolism. In contrast with these general mutually opposing effects, LXRs and several
inflammatory mediators (TNFa, IFNy, and LPS) cooperate to synergistically increase the mRNA
levels of Cd38 (Matalonga et al., 2017). Moreover, the in vivo model of salmonellosis suggested
that CD38 modulation during infection might play a role in the control of infection.
Consequently, we next explored the molecular mechanisms that control Cd38 induction by LXRs
and inflammatory signals. In a study carried out by a Pulido-Salgado and co-workers (Pulido-
Salgado et al., 2017), the RNA-sequencing analysis of microglial cells revealed that the induction
of Cd38 expression by LPS was impaired in C/EBPB-deficient cells. This insight encouraged us to
evaluate whether the transcription factor C/EBPB contributes to Cd38 expression in our
experimental setting in vitro. BMDMs were obtained from mice with myeloid C/EBP deficiency
or from WT mice. Surprisingly, the basal levels of Cd38 were higher in C/EBPB-deficient
macrophages (hereafter referred to as C/EBPB” macrophages) than in WT cells (Figure 24 A). As
expected, the activation of LXRs with T1317 induced Cd38 expression in WT cells; however, it
reduced the levels of Cd38 in C/EBPB”" macrophages. Afterwards, C/EBPB”- or WT macrophages
were challenged with the inflammatory cytokines TNFa or IFNy or the bacterial component LPS,

either alone or in combination with the LXR agonist for 24 h. In WT macrophages, both TNFa
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and IFNy induced an upward tendency in Cd38 expression, while LPS potently increased Cd38
levels (Figure 24 B-D). The combination of each of these inflammatory signals with the LXR
agonist synergistically stimulated Cd38 expression. In C/EBPB cells, by contrast, none of the
inflammatory signals stimulated Cd38 expression, and the cooperativity with LXRs was either
completely abolished in the case of TNFa and IFNy or drastically impaired in the case of LPS.
These results indicate that C/EBP participates in Cd38 induction by at least some inflammatory
mediators. In addition, its expression is required for the transcriptional cooperation between

these inflammatory signals and LXRs in the activation of Cd38.
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Figure 24. C/EBPB mediates the cooperative effects of inflammatory signals and LXRs on Cd38 induction. WT or
C/EBPB-deficient (C/EBPB) BMDMs were treated with vehicle (DMSO) or an LXR agonist (T1317, 1 uM) and/or an
inflammatory stimulus: TNFa (20 ng/ml) (B), IFNy (5 ng/ml) (C) or LPS (100 ng/ml) (D) for 24 h. Gene expression was
measured by qPCR and is represented as Cd38 mRNA levels normalised by L14 expression. Mean * standard deviation
(SD) of n=4 independent experiments performed with biological duplicates or triplicates. The pink dots indicate the
values of each replicate. To make different experiments comparable, the statistical mean of all the conditions
(including WT and C/EBPB- cells) was calculated for each experiment and used to normalise data by the mean of all
the experiments. Kruskal-Wallis test + Dunn’s multiple comparisons. *p<0.05; **p < 0.01; ****p < 0.0001. *p < 0.05;
Ap < 0.01; MAp < 0.001; AMAAp < 0.0001 vs the same treatment in WT cells. ####p < 0.0001 vs the negative control.

80

Selective effects of LXR activation in host-bacteria interaction. Estibaliz Glaria. 2021



RESULTS

Next, we explored how C/EBPB is regulated by inflammatory signals. First, we measured the
mMRNA levels of Cebpb at different time points following macrophage stimulation with TNFa,
IFNy, or LPS, either in the presence or absence of the LXR agonist. Each inflammatory stimulus
increased Cebpb levels, reaching a maximum between 3 and 6 h of stimulation (Figure 25).
Interestingly, the induction of Cebpb by these stimuli was not altered by the LXR agonist,
indicating that Cebpb expression is not targeted by LXR activation. In addition, using WT and LXR"
 macrophages we observed that the functional expression of LXRs was not required for Cebpb
nor Cd38 induction by these inflammatory molecules under the conditions used in these assays
(Figure 26). Importantly, the dynamics of Cd38 induction show that its levels raise early upon
incubation with TNFa or IFNy and drop by 14 h post-incubation. Instead, the induction by LPS

appears more prolonged.
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Figure 25. Inflammatory signals induce Cebpb expression. BMDMs were treated with vehicle (DMSO, represented
as Oh in the graphic), an inflammatory stimulus [TNFa (20 ng/ml) (A), IFNy (5 ng/ml) (B) or LPS (100 ng/ml) (C)] or an
inflammatory stimulus together with the LXR agonist T1317 (1 uM) for 3, 6, or 12 h. Gene expression was measured
by gPCR, and is represented as Cebpb mRNA levels normalised by L14 expression. Mean + SD of n=2 independent
experiments performed with biological duplicates. To make different experiments comparable, the statistical mean
of all the conditions was calculated for each experiment and used to normalise the data by the mean of all the
experiments. Two-way ANOVA + Tukey’s multiple comparisons among treatments in each time point. ####p < 0.0001
vs vehicle-treated. n.s.: non-significant statistical differences between treatments at the same time point.
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Figure 26. LXR expression is not required for Cebpb or Cd38 induction by inflammatory signals in macrophages. WT
or LXRa/B-deficient (LXR”-) BMDMs were treated with TNFa (20 ng/ml) (A, D), IFNy (5 ng/ml) (B, E) or LPS (100 ng/ml)
(C, F) for different periods: 3 h (A); 6 h (B, C); 3, 6, and 14h h (D-F). Gene expression was measured by qPCR, and is
represented as Cebpb (A-C) or Cd38 (D-E) mRNA levels normalised by L14 expression. Mean = SD of biological
triplicates (A-C) or n=2-3 independent experiments with biological duplicates or triplicates (D-F). Two-way ANOVA +
Sidak’s test between treatments in each genotype (A, B); Two-way ANOVA + Tukey’s test (C, D); Two-way ANOVA +
Sidak’s test between time points in each genotype (E-F). **p<0.01 in WT vs LXR7-at 6h in (D). ***p < 0.001; #*#p < 0.01;
##p < 0.001; *#¥#¥p < 0.0001 vs control cells of the same genotype. n.s.: non-significant statistical differences between
WT and LXR7- BMDM at the same time point.

We also assessed the expression of C/EBPf at the protein level. There are three C/EBPf isoforms
that arise from different initiation codons during translation (Huber et al., 2012). The isoforms
LAP*, which is the full-length protein, and LAP, which is slightly shorter than LAP*, are
transcriptional activators; instead, the third isoform, LIP, acts as an inhibitor. By
immunoblotting, we detected that the activator isoform LAP is the most prominently expressed
after macrophage stimulation with inflammatory mediators (Figure 27). In contrast, the isoform
LAP* was not upregulated by the inflammatory signals used in this study. Although the
expression of the inhibitory form LIP was lower than the expression of LAP, it was strongly

stimulated by LPS after 12 h or weaklier by TNFa or IFNy.
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Figure 27. Inflammatory signals increase the expression of the isoform LAP of C/EBPB. BMDMs were treated with
TNFa (20 ng/ml), IFNy (5 ng/ml), or LPS (100 ng/ml) for 6 or 12 h. Then, the cells were lysed and C/EBPB protein
isoforms were detected by Western Blot. (A) Representative immunoblot of 3 independent experiments that
showed similar results. (B-D) Relative protein expression of each of the three C/EBPB isoforms: LAP* (B) (38 kDa),
LAP (C) (34 kDa), or LIP (D) (20 kDa). The protein expression of C/EBPB isoforms was calculated using the Image
Studio Lite software and was normalised to the values of B-tubulin expression. The results in B-D represent the
quantification of the immunoblot shown in (A).

The transcription factors STAT1/STATS or CREB participate in the induction of Cebpb expression
by IFNa (Yokota et al., 2019) or LPS+IFNy (Ruffell et al., 2009), respectively, but the mechanism
mediating Cebpb induction by IFNy alone has not been described. Generally, the binding of IFNy
to its membrane receptor triggers STAT1 activation and the induction of its target genes, some
of which are transcription factors such as IRF1 (reviewed in Schroder et al., 2004). Later, the
second wave of transcriptional activation takes place, for example, by the actions of STAT1-
induced IRF1. To assess whether STAT1 or IRF1 are involved in Cebpb expression in response to
IFNy, we analysed macrophages from STAT1 or IRF1 knockout mice. Interestingly, the induction
of Cebpb by IFNy was impaired in STAT17" macrophages but not in IRF17 cells (Figure 28).
Therefore, STAT1 and not IRF1 mediates the induction of Cebpb by IFNy in macrophages.
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Figure 28. Role of STAT1 and IRF1 in the control of Cebpb induction by IFNy. WT, STAT1-deficient (STAT1/), or IRF1-
deficient (IRF17/-) BMDMs were treated with IFNy (5 ng/ml) for 3, 6, or 12 h. Gene expression was measured by gPCR
and is represented as Cebpb mRNA levels normalised by L14 expression. Mean * SD of n=2-3 independent
experiments performed in biological duplicates (A) or n=3 independent experiments (B). To make different
experiments comparable, the basal (Oh) expression in each genotype of each experiment was used to normalise the
values by the basal expression mean of all the experiments. Two-way ANOVA + Tukey’s test (A) or Two-way ANOVA
+ Sidak’s test (B) among time-points in each genotype. ****p < 0.0001 in WT vs STAT17-at 3h. #p < 0.05; #p < 0.01;
##itn < 0.0001 vs control cells (Oh) of the same genotype. n.s.: non-significant statistical differences between WT and
IRF17/- BMDM at the same time point.

To further evaluate the cooperative action of C/EBPB and LXRs, we assessed the capability of
these transcription factors to promote the transcription from an enhancer region containing an
LXRE located 2 kb upstream of the transcription initiation site of Cd38. Our group had previously
cloned a DNA fragment of 613 bp containing the LXRE (from now on referred to as Cd38enh) in
a pGL3 luciferase reporter vector (Promega). Subsequent experiments showed increased
enhancer activity in this region by RXR-LXR activation, thereby supporting its functionality as an
LXRE (Matalonga et al., 2017). We then performed an in-silico analysis of the Cd38enh region to
identify additional transcription factor binding sites using the Alibaba2.1 software. Eight
potential binding sites for various C/EBP isoforms were found: five for C/EBPa, two for C/EBP,
and one for C/EBPy (Figure 29 A). To evaluate transcriptional modulation from this region, we
transiently co-transfected two different cell types, specifically, COS-7 fibroblasts and RAW264.7
macrophages, with a plasmid containing the Cd38enh-luciferase construct and overexpression
plasmids encoding Lxra or Lxrb, Rxra, and, in some cases, Cebpb. After optimising the conditions
for transfection, we observed stronger promoter activity in the Cd38enh induced by the
overexpression of LXRB compared to LXRa (Figure 29 B). Consequently, we decided to continue
the experiments with the overexpression plasmid encoding the LXRB isoform. Thereafter, we
performed the experiments using the original Cd38enh and a variant Cd38enh-luciferase

construct that contained two point mutations in the LXRE (MUT LXRE) in parallel. In COS-7 cells,
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the combination of C/EBPB overexpression and the overexpression and activation (by GW3965)
of LXRs moderately increased the promoter activity of the Cd38enh bearing either the WT or
MUT LXRE (Figure 29 C). However, the transcriptional activation elicited by these conditions was
much higher in the macrophage cell line RAW 264.7 (Figure 29 D). In these macrophages, the
sole overexpression of C/EBPB potently augmented the enhancer activity of the Cd38enh
containing any of the LXRE variants. Of note, coupling C/EBPf overexpression and LXR activation
caused an upward trend in the promoter activity of the Cd38enh carrying the WT LXRE that was
impaired when the mutant fragment was used. In conclusion, we have identified an enhancer
region upstream of the gene encoding Cd38 from which C/EBPB and LXRp cooperate to promote
transcription. Whether this cooperation occurs by direct binding of C/EBPB to the Cd38enh or

through indirect actions needs to be determined.
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Figure 29. C/EBPB cooperates with LXRs to induce transcriptional activity from an LXRE-containing enhancer
upstream of the Cd38 gene. (A) Representation of the predicted C/EBP binding sites in the Cd38enh by the software
Alibaba 2.1. (B-D) Luciferase reporter assays. COS-7 fibroblasts (B, C) or RAW 264.7 macrophages (D) were transiently
co-transfected with pGL3-Cd38enh containing either a WT LXRE or a mutated (MUT) LXRE (300ng, B; 500ng, C-D),
pBluescript-C/EBPB (or empty pBluescript) (300ng), pcDNA3-LXRB (300ng, not added to the LXRa condition in B),
pcDNA3-LXRa (300ng, only in the LXRa condition in B), pcDNA3-RXRa (300ng), and pRL-TK (100ng). Afterwards, the
cells were treated with vehicle (DMSO) or an LXR agonist (GW3965, 1uM) for 24 h. The enhancer activity was
quantified by luminescence detection in an Infinite 200 microplate reader (Tecan). Data are represented as luciferase
activity normalised by renilla activity, either in absolute values (B) or as fold change to control cells transfected with
the same Cd38enh fragment (WT or MUT LXRE) (C, D). Mean * SD of biological duplicates (B) or n=3 independent
experiments performed with biological duplicates (C, D). The pink dots indicate the values of each replicate. (C, D)
Kruskal-Wallis + Dunn’s multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001. Selected conditions were also
compared through a U Mann-Whitney test ##p < 0.01.
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We wondered if inflammatory stimuli might also collaborate with LXRs in the induction of other
LXR target genes. We focused on two LXR target molecules with important immune functions in
the inflammatory response: the protein CD5L, which promotes macrophage survival,
bactericidal mechanisms, and autophagy (reviewed in Sanjurjo et al., 2015); and MERTK, which
promotes the resolution of inflammation by stimulating macrophage-mediated efferocytosis
and by inhibiting inflammatory pathways (reviewed in Rothlin et al.,, 2015). Incubation of
macrophages with the LXR agonist T1317 induced the expression of both Cd5/ and Mertk (Figure
30 A, E). Interestingly, TNFa or LPS repressed the expression of Cd5/ and Mertk, whereas IFNy
decreased the expression of Cd5/ but did not affect Mertk (Figure 30 B-H). The concomitant
stimulation with the LXR agonist and each inflammatory signal did not result in a net increase in
Cd5! or Mertk compared to the basal expression in most of the analysed conditions. Indeed,
inflammatory signalling repressed the LXR-induced expression of Cd5/ (Figure 30 B-D). Similar
effects were observed for Mertk in response to LPS or TNFa but not in response to IFNy (Figure
30 F-H). Of note, the deficiency in C/EBPP expression did not affect the crosstalk between LXRs
and inflammatory signals on Cd5/ and Mertk expression. These findings suggest that the

cooperative effects of C/EBPB and LXRs are selective for Cd38.
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Figure 30. C/EBPB is not involved in the crosstalk between LXRs and inflammatory signals on Cd5/ and Mertk
expression. WT or C/EBPB-deficient (C/EBPB”-) BMDMs were treated with vehicle (DMSO) or an LXR agonist (T1317,
1 uM) and/or an inflammatory stimulus: TNFa (20 ng/ml) (B, F), IFNy (5 ng/ml) (C, G) or LPS (100 ng/ml) (D, H) for
24 h. Gene expression was measured by gqPCR and is represented as Cd5/ (A-D) or Mertk (E-H) mRNA levels

normalised by L14 expression. Mean + SD of n=4 independent experiments performed with biological duplicates or

triplicates. The pink dots indicate the values of each replicate. To make different experiments comparable, the

statistical mean of all the conditions (including WT and C/EBPB- cells) was calculated for each experiment and used

to normalise data by the mean of all the experiments. Kruskal-Wallis test + Dunn’s multiple comparisons. **p <0.01;
*¥***p < 0.0001. #p < 0.05; #*¥p < 0.01; #*#p < 0.001; #*#p < 0.0001 vs the control of the same genotype. *p < 0.05;
AMp < 0.01 vs the same treatment in WT cells.
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3. The activation of LXRs selectively modulates bacterial entry into
macrophages

Based on the inhibitory effects of LXR agonists (T1317 and GW3965) on the internalisation of S.
Typhimurium, we extended the study to analyse the scope of LXR-mediated inhibitory effects
on different bacterial species. We introduced some changes in the in vitro model of infection.
On the one hand, bacteria were used at the exponential phase of growth, when they present
the highest metabolic activity, instead of using bacteria in the stationary phase after the
overnight culture. In addition, in the experiments with S. Typhimurium, we used the strain
SL1344. Notably, in previous studies, we had used the strain SV5015, which was originated from
the SL1344 strain by a minor modification that eliminated the histidine requirement (Vivero et
al., 2008). On the other hand, we prescinded of L-cell (source of macrophage colony-stimulating
factor) to avoid conditioning macrophages toward an M2-like phenotype. To estimate the
internalisation of bacteria by macrophages we used flow cytometry in most of the studies, as it
allows the rapid analysis of a large number of cells, thereby providing high statistical power.
However, we are aware of the limitations of this method of analysis. For example, it does not
discriminate between intracellular and adhered bacteria, making it necessary to include controls
of cell attachment. In addition, the sensitivity might not be enough to detect macrophages
infected by one or a few bacteria. Despite these limitations, it is an advantageous analysis
technique for our studies and, when required, we used alternative approaches to corroborate

the results and complement the information.

3.1 Studies in murine macrophages

3.1.1 LXR activation limits the internalisation of selective species of bacteria by

macrophages
To determine whether LXR activation impacts macrophage interactions with different bacterial
species, we selected representative Gram-negative and Gram-positive bacteria, precisely, UPEC,
EIEC, L. monocytogenes, and S. aureus. To make bacteria fluorescent for the subsequent
detection of infection, Gram-negative bacteria were transformed with a plasmid encoding RFP
and Gram-positive bacteria were stained with FITC before each experiment. Murine bone
marrow-derived macrophages were treated with vehicle (DMSO) or an LXR agonist (GW3965)
for 24 h. Then, they were incubated with bacteria for 30 min at a multiplicity of infection (MOI)
between 3 and 15 bacteria per macrophage depending on the bacterial species. Non-

internalised bacteria were washed out and macrophages were processed for the quantification
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of infection. The results obtained by flow cytometry are represented as the bacterial index,
calculated by multiplying the proportion of infected macrophages by the mean intensity of
infection in the infected population (determined by the number of bacteria that infect each cell).
Interestingly, LXR activation reduced the levels of infection by UPEC and EIEC in addition to S.

Typhimurium, whereas it did not affect the rates of L. monocytogenes or S. aureus infection

(Figure 31).
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Figure 31. LXRs selectively reduce the internalisation of several bacterial strains by macrophages. BMDMs were
treated with vehicle (DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h and exposed for 30 min to the following
exponentially grown bacteria: RFP*S. Typhimurium (MOI 3) (A), RFP*UPEC (MOI 8) (B), RFP*EIEC (MOI 15) (C), FITC*
L. monocytogenes (MOI 8) (D), or FITC*S. aureus (MOI 5) (E). The non-internalised bacteria were washed out with
PBS. Macrophages containing fluorescent bacteria were detected by flow cytometry. The bacterial index in
macrophages was obtained with the following formula: (% of bacteria-containing cells) x (mean fluorescence
intensity of bacteria in bacteria-containing cells). Mean * SD of n=28 (A), n=10 (B), n=6 (C), n=4 (D, E) independent
experiments, all performed with biological triplicates. The pink dots indicate the values of each replicate. To make
different experiments comparable, the statistical mean of the infection index in vehicle (DMSO)-treated cells was
used to normalise the data in each experiment by the mean of all the experiments. T-test. ****p <0.0001; n.s.: non-
significant statistical differences.

To check if LXR activation caused differences in the number of macrophages remaining adhered
to the plate after infection, we measured the cellularity by crystal violet staining. These assays

were performed for those conditions in which LXR activation inhibited the internalisation of
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bacteria. No differences were found between control- and LXR agonist-treated cells in any of the
analysed conditions, suggesting that the detected differences in infection were not caused by

alterations in macrophage viability (Figure 32).
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Figure 32. LXR activation does not affect macrophage density after bacterial infection. BMDMs were treated with
vehicle (DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h and exposed for 30 min to the following exponentially
grown bacteria: S. Typhimurium (MOI 3), UPEC (MOI 8), or EIEC (MOI 15). The cells were then stained with crystal
violet and the absorbance was measured at 590 nm in an Infinite 200 microplate reader (Tecan). Mean + SD of n=2-
3 independent experiments performed with biological triplicates. To make different experiments comparable, the
statistical mean in non-infected cells (including DMSO- and GW3965-treated) was used to normalise the data in
each experiment by the mean of all the experiments. Multiple T-tests between vehicle- and GW3965- treated non-
infected or infected cells (statistical significance corrected by Holm-Sidak method). n.s.: non-significant statistical
differences.

Given that the detection of bacterial fluorescence in macrophages through flow cytometry does
not discriminate between intracellular and surface-adhered bacteria, we used an experimental
approach to distinguish between these two possibilities. Macrophages were treated with
latrunculin A (lat A), an inhibitor of the actin cytoskeleton that prevents phagocytosis (de Oliveira
and Mantovani, 1988), or with vehicle. Subsequently, both types of samples were incubated
with fluorescent bacteria using equivalent infection conditions and were processed for analysis
by flow cytometry. As the bacterial fluorescence detected in lat A-treated macrophages
reflected only bacterial adhesion (they were unable to internalise bacteria), we compared the
rates of fluorescent cells in lat A-treated vs vehicle-treated macrophages. The percentage of
bacteria-containing macrophages in vehicle-treated cells was established as 100%, and the
proportion of macrophages with adhered bacteria in lat A-treated cells was calculated as the
ratio to it: % macrophages containing adhered bacteria = [(lat A-treated % RFP+ macrophages)
/ (untreated % RFP+ macrophages) x 100] (Figure 33 A). The results showed that for all the
bacteria analysed, the rate of fluorescent macrophages due to bacterial adhesion accounted for

5% - 15% of total fluorescent macrophages (containing internalised + adhered bacteria). That is,
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most of the macrophages detected as positive for bacterial fluorescence contained successfully
internalised bacteria. Importantly, the treatment with lat A did not affect cell viability (Figure 33

B).
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Figure 33. Most macrophages contain internalised bacteria upon infection. BMDMs were incubated with either
latrunculin A (Lat A) (1uM) or vehicle (DMSO) for 1 h. Macrophages were then exposed for 30 min to exponentially
grown bacteria: RFP* S. Typhimurium (MOI 3) (A, B), RFP* UPEC (MOI 8) (A), RFP* EIEC (MOI 15) (A), FITC* L.
monocytogenes (MOI 8) (A), or FITC*S. aureus (MOI 5) (A). (A) Macrophages containing fluorescent bacteria were
detected by flow cytometry. For each type of bacterium, the proportion of Lat A-treated macrophages exhibiting RFP
fluorescence (grey bars), which cannot internalise bacteria and thus contain adhered bacteria, is represented respect
to the total bacteria-containing vehicle-treated macrophages (black bars). Mean of n=1-2 independent experiments
performed with biological duplicates or triplicates. (B) Non-infected or S. Typhimurium-infected cells (infected as
described above) were stained with the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit for 633 or 635 nm (Thermo
Fisher Scientific). Dead cells were detected by flow cytometry. The viable cells (non-stained) are represented as the
proportion to the vehicle-treated non-infected cells. Bars represent the values obtained from one experiment.

We also evaluated the internalisation of bacteria by confocal microscopy (Figure 34). In line with
the results obtained by flow cytometry, the counting of intracellular bacteria showed that LXRs
selectively inhibited the entry of S. Typhimurium, UPEC, and EIEC into macrophages (Figure 35).
In addition, we counted the number of viable intracellular bacteria after infecting the
macrophages for 30 min and subsequently killing the extracellular bacteria by incubation with
gentamycin for 1 h. The cells were then lysed and seeded for CFU counting. In line with the
previous results, LXR activation diminished the load of S. Typhimurium, UPEC, and EIEC but not
of L. monocytogenes or S. aureus (Figure 36). Surprisingly, the numbers of viable intracellular S.
aureus increased upon LXR activation, a trend that was also perceptible in determination of

intracellular bacteria by confocal microscopy.
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Figure 34. Confocal microscopy images from macrophages infected by different bacterial species. A representative
section of vehicle-treated macrophages incubated with bacteria is shown (unique z position). BMDMs were
incubated for 30 min with the following exponentially grown bacteria: RFP* S. Typhimurium (MOI 3), RFP* UPEC (MOI
8), RFP*EIEC (MOI 15), FITC* L. monocytogenes (MOI 8), or FITC*S. aureus (MOI 5). Cell membranes were stained
with WGA-488 (in cells infected with S. Typhimurium, UPEC, and EIEC) (green) or WGA-555 (in cells infected L.
monocytogenes and S. aureus) (red). Cell nuclei were stained with Hoechst 33342 (blue). Scale bars = 30um.
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S. Typhimurium DMSO 149 70 0,0002 ok
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Figure 35. Selective inhibitory effects of LXR activation on bacterial internalisation by macrophages. BMDMs
were treated with vehicle (DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h and exposed for 30 min to the
following exponentially grown bacteria: RFP*S. Typhimurium (MOI 3), RFP* UPEC (MOI 8), RFP* EIEC (MOI 15),
FITC* L. monocytogenes (MOI 8), or FITC*S. aureus (MOI 5). Internalised fluorescent bacteria in macrophages
were manually counted on images along the z-axis (one image every 0.5um) obtained by confocal microscopy.
The data represent the total number of macrophages obtained from 5-7 microscopy fields per sample from n=1
(S. Typhimurium) or n=2 (UPEC, EIEC, L. monocytogenes, and S. aureus) independent experiments. (A) The
numbers of infected and non-infected macrophages were compared between vehicle- and GW3965-treated
samples in a contingency table and analysed by the Fisher’s exact test. (B, C) Mean + SD of the percentage of
infected cells (B) or the number of bacteria per 100 macrophages (C). To make different experiments
comparable, the statistical mean of the experiment (including vehicle- and GW3965-treated cells) was used to
normalise the data in each experiment by the mean of all the experiments. *p < 0.05; ***p < 0.001; n.s.: non-
significant statistical differences.
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Figure 36. LXR activation selectively inhibits bacterial internalisation by macrophages. BMDMs were treated with
vehicle (DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h and exposed for 30 min to the following exponentially
grown bacteria: S. Typhimurium (MOI 3) (A), UPEC (MOI 8) (B), EIEC (MOI 15) (C), L. monocytogenes (MOI 8) (D), or
S. aureus (MOI 5) (E). Macrophages were lysed with 0.5% Triton X-100 and diluted in 2xYT before plating them on
agar-LB plates for subsequent growth at 37°C. Viable intracellular bacteria per 100 cells were estimated from the
count of CFUs in agar-LB plates corrected by the dilution factor and the number of macrophages per sample. Mean
+ SD of n=8 (A), n=7 (B, C, D), or n=6 (E) independent experiments, all performed with biological duplicates. The
pink dots indicate the values of each replicate. To make different experiments comparable, the statistical mean of
the experiment (including vehicle- and GW3965-treated cells) was used to normalise data in each experiment by
the mean of all the experiments. T-test. *p < 0.05; **p < 0.01; ****p < 0.0001; n.s.: non-significant statistical
differences.

Next, we analysed the impact of LXR activation in the phagocytosis of latex microspheres of
similar size to bacteria (3um diameter). In this case, the LXR agonist did not affect the
phagocytosis of latex microspheres (Figure 37 A). To evaluate if the changes induced by LXRs in
macrophages to modulate selective particle internalisation can discriminate between two
different target particles when found together, we incubated the cells simultaneously with S.
Typhimurium and latex microspheres, either in the presence or absence of an LXR agonist.
Interestingly, the combination of Salmonella and microspheres altered the internalisation of
each other in opposite directions (Figure 37). Compared to the phagocytosis rate of each type
of particle individually, the phagocytosis of microspheres increased in the presence of

Salmonella, whereas the bacterial entry decreased in the presence of latex beads. Despite the
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reciprocal impact of co-incubation of microspheres and Salmonella, the activation of LXRs
reduced selectively the internalisation of bacteria and left the phagocytosis of microspheres
unaffected. Collectively, these results suggest that LXRs alter specific mechanisms of
internalisation or invasion activated by particular types of bacteria rather than affecting

common aspects of phagocytosis.
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Figure 37. Activation of LXRs in macrophages selectively reduces the internalisation of S. Typhimurium but not of
latex microspheres. BMDMs were treated with vehicle (DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h and
exposed during 30 min to exponentially grown S. Typhimurium (MOI 3), latex microspheres (5 microspheres per cell),
or both. Internalised S. Typhimurium (RFP*) and/or Fluoresbrite YG microspheres (Polysciences) were detected by
flow cytometry. The graphs represent either the proportion of microsphere-containing cells (A) or of the bacterial
index of S. Typhimurium (B) measured in the same experiment. Bacterial index = (% of bacteria-containing cells) x
(mean fluorescence intensity of bacteria in bacteria-containing cells). Mean + SD of n=3 independent experiments
performed with biological duplicates. The pink dots indicate the values of each replicate. To make different
experiments comparable, the statistical mean of all the conditions was calculated and used to normalise data in each
experiment by the mean of all the experiments. (A) Kruskal-Wallis + Dunn’s test. (B) One-way ANOVA + Sidak’s test.
**p < 0.01; ***p < 0.001; ***"p < 0.0001.

3.1.2 Mechanisms mediating the restriction of Salmonella internalisation by LXRs

In this work, we have extended our studies to further decipher the molecular mechanisms
responsible for LXR-mediated inhibition of bacterial entry. As explained above, our group
discovered that LXR activation reduced the internalisation of S. Typhimurium by macrophages
in a CD38-dependent manner and that the modulation of intracellular NAD* levels impacted
bacterial entry (Matalonga et al., 2017). Therefore, our working model included the idea that
the increased NAD* glycohydrolase (NADase) activity of CD38 and the resulting drop in
intracellular NAD* levels would represent an important mechanism limiting the internalisation
of bacteria upon LXR activation. To check this hypothesis, we compared the impact of LXR
activation in WT BMDM and in BMDM from transgenic mice that contained an inactivating

mutation in the catalytic site of the NADase activity of CD38 (hereafter named CD38 ClI
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macrophages) (Tarragd et al., 2018). To our surprise, LXR activation reduced Salmonella
engulfment to a similar extent in CD38 Cl and WT macrophages (Figure 38 A). In front of these
results, we evaluated if CD38 expression was required for the inhibitory effect of LXRs on
infection by exponentially grown bacteria. Unexpectedly, we found that, under these conditions,
LXR activation reduced the uptake of S. Typhimurium similarly in WT and CD387- macrophages
(Figure 38 B). In addition, LXRs also restrained UPEC and EIEC infection independently of CD38
(Figure 38 C,D). Therefore, even if CD38 expression contributed to limiting bacterial entry upon
LXR activation in previous experiments using stationary phase bacteria, the mechanisms

involved in the current experimental setting are independent of functional CD38 expression.
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Figure 38. The inhibitory effect of LXR activation on the internalisation of exponentially grown S. Typhimurium by
macrophages does not require the NADase activity or functional expression of CD38. WT, CD38 catalytically inactive
(CD38 Cl) (A), or CD38-deficient (CD387) (B-D) BMDMs were treated for 24 h with vehicle (DMSO) or an LXR agonist
(T1317 or GW3965, 1 uM). In A, some samples were treated with a combination of an LXR agonist (T1317, 1uM) and
an RXR agonist (LG268, 1uM) for 24 h. Macrophages were then exposed for 30 min to exponentially grown RFP* S.
Typhimurium (MOI 3) (A, B), RFP* UPEC (MOI 8) (C), or RFP*EIEC (MOI 15) (D) and the infection rate was measured
by flow cytometry. Bacterial index = (% of bacteria-containing cells) x (mean fluorescence intensity of bacteria in
bacteria-containing cells). Mean + SD of n=3 (A), n=7 (B), n=5 (C), or n=6 (D) independent experiments, all performed
with biological triplicates. The pink dots indicate the values of each replicate. To make different experiments
comparable, the statistical mean of all the conditions in each genotype was calculated and used to normalise data by
the genotype mean of all the experiments for that genotype. Two-way ANOVA + Sidak’s test to compare treatments
in each genotype. ****p < 0.0001 between the indicated conditions (B-D) or vs vehicle-treated cells (A).
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Thereafter, we explored additional mechanisms by which LXRs could be selectively reducing
bacterial internalisation. To start, we tested which LXR isoforms were involved in the inhibitory
effects on infection. We differentiated macrophages from WT, LXRa-deficient (LXRa’*), LXRB-
deficient (LXRB”"), or LXRa/B-deficient (LXR”") murine bone marrows and incubated them with
S. Typhimurium. The LXR agonist GW3965 decreased the infection in WT, LXRa/", and LXRB”
macrophages (Figure 39). LXR activation inhibited bacterial entry at similar rates in WT and LXRa~
~macrophages (around 18% reduction), but it had a weaker effect in LXRB”" macrophages (12%
reduction). Therefore, although both LXR isoforms can mediate the interference with bacterial
internalisation, LXRB seems to contribute more prominently to this effect. The unresponsiveness
of LXR”" macrophages to the LXR agonist corroborates that the effects described here are LXR-
specific.
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Figure 39. LXRa and LXRP contribute to reduce bacterial internalisation by macrophages. WT, LXRa-deficient (LXRa-
/), LXRB-deficient (LXRB"), or LXRa/B-deficient (LXR7") BMDMs were treated with vehicle (DMSQ) or an LXR agonist
(GW3965, 1 uM) for 24 h and exposed to exponentially grown S. Typhimurium for 30 min (MOI 3). Internalised RFP*
S. Typhimurium was detected by flow cytometry. Bacterial index = (% of bacteria-containing cells) x (mean
fluorescence intensity of bacteria in bacteria-containing cells). Mean + SD of n=2-3 independent experiments
performed with biological triplicates. The pink dots indicate the values of each replicate. The percentage of reduction
of bacterial infection by the LXR agonist is shown for each genotype. To make different experiments comparable, the
statistical mean of the infection index in vehicle-treated cells of WT, LXRa/-, and LXRB"- cells was calculated and used
to normalise the data in each experiment by the mean of all the experiments. Two-way ANOVA + Sidak’s test between
treatments of each genotype. ***p < 0.001; ****p < 0.0001; n.s.: non-significant statistical differences.

A study performed by Ito and colleagues (Ito et al., 2015a) revealed that the cholesterol efflux
mediated by increased ABCA1 expression in LXR agonist-treated macrophages altered the
properties of membrane microdomains in which TLRs are embedded, resulting in impaired
downstream signalling upon TLR engagement. We hypothesised that cholesterol modulation by
LXRs could also affect the properties of phagocytic or signalling receptors involved in bacterial
phagocytosis or invasion. To begin, we examined whether there is a relation between the

cellular cholesterol levels and the infection by Salmonella. In these assays, macrophages were
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infected as described above and unesterified cholesterol in macrophages was stained with
filipin. Subsequently, the infection by RFP* bacteria and the free cholesterol content in the cells
were detected by flow cytometry. Using data obtained by flow cytometry, macrophages were
segregated according to the infection levels into non-infected cells, infected cells, or highly

infected cells (15% of cells with the highest RFP intensity from Salmonella) (Figure 40).
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Figure 40. The extent of S. Typhimurium internalisation is associated with the cellular cholesterol levels. BMDMs
were exposed to exponentially grown S. Typhimurium for 30 min (MOI 3). After cell fixation, the unesterified
cholesterol in macrophages was stained with filipin. RFP*S. Typhimurium and filipin were detected by flow cytometry.
(A) Gating strategy followed to segregate macrophage populations depending on bacterial infection: non-infected
(RFP-neg), total infected (RFP+), and highly infected (RFPhigh) cells. To detect infected macrophages with the highest
sensitivity, the RFP fluorescence from bacteria is plotted vs the general autofluorescence of eukaryotic cells in a non-
overlapping channel. The mean fluorescence intensity (MFI) of filipin in each of these populations was used as an
indicator of the cellular cholesterol content. The gates “highest cholesterol” and “lowest cholesterol” are just
informative and were not further analysed. (B) Representative flow cytometry plot showing the superposition of a
non-infected sample (black) and a sample incubated with S. Typhimurium (red). (C) The cellular cholesterol levels of
each infection group are represented. Mean + SD of n=7 independent experiments performed with biological
duplicates or triplicates (n=4 in the RFPhigh group). The pink dots indicate the values of each replicate. The statistical
mean of MFI in single cells was used to normalise the data in each experiment by the mean of all the experiments.
One-way ANOVA + Tukey’s test. ****p < 0.0001.
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Interestingly, infected cells contained higher cholesterol levels than the non-infected ones, and

even a greater upward tendency in cholesterol levels was observed in highly infected cells.

Then, we measured the content of free cholesterol in macrophages treated with the vehicle or
an LXR agonist. In line with the role of LXRs promoting cholesterol efflux, the LXR agonist reduced
the levels of free cholesterol in macrophages (Figure 41 A). We took a closer look at the impact
of cellular cholesterol modulation on bacterial infection using cyclodextrins. To extract
cholesterol from the plasma membrane, we used methyl-B-cyclodextrin (MBCD). The compound
was added to the cell cultures prior to the incubation with bacteria in conditions that did not
reduce the viability of macrophages (Figure 41 B). Treatment of macrophages with MBCD
prominently reduced the free cholesterol levels in macrophages and led to an abrupt decrease
in Salmonella infection, reaching a reduction of 75% compared to control cells (Figure 41 C,D).
Moreover, the reduction of unesterified cholesterol and Salmonella internalisation caused by
MPBCD occurred in a dose-dependent manner (Figure 41 E,F). By contrast, cholesterol depletion
did not alter latex microsphere phagocytosis, suggesting that changes in cholesterol do not
affect unspecific phagocytosis (Figure 41 G). Inversely, loading the plasma membrane of
macrophages with cholesterol using cholesterol complexed with MBCD (Chol-MBCD) resulted in
higher bacterial load in concert with elevated cellular free cholesterol levels, supporting the

notion that cholesterol modulates bacterial internalisation (Figure 41 H,1).

Lipid rafts are dynamic assemblies of cholesterol, sphingolipids, and proteins that, among other
functions, modulate intracellular signalling from the plasma membrane of immune cells
(reviewed in Varshney et al., 2016). The role of cholesterol in regulating bacterial entry into
macrophages prompted us to analyse the abundance of lipid rafts in our infection model. We
used a fluorochrome-conjugated cholera toxin B subunit that binds to
monosialotetrahexosylganglioside (GM1) as a marker of lipid rafts (Holmgren, 1973). Lipid raft
staining in LXR agonist-treated macrophages did not show differences compared to control cells
(Figure 42 A). However, the categorisation of cells according to the levels of infection revealed
that the infected cells displayed higher lipid raft staining than the non-infected cells, indicating
a possible link between the abundance of lipid rafts and bacterial internalisation (Figure 42 B).
Indeed, various types of bacteria preferentially interact with lipid rafts to mediate host cell
invasion (Hartlova et al., 2010). In the case of Salmonella, some studies have suggested that this
bacterium requires plasma membrane cholesterol to enter non-phagocytic cells and uses the
type three secretion system 1 (T3SS-1) to accumulate membrane cholesterol at bacterial entry

sites (Garner et al., 2002; Hayward et al., 2005). For this reason, we tested if LXRs exert their
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inhibitory actions on bacterial entry by modifying the interactions between the T3SS-1 of
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Figure 41. The modulation of plasma membrane cholesterol impacts S. Typhimurium internalisation but not the
phagocytosis of latex microspheres. (A) BMDMs were treated with vehicle (DMSO) or an LXR agonist (GW3965, 1
uM) for 24 h. (B-G) Macrophages were treated with methyl-beta cyclodextrin (MBCD, 10mM or the indicated
concentrations, 1 h) (B-F) or cholesterol-complexed MBCD (Chol MBCD, 100uM, 2 h) (B, H, I). (B) The cells were stained
with the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit for 633 or 635 nm (Thermo Fisher Scientific). Dead cells were
detected by flow cytometry. The proportion of viable cells (non-stained) respect to the vehicle-treated cells is
represented. (C-I) Macrophages were exposed to exponentially grown RFP* S. Typhimurium (MOI 3) (C-F, H, 1) or
Fluoresbrite YG microspheres (Polysciences) (5 beads/macrophage) (G) for 30 min. (A, C, E, H) Cholesterol was was
stained on fixed samples using filipin. Cell viability (B), S. Typhimurium infection (bacterial index) (D, F, 1) and cell
cholesterol levels (Filipin MFI) (C, E, H) were measured by flow cytometry. Bacterial index = (% of bacteria-containing
cells) x (mean fluorescence intensity of bacteria in bacteria-containing cells). Mean + SD of n=3 (A, C), n=1 (B, E, F),
n=3 (C), n=5 (D, G), and n=4 (H, 1) independent experiments performed with biological duplicates or triplicates. The
pink dots indicate the values of each replicate. To make different experiments comparable, in A, C, D, G, and H, the
statistical mean of all the conditions was calculated and used to normalise the data by the mean of all the
experiments. (A, G) Mann-Whitney U test, (C, D, H, I) T- test. *p < 0.05 ***p < 0.001; ****p < 0.0001.
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Figure 42. The abundance of lipid rafts may influence bacterial internalisation. (A) BMDMs were treated with vehicle
(DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h. (B) Macrophages were exposed to exponentially grown RFP* S.
Typhimurium for 30 min (MOI 3). (A, B) Lipid rafts were stained in with Cholera Toxin Subunit B, CF633 conjugate
(Biotium) (CTxB). Lipid raft staining (A, B) and infection (B) were measured by flow cytometry. (B) The RFP* populations
are segregated as described for cholesterol evaluation (see Fig. 40) and the CTxB MFI in each cell population is
represented. Mean % SD of n=4 (A) or n= 3 (B) independent experiments performed with biological triplicates. The
pink dots indicate the values of each replicate. To make different experiments comparable, the statistical mean of
both treatments (A) or single cells (B) in each experiment was calculated and used to normalise the data by the mean
of all the experiments. T test (A) or one-way ANOVA + Tukey’s test (B). ***p < 0.001; ****p < 0.0001. n.s.: non-
significant statistical differences.

Salmonella and the membrane of macrophages. With that purpose, we obtained a mutant S.
Typhimurium strain that lacks the invG protein of the T3SS-1 (hereafter named invG bacteria),
which results in an inability to assemble the T3SS and secrete effector proteins (Kaniga et al.,
1994). Compared to WT bacteria, the internalisation of invG bacteria by macrophages decreased
more than 50%, reflecting the great contribution of the T3SS-1 to the bacterial entry (Figure 43).
Nevertheless, the activation of LXRs reduced macrophage internalisation by both bacterial
strains at similar rates in comparison with vehicle-treated cells. Therefore, we conclude that the
T3SS-1 is not responsible for the susceptibility of Salmonella to LXR-mediated inhibition.
Alternative experimental methods could help to elucidate the impact of LXR activation on the
structure or organisation of lipid rafts as well as the potential involvement of lipid rafts in the

activation of signalling pathways from phagocytic or other receptors activated by bacteria.

Both phagocytosis and bacteria-induced invasion require the proper coordination of actin-
modulating proteins (Popoff, 2014; Rosales and Uribe-Querol, 2017). Rho family of small
GTPases are molecular switchers that display key functions during these processes and are
targeted by many bacteria to manipulate host cell responses. Based on these facts, we assessed

the activity of three major Rho GTPases involved in various internalisation pathways, namely,
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Figure 43. LXR activation does not exert the inhibitory effect on S. Typhimurium internalisation by interference
with the T3SS-1. BMDMs were treated with vehicle (DMSO) or an LXR agonist (T1317 or GW3965, 1 uM) for 24 h.
Macrophages were then exposed to exponentially grown WT or invG mutant (invG) RFP* S. Typhimurium for 30 min
(MOI 3). Macrophages incubated at 4°C were used as a control for bacterial adhesion. Infection was detected by flow
cytometry. Bacterial index = (% of bacteria-containing cells) x (mean fluorescence intensity of bacteria in bacteria-
containing cells). Mean * SD of n=4 independent experiments performed with biological triplicates. The pink dots
indicate the values of each replicate. To make different experiments comparable, the statistical mean of all the
conditions with each bacterial strain was calculated and used to normalise data by the mean of all the experiments.
Two-way ANOVA + Tukey’s test. #p < 0.01; ###p < 0.001; ###p < 0.0001 vs vehicle-treated cells of the same genotype.
""" < 0.0001 vs the same condition in macrophages infected by WT S. Typhimurium.

Racl, Cdc42, and RhoA. The levels of active (GTP-bound) Racl increased after 5 min of
incubation with S. Typhimurium (Figure 44). However, Rac1-GTP levels were not affected by LXR
activation. Based on the time interval required to detect Racl activation, we measured the
activation of the other Rho GTPases at 5 and 10 min post-infection. However, the replicates
presented high variability in Cdc42 activity and we did not detect RhoA activity in our cellular
model (data not shown). Although we were not able to obtain conclusive results in this set of
experiments, exploring the role of Rho GTPases in the modulation of bacterial phagocytosis by

LXRs deserves further attention in the future.

We also evaluated whether LXRs alter other intracellular signalling pathways activated by
bacteria. The PI3K/AKT pathway is modulated by diverse extracellular stimuli and controls
metabolic and immune processes contributing to determine the macrophage phenotype
(reviewed in Vergadi et al., 2017). In a time-course experiment measuring the levels of active
(phosphorylated) AKT 1 by western blot, we detected a progressive increase of AKT 1 activation
after 5, 15, and 30 min of Salmonella infection (Figure 45 A). Nevertheless, the treatment of the

cells with the LXR agonist GW3965 did not affect AKT 1 activation.
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Figure 44. Incubation of macrophages with S. Typhimurium activates Racl Rho GTPase. BMDMs were treated with
vehicle (DMSO) or an LXR agonist (GW3965, 1 uM) in culture medium supplemented with 1% FBS for 24 h. Then,
macrophages were exposed to exponentially grown S. Typhimurium for 1 or 5 min (MOI 10). The cells were lysed and
immediately snap-frozen. The activity of Racl was evaluated using the G-LISA® Racl Activation Assay Biochem Kit
(Cytoskeleton). The data represent the absorbance at 490 nm measured in an Infinite 200 microplate reader (Tecan).
Mean + SD of two biological replicates. The negative (neg. ctrol) and positive (pos. ctrol) controls are the lysis buffer
used in the assay and a preparation provided by the manufacturer, respectively. The pink dots indicate the values of
each replicate.

On the other hand, the family of MAPKs represents another core signalling platform that also
links numerous extracellular signals with intracellular responses (reviewed in Cargnello and
Roux, 2011). The most studied MAPKs are ERK 1 and ERK 2, p38 a/B, and JNK 1 and JNK 2. As for
AKT detection, we measured the activation (phosphorylation) of these MAPKs in macrophages
after the treatment with the vehicle or the LXR agonist for 24 h and the incubation with S.
Typhimurium for 5, 15, or 30 min. After 5 min of incubation with macrophages, S. Typhimurium
induced the activation of all these MAPKs, and their activity remained elevated until at least 30
min of incubation (Figure 45 B-D). In macrophages treated with the LXR agonist, the extent of S.
Typhimurium-induced p38 a/B, ERK 1, and ERK 2 activation by bacteria was equivalent to
vehicle-treated cells (Figure 45 B,C). Conversely, the LXR agonist decreased JNK 1 and JNK 2
activation induced by S. Typhimurium (Figure 45 D). Consequently, we investigated if the
activities of JNK 1 or JNK 2 contributed to the modulation of bacterial internalisation by LXR
activation. We obtained BMDM from mice deficient in JNK 1 (JNK 17°) or JNK 2 (JNK 27) and
analysed the infection levels by flow cytometry. Following LXR activation, both JNK 17 or JNK 2°
- macrophages underwent a reduction in infection by Salmonella comparable to WT cells,
indicating that the restraint activation of JNK does not account for the reduced bacterial

internalisation observed in response to the LXR agonist (Figure 46).
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Figure 45. Incubation of macrophages with S. Typhimurium stimulates AKT and MAPK signalling pathways and LXRs
interfere with JNK 1,2 activation. BMDMs were treated with vehicle (DMSO) or an LXR agonist (W3965, 1 uM) for
24 h. Then, macrophages were exposed to exponentially grown S. Typhimurium for 5, 15, or 30 min (MOI 10) and

immediately lysed. The activation (phosphorylation) of proteins belonging to two core signalling platforms was
analysed, namely, the PI3K/AKT and MAPK pathways. Phosphorylated (p-AKT 15473; p-p38 a,pT180/Y182; p-ERK
1,27202/Y204; - NK 1,27183/Y185) or total (AKT 1,2; p38, ERK 1,2; and JNK 1) protein forms were detected by Western Blot.
Two separate immunoblots were performed in parallel using identical conditions and aliquots from the same samples

to detect the total and phosphorylated fractions. The differences in protein loading were corrected by a compatible

normalising protein: B-tubulin in all the cases except for p-JNK, in which B-actin was used. The data represent the

ratio between the normalised phosphorylated and total protein expression. The images and graphs show

representative results of n=4 (A, B), n=3 (C), or n=5 (D) independent experiments.
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Figure 46. LXR activation reduces macrophage infection by S. Typhimurium in the absence of functional JNK 1 or
JNK 2. WT, JNK 1-deficient (JNK 1), or JNK 2-deficient (JNK 27") BMDMs were treated with vehicle (DMSO) or an LXR
agonist (GW3965, 1 uM) for 24 h and exposed to exponentially grown S. Typhimurium for 30 min (MOI 3). RFP* S.
Typhimurium in macrophages was detected by flow cytometry. Bacterial index = (% of bacteria-containing cells) x
(mean fluorescence intensity of bacteria in bacteria-containing cells). Mean + SD of n=2 independent experiments
performed with biological triplicates. The pink dots indicate the values of each replicate. To make different
experiments comparable, the statistical mean of the infection index in vehicle- and GW3965-treated cells of each
genotype was calculated and used to normalise data in each experiment by the mean of all the experiments. Two-
way ANOVA + Sidak’s test between treatments in each genotype. *** p <0.001; ****p < 0.0001.

3.2 Studies in human macrophages

With the aim to elucidate whether LXRs activation is able to modulate bacterial infection in
humans, we established an in vitro infection model in human macrophages. We obtained
peripheral blood monocytes from healthy human donors and differentiated them to
macrophages in vitro. Then, we assessed the impact of LXR activation on the internalisation of
the bacterial species used in the studies with murine macrophages. The analysis by flow
cytometry indicated that LXRs also modulated selectively the entry of bacteria into human
macrophages; however, the bacterial species susceptible to this effect did not fully overlap with
the ones identified in the studies with murine cells. UPEC caused massive cell death in human
macrophages, so we excluded this species of bacteria from the study in human cells. The results
obtained with the other bacterial species indicated that the activation of LXRs reduced human
macrophage infection by Salmonella and L. monocytogenes, whereas it did not affect the
infection by EIEC and S. aureus (Figure 47 A-D). Of note, the outcome of LXR activation was

consistent among donors for Salmonella, EIEC, and S. aureus, whereas the responses diverged
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Figure 47. LXRs selectively reduce bacterial internalisation by human macrophages. Human primary macrophages
were treated with (DMSO) or an LXR agonist (GW3965, 1 uM) for 24 h and exposed for 30 min to the following
exponentially grown bacteria (A-E): RFP*S. Typhimurium (MOI 3) (A), RFP*EIEC (MOI 15) (B), FITC* L. monocytogenes
(MOI 8) (D, E), and FITC* S. aureus (MOI 5) (C). Some samples were incubated with Fluoresbrite YG microspheres
(Polysciences) (5 beads/macrophage) 30 min instead of with bacteria (F, G). The macrophage content of RFP*or FITC*
bacteria (A, E) or of microspheres (F, G) was measured by flow cytometry. In A-E, bacterial index: (% of bacteria-
containing cells) x (mean fluorescence intensity of bacteria in bacteria-containing cells). (E, G) The bacterial index (E)
or the percentage of microsphere-containing macrophages (G) is represented for macrophages from each donor (Do)
to show the divergent responses to the LXR agonist. Mean * SD of n=7 (A), n=6 (B, D), or n=4 (C, F) independent
experiments, all performed with biological duplicates or triplicates. The pink dots indicate the values of each replicate.
To make different experiments comparable, for each infection setting the statistical mean of both conditions (infected
cells in the presence or absence of the LXR agonist) was used to normalise the data in each experiment by the mean
of all the experiments. Mann-Whitney U (A, E) or T-test (B-D). *p<0.05; ****p < 0.0001; n.s.: non-significant statistical
differences.

for L. monocytogenes (Figure 47 E). In this sense, the macrophages from four out of six donors
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presented a robust LXR-mediated inhibitory effect on L. monocytogenes infection, whereas the
cells from the other two donors were unaffected by the LXR agonist (Figure 47 E). We also
evaluated the effect of LXR activation on the phagocytosis of latex microspheres (Figure 47 F).
Similar to the observations with L. monocytogenes infection, of four donors that were evaluated,
half of them contained macrophages that exhibited reduced phagocytosis of latex microspheres
upon treatment with the LXR agonist, while the macrophages from the other donors did not

change the rate of phagocytosis (Figure 47 G).

To know whether the variability among donors was caused by differences in the capability of
the LXRs agonist to induce activation, we evaluated the macrophage response to the LXR agonist
(GW3965) by quantifying the mRNA expression of two well-established LXR target genes: ABCA1
and ABCG1 (reviewed in Calkin and Tontonoz, 2012). All the analysed samples presented a clear
induction of ABCA1 and ABCG1 expression after the treatment with GW3965, indicating an
effective activation of LXRs in macrophages from all the donors in our experimental conditions.
The mean values of such induction are presented in Figure 48 (Figure 48 A,B,D,E). Furthermore,
the expression of ABCA1 and ABCG1 was higher when the combination of RXR and LXR agonists
was used (Figure 48 B,E). The induction of the analysed genes required long-term exposure of
macrophages to the LXR or RXR agonists, as maximal effects were detected after 14-24 h (Figure
48 A,B). To our surprise, LXR activation did not induce CD38 expression in this model (Figure 48
G,H). Conversely, the activation of RXRs with the agonist LG268 increased CD38 expression. As
expected, the stimulation of macrophages with LPS drastically increased CD38 expression
(Figure 48 1). However, the combination of LPS with neither the LXR agonist nor the combination
of RXR-LXR agonists potentiated the induction of CD38. Gene expression analysis of ABCA1 and
ABCG1 in these conditions confirmed that activated LXRs were capable of activating the
transcription of target genes in the presence of LPS (Figure 48 C,F). Interestingly, the expression

of ABCG1 augmented three-fold when combining LPS with the LXR agonist.

Similar results were obtained in the human monocytic cell line THP-1 regarding the effect of LXR
activation on S. Typhimurium internalisation and on CD38 expression (Figure 49). In conclusion,
in the absence of correlation with increased CD38 mRNA expression, we interpret that
alternative mechanisms might be responsible for the inhibitory effect of the LXR agonist on

bacterial entry into human macrophages.
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Figure 48. LXR activation does not induce CD38 expression in human macrophages. Primary human macrophages
were treated with vehicle (DMSO), an LXR agonist (GW3965, 1 uM), or the combination of LXR and RXR agonists
(GW3965 + LG268, 1 uM). In some cases, the cells were treated with LPS (100ng/ml) and/or LXR/RXR agonists (C, F,
1). The cells were treated for 6, 14, and 24 h (A, D, G) or for 24 h (B, C, E, F, H, I). Gene expression was measured by
gPCR, and is represented as ABCA1 (A-C), ABCG1 (D-F), or CD38 (E-H) mRNA levels normalised by GAPDH expression.
Mean + SD of n=1 (A, D, G), n=14 (B, E), n=11 (H), or n=3 (C, F, I) independent experiments performed with biological
duplicates or triplicates. The pink dots indicate the values of each replicate. To make different experiments

comparable, the statistical mean of all the conditions was calculated for each experiment and used to normalise the
data by the mean of all the experiments. One-way ANOVA + Tukey’s test (B, C, I) or Kruskal-Wallis + Dunn’s test (E,
H, F). ¥p <0.05; **p < 0.01; ****p < 0.0001. #p < 0.05; #p < 0.01; ##p < 0.001; #*##p < 0.0001 vs the control condition.
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Figure 49. LXR activation reduces S. Typhimurium internalisation but does not induce CD38 expression in THP-1
macrophages. Differentiated THP-1 macrophages were treated for 24 h with the following stimuli: (A) vehicle (DMSO),
an LXR agonist (GW3965, 1 uM), or an RXR agonist (LG268); (B) vehicle, an LXR agonist (GW3965 or T1317, 1 uM), an
RXR agonist (LG268) or the combination of LXR and RXR agonists (GW3965 +LG268, 1uM each); (C) vehicle, LPS (100
ng/ml), or the combination of an LXR agonist (GW3965, 1uM) and LPS (100 ng/ml). (A) THP-1 cells were exposed to
exponentially grown RFP* S. Typhimurium for 30 min and infection was detected by flow cytometry. Bacterial index:
(% of bacteria-containing cells) x (mean fluorescence intensity of bacteria in bacteria-containing cells). (B, C) Gene
expression was measured by qPCR, and is represented as CD38 mRNA levels normalised by GAPDH expression. Mean
+ SD of n=5 (A), n=1-4 (B), or n=3 (C) independent experiments performed with biological triplicates. The pink dots
indicate the values of each replicate. To make different experiments comparable, the statistical mean of all the
conditions was calculated for each experiment and used to normalise the data by the mean of all the experiments.
Kruskal-Wallis + Dunn’s test (A), one-way ANOVA + Dunnet’s test (B), or one-way ANOVA + Tukey’s test (C). *p < 0.05;
**p < 0.01; ****p < 0.0001.

Previous findings in our group indicated that LXR activation interfered with S. Typhimurium-
induced dorsal actin rearrangements in murine macrophages (Matalonga et al., 2017). During a
short-term stay in the laboratory of Dr. Stefan Linder (University Medical Center Hamburg-
Eppendorf, Germany), we evaluated whether LXR activation also affected the actin cytoskeleton
in human macrophages incubated with S. Typhimurium taking advantage of their expertise in
the actin cytoskeleton and confocal microscopy techniques. Primary human macrophages were
infected with RFP* S. Typhimurium as previously described. After macrophage fixation, the F-
actin was stained with fluorochrome-conjugated phalloidin and the cell nuclei were stained with
Hoechst 33342. We imaged the samples by confocal microscopy and analysed several cellular
characteristics using the FlJI software. The results showed that, during incubation with S.
Typhimurium, LXR activation reduced the size and altered the morphology of host macrophages,
making them more elongated (higher aspect ratio) and more irregular (decreased circularity)
(Figure 50 A-C). Even if the intensity of F-actin staining at the whole cell level was not different
between vehicle- and LXR agonist-treated macrophages (Figure 50 D), the fact that the LXR
agonist altered the size and morphology of macrophages suggests that LXRs might affect the

distribution of the actin cytoskeleton. Therefore, the actin cytoskeleton may be involved in the
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LXR-mediated inhibitory effect on infection in human macrophages as has been previously

observed in murine macrophages (Matalonga et al., 2017).
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Figure 50. LXR activation alters the size and morphology of human macrophages incubated with S. Typhimurium.
Human primary macrophages were treated with vehicle (DMSO) (grey dots) or an LXR agonist (GW3965, 1 uM) (pink
dots) for 24 h and exposed for 30 min to exponentially grown RFP* S. Typhimurium (MOl 10-25). The actin
cytoskeleton was stained with Alexa Fluor™ 488 Phalloidin (Thermo Fisher Scientific) and cell nuclei were stained with
Hoechst 33342 (Sigma). The images were acquired by confocal microscopy and analysed by the FlJI software as
indicated in the “Materials and methods” section. The intensity of F-actin (D) was obtained from images generated
through the average intensity Z-projection of all the stacks. The values of F-actin intensity represented for each cell
are corrected by the cell area. The cell area (A), aspect ratio (B), circularity (C), and intensity of F-actin (D) are
represented. Each dot represents the value of a single cell. The numbers at the right side of each condition in the
graphs indicate the median values. Median + 95% confidence interval from macrophages obtained from 6 donors in
two independent experiments. Mann Whitney test, ****p<0.0001, n.s.: non-significant differences.

Since the reduction of plasma membrane free cholesterol resulted in a drastic decrease in
bacterial internalisation in murine macrophages, we investigated the consequences of
cholesterol depletion also in human macrophages. We used S. Typhimurium as a model, as the

effects of the LXR agonist were consistent in all the donors. Membrane cholesterol depletion
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with MBCD drastically reduced Salmonella entry into human macrophages, suggesting that

cholesterol levels also condition bacterial infection in these cells (Figure 51).
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Figure 51. Plasma membrane cholesterol depletion impacts S. Typhimurium internalisation by human
macrophages. Primary human macrophages were treated with MBCD (10mM, 1 h) and exposed to exponentially
grown RFP*S. Typhimurium for 30 min (MOI 3). Bacterial index = (% of bacteria-containing cells) x (mean fluorescence
intensity of bacteria in bacteria-containing cells). Mean + SD of n=4 independent experiments. The pink dots indicate

the values of each replicate. To make different experiments comparable, the statistical mean of both conditions was
calculated and used to normalise the data by the mean of all the experiments. T- test. ****p < 0.0001.

Taken together, the results from human macrophages suggest that LXR activation inhibits
selectively the internalisation of target particles, including different types of bacteria and latex
microspheres. The consequences of LXR activation in human macrophages were variable among
donors and did not fully overlap with the effects detected in murine macrophages. However,
some commonalities might exist between the murine and human systems during the interaction
with S. Typhimurium, as LXRs modified the cell size and shape of macrophages incubated with
the bacteria and the depletion of plasma membrane cholesterol reduced the infection in both

human and murine macrophages.
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This work discloses the impact of LXR activation on the interaction of host macrophages with
different bacteria, with a special focus on S. Typhimurium. Additionally, we unravel a new
pathway of transcriptional cooperation between LXRs and inflammatory molecules to promote
the expression of Cd38, a protein that modulates immune activities against infection (reviewed
in Glaria and Valledor, 2020). The initial discoveries about the role of LXRs modulating bacterial
infection in murine macrophages and other subsequent results reported in the present thesis

have been published (Matalonga et al., 2017).

1. Pharmacological activation of LXRs ameliorates the clinical
course of Salmonella Typhimurium infection in vivo

Although infection by non-typhoidal Salmonella enterica serovar Typhimurium generally
progresses as self-limiting gastroenteritis in humans, in mice it causes a typhoid-like enteric
fever in which bacteria spread systemically (Palmer and Slauch, 2017). To evaluate the impact
of pharmacological LXR activation, we used an in vivo model of oral infection by S. Typhimurium
in C57BI/6J) mice, which are highly susceptible to infection due to the natural resistance-
associated macrophage protein 1 (NRAMP1) deficiency. In our study, a few days after inoculating
a lethal dose of S. Typhimurium, mice treated with a synthetic LXR agonist presented a less
severe clinical condition and diminished extraintestinal bacterial dissemination. These effects
required CD38 expression by bone marrow-derived cells, suggesting that LXRs promote
antibacterial functions against Salmonella mediated by CD38-expressing immune cells. Indeed,
our group described Cd38 as a new target gene of LXRs in macrophages that is synergistically
induced by LXR agonists and pro-inflammatory molecules or bacterial infection (Matalonga et
al., 2017). In vitro, LXR activation restrained S. Typhimurium entry into macrophages, an event
that was linked to the induction of CD38 expression. Different studies have shown that CD38
promotes neutrophil chemotaxis through the production of calcium-mobilising second
messengers in response to bacteria-derived peptides (Partida-Sanchez et al., 2007; Partida-
Sanchez et al.,, 2004). In vivo, CD38 knockout mice present increased susceptibility to L.
monocytogenes and Streptococcus pneumoniae infection, which is associated with deficient
neutrophil infiltration to infection sites (Lischke et al., 2013; Partida-Sanchez et al., 2001;
Partida-Sanchez et al., 2003). It is possible that LXRs also potentiate Cd38 expression in
neutrophils leading to enhanced chemotaxis as it was recently described for dendritic cells
(Beceiro et al., 2018). Therefore, even if we have not completely unravelled the mechanisms

leading to protection against Salmonella in our in vivo model, LXR agonists might act on
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macrophages and other immune cells (e.g., neutrophils) to limit bacterial replication and
dissemination and to stimulate bacterial killing. In addition, LXRs increased the resistance to L.
monocytogenes infection in vivo through increased macrophage survival mediated by CD5L
(Joseph et al., 2004) or to M. tuberculosis through stimulation of neutrophil infiltration and Th1
and Th17 responses (Korf et al., 2009). Therefore, we cannot discard that these mechanisms
may also contribute to the LXR-mediated amelioration of the clinical severity in our model of

infection.

LXRs exert anti-inflammatory effects both in macrophages and in vivo (reviewed in Glaria et al.,
2020). In our infection model, LXR activation reduced the levels of inflammatory mediators in
the spleen and the liver of WT but not of CD38-deficient mice. Since CD38 is not required for the
LXR-mediated repression of inflammatory genes in macrophages in vitro, we interpret that other
factors might be responsible for the reduced capacity of the LXR agonist to inhibit inflammatory
gene expression in CD38-deficient mice in vivo. On the one hand, in line with the role of CD38
promoting the M1 polarisation of macrophages and dendritic cells (Fedele et al., 2004; Frasca et
al., 2006; Lande et al., 2002; Schiavoni et al., 2018; Shu et al., 2018), we observed that CD38-
deficient macrophages presented lower inflammatory mediator levels upon incubation with
Salmonella in vitro. It is feasible that, in CD38-deficient mice, impaired M1 activation of
macrophages at the early stages of infection could affect the dynamics of recruitment and
activation of other leukocytes and, therefore, alter the response to pharmacological LXR
activation. On the other hand, it is probable that the levels of inflammatory gene expression in
the spleen and liver reflect the extent of bacterial dissemination to extraintestinal organs. In this
sense, the LXR agonist effectively reduced the dissemination of bacteria to the spleen in WT

mice, whereas this effect was impaired in CD38-deficient mice.

In conclusion, pharmacological LXR activation rendered promising results for the design of novel

host-directed strategies for the treatment of Salmonella infection.

2. The transcription factor C/EBPB mediates the cooperation
between LXRs and inflammatory signals in the transcriptional
control of Cd38 expression

From the results described in the previous section and the literature, we can infer that CD38
expression participates in the inflammatory response mediated by immune cells (Glaria and
Valledor, 2020). Despite the generally opposing effects of inflammation and LXR activation, our

group identified Cd38 as a non-canonical target gene of LXRs in the sense that its expression was
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synergistically induced by the combination of an LXR agonist and inflammatory signals
(Matalonga et al., 2017). Subsequent experiments reported here have uncovered some of the
mechanisms involved in these cooperative activities. Our study demonstrates that the
transcription factor C/EBP is required for Cd38 upregulation by TNFa, IFNy, and LPS, as well as
for their cooperation with the LXR agonist. The upregulation of Cd38 by any of these
inflammatory signals was completely abrogated by C/EBPP deficiency. This suggests that Cd38
expression mediated by C/EBPB cannot be compensated by the functionally similar C/EBP&
isoform as has been described for other LPS-induced genes (reviewed in Tsukada et al., 2011).
In line with published data (Amici et al., 2018; Igbal and Zaidi, 2006; Lee et al., 2012a; Lischke et
al., 2013; Musso et al., 2001), the exposure of WT macrophages to TNFa, IFNy, or LPS increased
the expression of C/EBPB at mRNA and protein levels. In the case of IFNy, STAT1 contributed to
Cebpb expression to a large extent. Other studies in various cell types, especially in hepatocytes,
have provided mechanisms by which IFN or LPS could mediate Cebpb induction, including
pathways leading to the activation of the transcription factors STAT, CREB, ATF2, c-Jun, NF-kB,
and C/EBPB itself in an autoregulatory manner (Kravchenko et al., 2003; Lee et al., 2012b; Niehof
et al., 2001a; Niehof et al., 2001b; Ruffell et al., 2009; Yokota et al., 2019). Direct binding of NF-
KB to regulatory regions of Cebpb seems improbable since no functional NF-kB binding sites have
been identified (reviewed in Pulido-Salgado et al., 2015). However, in some cases, physically
interacting transcription factors can activate gene expression while only one of them is bound
to DNA, an event that has been described for NF-kB and C/EBPs (Dooher et al., 2011) and could

help explain how NF-kB regulates Cebpb.

Aside from transcriptional regulation, the activity of C/EBPB depends on the relative protein
isoform expression and post-translational modifications (reviewed in Pulido-Salgado et al.,
2015). As it is common elsewhere, in our experimental setting the most abundant protein
isoform induced by inflammatory signals was LAP. The increase in LAP expression was prominent
after the incubation of macrophages with TNFa and, especially, with LPS. Instead, IFNy induced
a weak increase in LAP expression. Nevertheless, other authors have reported that the
phosphorylation of C/EBPB by IFNy-induced ERK or by LPS + IFNy-induced p38 increases its
binding to gene promoters (Hu et al., 2001; Stoffels et al., 2006). Therefore, IFNy may act on the
relatively high basal levels of C/EBPB in differentiated macrophages (reviewed in Huber et al.,
2012) inducing post-translational modifications that enhance its binding to the DNA rather than
potently upregulating the protein expression. We also detected an increase in LIP expression

induced by inflammatory signals, again most notably by LPS, although its levels were
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considerably lower than those of LAP. Most frequently, the LIP isoform opposes the actions of
the activator isoforms; consequently, the LIP:LAP ratio has been suggested as a more
informative parameter of C/EBPP functions (reviewed in Pulido-Salgado et al., 2015). Based on
this notion, our studies suggest that the main transcriptional activity of C/EBP upon stimulation
of macrophages with TNFa, IFNy, or LPS is the positive modulation of target gene expression. In
support of this interpretation, transfection experiments using a reporter vector evidenced that
the sole overexpression of C/EBPB induced transcriptional activity on an enhancer region of
Cd38. Of note, the transcriptional capacity of C/EBPB was higher in RAW 264.7 macrophages
than in COS-7 fibroblasts, which could result from either the absence of some basic
transcriptional component(s) in COS-7 cells or the presence of additional factors that contribute
to C/EBPB-induced Cd38 expression in macrophages. Taken together, these results suggest that
inflammatory signals positively modulate the expression of C/EBPB, whose activity may be
further modulated by post-translational modifications. C/EBPB is subsequently required to

induce Cd38 expression.

Our results suggest that there is a complex interplay between LXRs and C/EBPB to control the
transcription of Cd38. C/EBPB-deficient macrophages presented an altered Cd38 regulation
pattern, as they exhibited higher expression levels of Cd38 in basal conditions as well as
transcriptional inhibition of Cd38 upon LXR activation. These results suggest that C/EBPB not
only participates in the inflammatory signal-induced activation of Cd38, but also represses its
basal levels in the absence of stimuli. More experiments are needed to elucidate how C/EBPf
controls Cd38 expression in each context, but these outcomes are compatible with different
possibilities. First, it should be determined whether C/EBP directly binds to regulatory regions
of Cd38 and, in case it does, which dimerisation partner(s) are involved. C/EBPB can form a
homodimer or a heterodimer, the latter by binding to another C/EBP isoform or a different bZIP
transcription factor such as CREB/ATF, JUN/FOS, or MAF (Grigoryan et al., 2009; Newman and
Keating, 2003). The in silico analysis of the Cd38 enhancer region that we cloned predicted eight
binding sites for different C/EBP isoforms. However, as the different C/EBP isoforms bind highly
conserved consensus sequences, it is unlikely that each binding site can be exclusively occupied
by a specific isoform (reviewed in Tsukada et al., 2011). Besides, the in silico analysis of the Cd38
enhancer also predicted binding sites for ATF2, ATF3, and CREB, raising the possibility that
interfamily heterodimers control Cd38 expression. Therefore, in case the C/EBP binding sites on
the Cd38 enhancer are functional, their occupation might depend on the relative expression of

C/EBP isoforms and stimulus-dependent modifications. The higher basal levels of Cd38 in
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C/EBPB-deficient cells may result from the replacement of C/EBPB by other C/EBP isoforms (or
other transcription factors) that exhibit an enhanced transactivation potential on the regulatory
regions of Cd38 under basal conditions. On the other hand, a repressive effect of LXR activation
on Cd38 expression in the absence of C/EBPP is complicated to explain. We can speculate that
C/EBPB contributes to Cd38 induction by activated LXRs. In relation to this, a study reported that
LXRa and C/EBPPB physically interact on the LXR target gene Srebplc and cooperate in the
transcriptional activation induced by insulin (Tian et al., 2016). Notably, in that case, of the two
transcription factors only LXRa was bound to the DNA. Although the scenario might be different
in our setting, those findings demonstrate that LXRs and C/EBPP can physically and functionally
interact, supporting their cooperation on specific target genes. Additionally, LXRs may act
similarly to other ligand-activated nuclear receptors such as the glucocorticoid receptor and
PPARy. These nuclear receptors can bind to response elements that are adjacent to C/EBP
binding sites and cooperate with C/EBPB both physically and functionally to induce target gene
expression (Lefterova et al., 2008; reviewed in Roos and Nord, 2012). Those studies provide
some clues about possible mechanisms underlying the loss of Cd38 induction by LXR activation
in C/EBPB-deficient macrophages. Perhaps, the lack of C/EBPB compromises the ability of
activated LXRs to recruit co-activator complexes to regulatory regions of the Cd38 gene. In
addition, agonist-activated LXRs may either activate or repress the expression of other genes

that modulate Cd38 levels, resulting in decreased Cd38 expression in the absence of C/EBPp.

As mentioned above, a novel finding of this work is the cooperation of inflammatory signal-
induced C/EBPP activity and LXRs in the transcriptional control of Cd38. Importantly, a role for
LXRs regulating Cebpb expression by inflammatory stimuli was discarded for two reasons: first,
the incubation of macrophages with an inflammatory molecule and an LXR agonist did not
increase Cebpb levels above the induction caused by any of the inflammatory molecules alone,
and; second, WT and LXR-deficient macrophages induced comparable amounts of Cebpb
expression in response to the evaluated inflammatory stimuli. On the other hand, we observed
that TNFa and LPS but not IFNy increased Lxra mRNA expression; however, the induction of Lxra
expression was C/EBPB-independent (data not shown). Therefore, the synergism between
C/EBPB and LXRs is not mediated by one activating each other’s expression. Additionally, LXR
expression was dispensable for Cd38 induction by these inflammatory signals. Surprisingly,
although the simultaneous stimulation of C/EBPB-deficient macrophages with TNFa or IFNy and
an LXR agonist did not induce Cd38 expression, the combination of LPS and an LXR agonist

partially rescued their capability to induce Cd38 expression in the absence of C/EBPB. These
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differences between the inflammatory cytokines and LPS in their ability to cooperate with LXRs
to induce Cd38 in C/EBPB-deficient macrophages might be caused by the wider effects of LPS in
the induction of inflammatory pathways. Indeed, the time-course expression experiments
showed that the levels of Cd38 turned close to basal after 14 h of incubation with TNFa or IFNy,
whereas LPS-stimulated Cd38 levels remained high at that moment. Of note, the levels of Cebpb
expression drastically dropped at 12 h of macrophage stimulation with these three inflammatory
molecules. Consequently, the expression dynamics of Cd38 induced by LPS might reflect the
sequential activation of various pathways, including C/EBPB-dependent and C/EBPB-
independent actions, that converge in Cd38 modulation. In the absence of C/EBPB, the LXR
agonist or LPS alone may not be able to activate the transcriptional machinery required for Cd38
induction, but the combination of both pathways seems to cooperate to accomplish the
transcriptional activation. This would suggest that not only C/EBPB but also other LPS-activated

transcription factors may cooperate with LXRs on Cd38 induction.

The results obtained from transfection studies support the close collaboration between LXRs
and C/EBPB on regulatory regions of Cd38. Specifically, combined C/EBPB overexpression and
LXR activation resulted in an upward tendency in the transcriptional enhancer activity of the
Cd38 enhancer region only when the original LXRE was present, whereas the mutant LXRE
prevented this response. These data suggest that direct LXR binding to its response element on
at least this enhancer region is required for the cooperation with C/EBPB. Of note, these
experiments were mainly performed overexpressing LXRB, as LXRa showed a similar but
apparently weaker effect. Indeed, a study that characterised the genomic binding landscape of
LXRa and LXRB in murine immortalised macrophages revealed that C/EBP binding sites localised
adjacent to DNA regions bound by LXRB (Ramon-Vazquez et al., 2019). Consequently, we
interpret that LXRB may preferentially mediate the functional cooperation with C/EBPs in

physiological conditions.

We also analysed the impact of LXR activation and inflammatory stimuli on the expression of
other LXR target genes with immunomodulatory roles, namely, Mertk and Cd5/. MERTK and
CDS5L are anti-inflammatory proteins that promote the resolution of inflammation (reviewed in
Rothlin et al., 2015; reviewed in Sanjurjo et al., 2015). In line with other LXR target genes
(Castrillo et al., 2003; Han et al., 2018; Pascual-Garcia et al., 2013), Mertk and Cd5/ were inversely
regulated by inflammatory signals and LXR activation, except for the unaltered Mertk expression
in the presence of IFNy, which contrasts with the effects reported by other studies (Grabiec et

al., 2018; Thorp et al., 2011). In this sense, in macrophages, a negative effect of LPS or IFNy on
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MERTK has been reported at the level of expression and, for LPS, proteolytic cleavage (Grabiec
et al.,, 2018; Qiao et al., 2016; Thorp et al., 2011). Instead, the expression of CD5L might be more
finely tuned, as it was induced by bacterial infections in vivo and in vitro, but macrophage
stimulation with PMA, LPS, or IFNy in vitro did not upregulate CD5L levels (Haruta et al., 2001;
Joseph et al., 2004; Kuwata et al., 2003; Miyazaki et al., 1999; Sanjurjo et al., 2013). Therefore,
the expression of CD5L may be modulated by various factors in the cellular environment
depending on the stage of the inflammatory response. Importantly, the repression of Mertk and

Cd5/ by inflammatory signals in our model did not depend on C/EBPB.

In conclusion, this work has revealed the synergistic cooperation between C/EBPB and LXRs,
preferentially through LXRp, to control the transcription of Cd38 in mice. These effects might be

relevant in physiological settings in which CD38 upregulation plays a role.

3. The activation of LXRs selectively modulates bacterial entry into
macrophages

In this work, we have confirmed the capacity of activated LXRs to inhibit macrophage infection
by S. Typhimurium. However, important differences have been observed in comparison with
previous studies using bacteria at the stationary phase. The unexpected finding that LXR
activation inhibited the infection by exponentially grown Salmonella independently of CD38 may
be related to differences in the metabolic status or in the infective capacity between stationary
and exponentially grown bacteria. Using flow cytometry, we detected notably higher infection
levels by exponentially grown bacteria at a similar MOI. This outcome was associated with higher
numbers of intracellular bacteria per infected macrophage as analysed by fluorescence
microscopy (data not shown). Even if we lowered the bacterial MOI, the macrophage infection
levels remained high in most of the experiments with exponentially grown S. Typhimurium,
suggesting that their functional characteristics favoured increased internalisation. Similar
observations were also reported in a study that analysed the outcome of incubation of RAW
264.7 macrophages with S. Typhimurium that had been grown to either a late exponential phase
or to a stationary phase (Drecktrah et al., 2006). Indeed, the authors attributed the entry of
exponentially grown bacteria to T3SS-mediated invasion, whereas stationary phase bacterial
entry was considered macrophage phagocytosis. Our results using the T3SS mutant invG in the
current experimental setting (with exponentially grown bacteria) indicate that the T3SS of S.
Typhimurium accounts for approximately 65% of bacterial entry into macrophages. However,

we do not know to which extent the remaining rate of bacterial entry is mediated by other
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mechanisms such as bacteria-induced invasion, macrophage phagocytosis, or other processes
involving both. It is possible that the relative contribution of each entry mechanism to total
bacterial internalisation changes depending on the growth phase in which bacteria are used.
Indeed, in our experiments, the mean rates of LXR-mediated inhibition of infection compared to
control cells changed from 50% of inhibition when bacteria were used at the stationary phase,
to 20% (ranging between 10%-35%) of inhibition when exponentially grown bacteria were
employed. Besides, the high infection levels achieved by exponentially grown bacteria might
entail a different macrophage response to subsequent re-infection events, as indicated by a
study carried out by Gog and co-workers (Gog et al., 2012). Based on these considerations, we
interpret that changes in the mechanisms involved in bacterial internalisation may underlie the
differences in the effectiveness of the LXR pathway and its dependence on CD38. Besides, it
must be taken into account that we are probably not evaluating the effects in poorly infected

cells when assessing the infection by flow cytometry in the current experimental setting.

At this point, we started exploring the dynamics of early bacteria—host macrophage interaction
through two different approaches. First, we obtained BMDMs from Lifeact-GFP (green
fluorescent protein) transgenic mice, which exhibit fluorescent actin microfilaments (Riedl et al.,
2010), and evaluated actin rearrangements during infection by RFP* Salmonella using spinning
disk confocal microscopy. Live cell imaging showed massive actin rearrangements and multiple
macrophage contacts with bacteria, but we did not appreciate evident differences in the actin
dynamics in response to LXR activation (data not shown). Because the magnification required
for a good spatial and temporal resolution limited the field to just a single cell, we decided to
broaden our view with a different technique that provided information from a larger number of
cells. For this reason, we obtained sequential brightfield microscopy images of live infection to
understand the general characteristics of bacteria—_macrophage contacts. Salmonella was highly
motile; it rapidly propelled itself from one macrophage to another, interrupted by more stilled
periods during the contact with macrophages (data not shown). Some contacts were short (few
seconds), whereas others lasted longer. In some cases, bacteria left after prolonged contact; in
others, the video finished while the contact persisted and, due to the limited time that we
recorded, we were unable to clearly observe a successful bacterial internalisation event. These
experiments were just observational, and we did not make any measurement on the events
described above. By contrast, Gog and colleagues (Gog et al., 2012) exhaustively analysed the
contacts between S. Typhimurium and BMDMs or RAW 264.7 cells at single-cell level. In line

with our observations, they reported very frequent bacteria—_macrophage contacts that lasted
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less than 10 seconds. Upon contact, the estimated probability of infection was lower than 5%.
Interestingly, those contacts that lasted more than 10 seconds had a higher probability of
leading to bacterial internalisation. The authors also described that macrophage re-infection
occurs at a lower frequency than the first infection. Curiously, after 10 min of exposure to
bacteria, the mathematical model that best fitted their measurements on internalised bacteria
consisted of two macrophage populations with distinct susceptibility to infection, which did not
correspond to macrophage M1 and M2 phenotypes. These insights from early infection
dynamics added to the visual perception from our microscopy experiments that bacteria were
constantly sampling the macrophage surface, prompted us to evaluate plasma membrane
components on macrophages that might determine the outcome of macrophage—bacteria

interactions.

Increasing pieces of evidence support the crucial role of cholesterol, as well as the cholesterol-
enriched lipid rafts, in host—pathogen interactions (reviewed in Bukrinsky et al., 2020). Lipid rafts
are dynamic nanoscale assemblies of sphingolipids, cholesterol, and proteins that can coalesce
to form membrane signalling platforms (reviewed in Lingwood et al., 2009). This model of
compartmentalisation is based on membrane component segregation that leads to the
formation of biologically functional complexes. Remarkably, lipid rafts concentrate most
signalling proteins and components of the endocytosis machinery present in the plasma
membrane, mediating cell interaction with the extracellular “world” (reviewed in Bukrinsky et
al., 2020). As a result, lipid rafts arbitrate diverse functional responses to extracellular stimuli
but simultaneously represent receptor-enriched entry portals for pathogens. Importantly, LXR
activation can alter the membrane lipid composition through the transcriptional regulation of
key molecules involved in lipid metabolism, including ABCA1 and ABCG1, which promote
cholesterol efflux, and LPCAT3 that promotes long polyunsaturated fatty acid incorporation into
phospholipids (reviewed in Wang and Tontonoz, 2018). Indeed, an altered cholesterol content
or distribution in membrane lipid rafts by LXR-stimulated ABCA1 expression interfered with
intracellular signalling upon TLR engagement in murine macrophages (Ito et al., 2015a). Both
LXRa and LXRPB are important for the control of cholesterol homeostasis through ABCA1 and
ABCG1 in macrophages (Ramon-Vazquez et al., 2019; Repa et al., 2000b), and both LXR isoforms
were involved in the agonist-induced interference with bacterial entry into macrophages
observed in our studies. Therefore, these facts support the possibility that LXRs impact bacterial
internalisation by macrophages through cholesterol modulation. Actually, LXR activation

reduced the free cholesterol levels in murine macrophages, whereas it did not affect the
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abundance of the lipid raft marker GM1, findings that correspond with the results reported by
Ito et al.. Although by only evaluating GM1 expression we cannot state that LXRs alter the
characteristics of lipid rafts, it is probable that the cholesterol decrease in our model also affects
lipid raft composition. In line with a role for lipid rafts in bacterial internalisation, we discovered
that the abundance of GM1 and free cholesterol in macrophages correlated with the infection
levels by Salmonella. In addition, using cyclodextrins to modulate plasma membrane
cholesterol, we corroborated that bacterial infection changed together with the increase or
decrease in cholesterol. We should not disregard that cholesterol depletion with MBCD
frequently disrupts lipid rafts and could have other effects besides cholesterol reduction
(Zidovetzki and Levitan, 2007). Nevertheless, the work presented here supports the idea that
the cellular levels of cholesterol affect Salmonella infection. Despite these considerations,
controversial effects of cholesterol on the T3SS-dependent entry of Salmonella into non-
phagocytic cells have been reported. In this sense, cholesterol sequestration by MBCD inhibited
Salmonella entry (Garner, Hayward, & Koronakis, 2002), whereas a cellular model of 24-
dehydrocholesterol reductase (DHCR24) deficiency, which is unable to complete the last step of
cholesterol biosynthesis and accumulates desmosterol, showed no impact on the internalisation
of S. Typhimurium (Gilk et al., 2013). Noteworthy, host cell cholesterol might affect other
invasive mechanisms of Salmonella that could be differentially used for the entry into specific
cell types (reviewed in Velge et al., 2012). In addition, macrophages, as phagocytic cells, rely on
a diverse set of PRRs to recognise and respond to pathogens, which, in turn, depend on
appropriate cholesterol levels and lipid raft integrity for signalling (reviewed in Ruysschaert &
Lonez, 2015). Our work indicated that wild type and T3SS-deficient Salmonella were similarly
susceptible to LXR-mediated inhibition, suggesting that LXRs might affect a common player
required for both T3SS-dependent and T3SS-independent internalisation by macrophages. We
can speculate that LXR-mediated cholesterol decrease alters critical plasma membrane
properties that determine bacterial internalisation in some manner. We consider that candidate
LXR target genes that could mediate these effects are Abcal, Abcgl, Idol, ApoE, or Lpcat3
(reviewed in Wang and Tontonoz, 2018). In fact, we attempted to investigate how LXR activation
affected Salmonella infection in ABCA1- or ABCA1/ABCG1-deficient macrophages through a
collaboration with Dr. Miranda van Eck (Leiden University, The Netherlands); however, we had
logistical problems due to the Covid-19 pandemic and subsequent lock-downs that impeded the

development of these experiments.
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We detected that LXRs partially inhibited JNK activation following murine macrophage
incubation with Salmonella, which contrasted with the inhibition of JNK, ERK, and p38
downstream of TLR4 signalling reported by Ito and co-authors (Ito et al., 2015a). In their study,
reduced MyD88 recruitment to LPS-activated receptors led to reduced MAPK activity as well as
reduced inflammatory gene expression. Instead, in our model, LXRs interfered exclusively with
JNK activation, suggesting that they do not alter general upstream signalling events but rather
affect a selective component of the JNK pathway. Therefore, LXR activation might be impacting
the expression and/or activity of either a JNK-specific kinase or phosphatase (reviewed in Arthur
and Ley, 2013). Nevertheless, the results from JNK 1- or JNK 2-deficient macrophages
demonstrated that, at least separately, neither of them prevents the antibacterial effects of
LXRs. Consequently, the inhibition of Salmonella-induced JNK activity by LXRs might represent a
mechanism that contributes to the anti-inflammatory effects of LXRs but does not seem to be

responsible for the limitation of bacterial entry.

Many intracellular bacteria have developed strategies to subvert the macrophage microbicidal
mechanisms and replicate inside the host cell avoiding extracellular immune attack (reviewed in
Mitchell et al., 2016). Importantly, we have demonstrated that not only Salmonella, but also
other bacterial species are susceptible to the LXR-mediated inhibitory effects on internalisation.
These results are intriguing because neither all bacteria are affected by LXR-mediated inhibition,
nor their susceptibility is equivalent in the murine and human models, suggesting a high level of
complexity in the actions exerted by the LXR pathway during infection. In murine macrophages,
the activation of LXRs by a synthetic agonist inhibited the internalisation of S. Typhimurium,
UPEC, and EIEC, which are Gram-negative species, but not of L. monocytogenes and S. aureus,
which are Gram-positive bacteria. The first impression could be that LXRs selectively interfere
with Gram-negative bacteria. However, it would be too ambitious to take this conclusion from
only two or three bacterial species of each class. Taking into account the pathogenic and
structural features of the bacteria analysed here, we did not identify a common denominator
that might help explain such divergent responses. It is also possible that different LXR-mediated
activities determine the outcome for each bacterial infection in a rather selective manner.
Further research on the inhibitory effects of LXRs will be needed to elucidate the responsible

mechanisms involved in these outcomes.

In murine macrophages, the simultaneous incubation with Salmonella and latex microspheres
affected the phagocytic rates of both types of particles compared to each of them when

incubated separately. It is feasible that Salmonella-induced membrane ruffling favours contacts
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between macrophages and microspheres, subsequently enhancing microsphere phagocytosis.
On the other hand, microspheres might compete with bacteria for the molecular machinery or
the space required for particle internalisation, thereby hampering the entry of Salmonella. These
results suggest that macrophages modify their phagocytic activity upon contact with S.
Typhimurium, but the effects of LXRs selectively inhibit S. Typhimurium entry instead of the
general internalisation of particles. This outcome points toward a contact-dependent
mechanism dictating the selectivity of LXRs. Together, our results and published data picture a
highly specific effect of LXRs in the regulation of phagocytosis of each type of particle. In this
sense, LXRs promote apoptotic cell efferocytosis, whereas the phagocytosis of IgG-opsonised
particles remains unaffected, and non-opsonised bacterial internalisation is selectively
modulated (Gonzalez et al., 2009; Matalonga et al., 2017). In conclusion, LXRs seem to finely

control macrophage phagocytosis depending on the immunological context.

In human macrophages, LXR activation selectively impaired the internalisation of Salmonella,
but not of EIEC or S. aureus, effects that were uniform in all the donors evaluated. Interestingly,
the effects on internalisation of L. monocytogenes and latex microspheres varied in a donor-
dependent manner, that is, macrophages from only some donors showed reduced engulfment
upon LXR activation. Taken together, LXRs exhibited selective effects on particle internalisation
by human macrophages but differed in the particle specificity compared to murine cells. These
divergent results between species might originate from differences in mechanisms controlling
immune responses, in LXR-mediated activities, or in both. For example, LXR activation in murine
macrophages consistently induces an anti-inflammatory profile, whereas different studies using
LXR agonists in human macrophages reported opposite outcomes on inflammatory gene
expression depending on the timing of LXR activation and the inflammatory challenge (reviewed
in Waddington et al., 2015). These discrepancies insinuate that human responses might be more
diverse and context-specific, while not necessarily corresponding with the murine model. In our
study, the variability among donors suggests that host environmental or genetic factors
condition the macrophage response to LXR agonists in the context of specific bacterial
infections. Taking this variability into account, more donors should be evaluated to get more
reliable conclusions from a wider population coverage. Importantly, the LXR agonist induced the
expression of the LXR target genes ABCA1 and ABCG1 comparably among donors, demonstrating
that the differences in the outcome of infection were not caused by unresponsiveness to the
agonist in some donors. Regarding the expression of CD38, macrophages from none of the

donors increased CD38 levels upon LXR activation. Moreover, macrophage stimulation with LPS
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strongly raised CD38 levels, but its combination with an LXR agonist reduced CD38 expression
instead of potentiating it, which is the opposite of what occurs in murine macrophages. These
results contrast with the effect of LXR activation in human monocyte-derived dendritic cells
described by Beceiro and colleagues (Beceiro et al., 2018). The upregulation of CD38 upon
stimulation of immature dendritic cells with LPS was coincident with our observations, but, in
their model, CD38 expression was further increased by the combination with an LXR agonist. We
consider that several differences could explain the discrepancies between both models: the
method for the obtention of monocytes from peripheral blood, the acquisition of features
during the ex vivo differentiation process (e. g. epigenetic and/or transcriptional modifications)
to macrophages or dendritic cells, and the involvement of additional factors, such as GM-CSF or
IL-4, which were used for dendritic cells but not for macrophage cultures. In conclusion, even if
LXRs might be able to stimulate CD38 production in some contexts, in our experimental model
they do not induce CD38 expression alone nor in combination with LPS. Instead, an RXR agonist
did induce CD38 upregulation in human macrophages, which may occur through
homodimerization or heterodimerization with a permissive partner, such as PPARy (Dawson and
Xia, 2012). In fact, the capability of PPARy to transcriptionally activate Cd38 expression was
demonstrated in murine adipocytes (Song et al., 2012). Taken together, our results suggest that
LXR activation in human macrophages can selectively modulate bacterial internalisation
depending on host factors other than CD38. The detection of changes in the size and shape of
human macrophages treated with an LXR agonist and incubated with S. Typhimurium, as well as
the inhibitory effect of cholesterol depletion on S. Typhimurium internalisation raise the
possibility that either of these aspects are involved in the modulation of bacterial internalisation

by LXR activation.

In summary, our studies demonstrate that the activation of LXRs with a synthetic agonist
interferes with the internalisation of specific bacteria by macrophages in vitro and results in
better control of the infection in vivo. The results in murine and human macrophages suggest
that the alterations in the lipid composition of the plasma membrane might be involved in the
restriction of bacterial entry. In human macrophages, LXRs also reduce the infection by some
bacteria, but greater variability is detected among donors, and some of the effects are
inconsistent with the murine model. These findings are especially relevant in the context of
infection by many intracellular bacteria that can survive within macrophages, as LXRs might
represent a way to limit their access to an intracellular niche. We focused on the initial

interactions between bacteria and macrophages, but the impact of LXRs on later stages of the
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intracellular infection is another pending aspect to study. Additionally, we discovered that the
cooperation of LXRs and C/EBP is necessary for the transcriptional control of Cd38 in murine
macrophages. Even though the upregulation of CD38 is not involved in the LXR-induced
limitation of macrophage infection in the in vitro model used in these studies, the consequences
of increased expression of CD38 by inflammatory signals and LXR activation in vivo deserve

further investigation.

In front of the threat represented by the rapidly spreading antibiotic-resistant bacteria, finding
new therapies to effectively tackle infections is an urgent matter. Because of their multiple
physiological roles and their druggable nature, LXRs appear as promising therapeutic targets for
an increasing number of metabolic and inflammatory diseases (reviewed in: Fessler, 2018; Hong
and Tontonoz, 2014). Our study has explored to some extent the impact of LXRs in bacterial
infections as a potential host-directed therapy that could substitute or complement antibiotic
treatment in certain circumstances. Until now, the therapeutic use of LXR agonists in humans
has been neglected due to the appearance of adverse effects; however, there is hope that the
development of more specific new generation LXR-targeting compounds will overcome these

limitations in the future.
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CONCLUSIONS

In @ murine model of infection by S. Typhimurium in vivo, pharmacological LXR
activation attenuates the clinical signs of infection and reduces the bacterial
dissemination to the spleen through mechanisms that depend on CD38 expression

by bone marrow-derived cells.

C/EBPB is necessary for the induction of Cd38 expression by the inflammatory

mediators TNFa, IFNy, and LPS in murine macrophages.

C/EBPB cooperates with LXRs for the transcriptional control of Cd38 in murine

macrophages.

In murine macrophages, LXR activation selectively diminishes the internalisation of S.
Typhimurium, UPEC, and EIEC but not of L. monocytogenes and S. aureus. In addition,
LXR activation does not modulate the unspecific phagocytosis of latex microspheres

by murine macrophages.

CD38 expression is not required for the inhibitory effects of LXRs on the
internalisation of exponentially grown S. Typhimurium, EIEC, or UPEC by murine

macrophages.

The activation of LXRs in human macrophages selectively reduces the internalisation
of S. Typhimurium and L. monocytogenes (in some donors) but not of EIEC and S.

aureus. These effects occur in the absence of increased CD38 expression.

LXRs selectively inhibit JNK activation after the infection of murine macrophage with
S. Typhimurium. However, the interference with JNK activation does not account for

the inhibitory effects of LXRs on S. Typhimurium internalisation.

The activation of LXRs alters the size and morphology of human macrophages

incubated with S. Typhimurium.

Changes in the cellular cholesterol levels modulate the rate of internalisation of S.
Typhimurium by murine and human macrophages. In this sense, there is a positive
correlation between the bacterial infection rate and the abundance of free

cholesterol and lipid rafts.
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SUMMARY

Macrophages exert potent effector functions against
invading microorganisms but constitute, paradoxi-
cally, a preferential niche for many bacterial strains
to replicate. Using a model of infection by Salmonella
Typhimurium, we have identified a molecular mech-
anism regulated by the nuclear receptor LXR that
limits infection of host macrophages through
transcriptional activation of the multifunctional
enzyme CD38. LXR agonists reduced the intracel-
lular levels of NAD* in a CD38-dependent manner,
counteracting pathogen-induced changes in macro-
phage morphology and the distribution of the F-actin
cytoskeleton and reducing the capability of non-
opsonized Salmonella to infect macrophages.
Remarkably, pharmacological treatment with an
LXR agonist ameliorated clinical signs associated
with Salmonella infection in vivo, and these effects
were dependent on CD38 expression in bone-
marrow-derived cells. Altogether, this work reveals
an unappreciated role for CD38 in bacterial-host
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cell interaction that can be pharmacologically ex-
ploited by activation of the LXR pathway.

INTRODUCTION

Macrophages are essential mediators of the innate immune
response. Through phagocytosis, macrophages internalize mi-
crobial pathogens, which are subsequently killed and digested
in intracellular phagolysosomes (Haas, 2007). Several patho-
genic microorganisms have, however, developed strategies to
actively invade host cells and evade microbial digestion within
the host endosomal system. In fact, despite their repertoire of
microbicidal tools, macrophages represent niches in which
many pathogens have established themselves for intracellular
replication and dissemination (Price and Vance, 2014). For
example, Salmonella enterica serovar Typhimurium (S. Typhimu-
rium) fosters its own uptake by non-phagocytic epithelial cells
and phagocytic cells, and infection and intracellular survival in
macrophages is required for full virulence and dissemination
(Haraga et al., 2008). Invasive Salmonellae strains can enter
macrophages by several endocytic processes, including macro-
pinocytosis induced by factors secreted by the type Il secretion
system (T3SS). Within infected host cells, the bacterium first
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uses a second T3SS to transform the phagosome into a Salmo-
nella-containing vacuole that supports bacterial replication and
then induces macrophage pyroptosis for dissemination (Guiney
and Lesnick, 2005).

Nuclear receptors are a family of ligand-activated transcription
factors with diverse functions in physiology. Liver X receptors
(LXRs) are nuclear receptors that can be pharmacologically acti-
vated by high-affinity agonists to subsequently regulate the
expression of genes involved in lipid homeostasis. Two LXR iso-
forms have been identified, namely LXRa and LXRp, both of
which heterodimerize with retinoid X receptors (RXRs) to posi-
tively modulate target gene expression (Hong and Tontonoz,
2014). Apart from their metabolic functions, LXRs play important
roles in the regulation of immune responses. Through different
mechanisms, LXRs repress a subset of pro-inflammatory genes
induced by pattern recognition receptor engagement (Ghisletti
etal., 2007; Ito et al., 2015) or by interferon gamma (IFN-vy) (Pasc-
ual-Garcia et al., 2013; Lee et al., 2009). On the other hand, the
LXR pathway is involved in the acquisition of a macrophage de-
activated phenotype (A-Gonzalez et al., 2009).

Based on the anti-inflammatory actions of LXR agonists, initial
predictions anticipated that LXR activation could negatively
impact the capability of immune cells to establish an aggressive
response against pathogens. However, increased susceptibility
to infection by Mycobacterium tuberculosis or Listeria monocy-
togenes has been observed in LXR-deficient mice (Joseph
et al., 2004; Korf et al., 2009), and LXR activation prevented
macrophage apoptosis induced by virulent bacteria, including
Bacillus anthracis and S. Typhimurium (Valledor et al., 2004),
which suggests that the LXR pathway exerts complex regulatory
actions that affect microbe-host cell interaction. In this work, we
have further investigated the involvement of LXR activity in im-
mune cell function during infection by S. Typhimurium. Interest-
ingly, the results reported here identify a molecular mechanism
regulated by LXRs that serves to limit infection of host macro-
phages through modulation of cellular NAD metabolism.

RESULTS

LXR Activity Limits Macrophage Infection by

S. Typhimurium

To investigate the role of the LXR pathway in host-path-
ogen interaction, we treated primary bone-marrow-derived
macrophages with synthetic high-affinity LXR agonists (either
TO901317 (T1317) or GW3965) and then infected the cells
with S. Typhimurium strain SV5015 harboring the plasmid
pBR.RFP.1, which encodes red fluorescent protein. Confocal
fluorescence microscopy studies indicated that LXR agonists
reduce the amount of intracellular bacteria and the percentage
of infected macrophages after 30 min of infection (Figures 1A,
S1, and S2A). Reduced bacteria burden was corroborated with
flow cytometry studies (Figures 1B and S2B) and by determina-
tion of viable bacterial colony-forming units (CFUs) after macro-
phage cell lysis (Figure 1C). The agonists did not inhibit infection
of cells deficient in LXRa and LXRB (LXR ") (Figures 1A, 1B, and
S2B), indicating that the effects of these compounds were LXR
dependent and LXR specific. Interestingly, the rate of intracel-
lular bacterial replication during the first 5 hr post-infection was
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not altered upon LXR activation, as the differences between
agonist- and vehicle-treated cells over a time-course of 5 hr
were equivalent to the differences observed at 30 min of infection
(Figure 1D). These results suggested that LXR activation inter-
feres with early events during bacterial cell interaction with
host macrophages. On the other hand, a time-course assay re-
vealed that prolonged treatment with the LXR agonist is required
for effective inhibition of macrophage infection (Figure 1E).

Pharmacological treatment with T1317 in vivo also reduced
intracellular macrophage infection by S. Typhimurium in an intra-
peritoneal model of infection (Figure 1F). Importantly, the effects
of T1317 were not indirectly mediated by any substantial
decrease in the ratio of resident macrophages versus neutrophils
before the infection (Figure S2C). Interestingly, the LXR agonist
did not influence phagocytosis of immunoglobulin G (IgG)-
opsonized Salmonella cells (Figure 1G), suggesting that LXR
activation induces a mechanism that protects macrophages
from infection by this microorganism in the absence of opsoniz-
ing antibodies.

We next determined whether LXR activation affects the inter-
nalization of other bacterial pathogens. These studies revealed
that LXR activity inhibits macrophage infection by an enteroinva-
sive strain of Escherichia coli (EIEC 0124:H30) without affecting
phagocytosis of non-invasive E. coli (Figure S2D) or internaliza-
tion of Fluoresbright yellow green microspheres (Figure S2E),
thus suggesting that LXR activity selectively affects invasive
mechanisms induced by pathogenic bacteria.

Morphological studies using fluorescent phalloidin to stain fila-
mentous actin (F-actin) showed that macrophages incubated
with S. Typhimurium acquire a round pancake-like shape within
minutes after bacterial exposure (Figure 1H), a morphological
feature previously associated to inflammatory macrophage po-
larization (McWhorter et al., 2013). Remarkably, pretreatment
with an LXR agonist strongly inhibited the changes in macro-
phage morphology induced upon S. Typhimurium infection
without altering the morphology of resting cells (Figure 1H, see
quantification in Figure 2E). Moreover, LXR activation also
reduced the expression of several pro-inflammatory mediators
in infected macrophages (Figure S2F).

Interestingly, expression profiling experiments revealed that
interference with bacterial internalization was not mediated by
repression of membrane receptors traditionally involved in recog-
nition and/or phagocytosis of bacterial products (Figure S3).

A recent study demonstrated a role for cytosolic nicotinamide
adenine dinucleotide (NAD™) in the control of the organization of
the actin cytoskeleton required for the spreading performance
and the formation of actin-rich membrane protrusions in acti-
vated macrophages (Venter et al., 2014). Based on these obser-
vations, we evaluated whether altering NAD* levels affects the
capability of LXRs to interfere with macrophage morphology
and/or internalization of S. Typhimurium. In mammalian cells,
nicotinamide phosphoribosyltransferase (NAMPT) is the rate-
limiting enzyme in the biosynthesis of NAD* through the salvage
pathway. Incubation with FK866, a specific NAMPT inhibitor, re-
sulted in partial inhibition of the capability of macrophages to
internalize S. Typhimurium (Figure 2A). Interestingly, activation
of the LXR pathway significantly reduced the intracellular
levels of NAD" (Figure 2B), and addition of exogenous NAD*
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Figure 1. LXR Activation Limits Macro-
phage Infection by Non-opsonized S. Typhi-
murium
(A) Macrophages from WT (n = 5) or LXR™~ (n = 4)
mice treated with the LXR agonist T1317 (1 uM,
24 hr) or DMSO and infected with S. Typhimurium
(30 min). Analysis of the percentage of infected
macrophages (top) and the amount of intracellular
bacteria (bottom) by confocal fluorescence mi-
croscopy. Data represent mean + SEM (two-way
ANOVA Bonferroni). The dataset in WT cells in-
cludes data from Figure 2C.
(B) Analysis of macrophage infection by flow cy-
tometry after incubation with the LXR agonists
T1317 or GW3965 (1 uM, 24 hr). Macrophages
were infected with S. Typhimurium for 30 min at
37°C. As a control, bacterial cell attachment to
macrophages (without internalization) was also
assessed by carrying out the infection at 4°C.
S. Typhimurium Each experiment was performed in triplicate.
MOI 5 Shown is a representative experiment from each
* genotype (mean + SD) fromn =5 (WT) orn =4
(LXR™") independent experiments (ANOVA Bon-
ferroni).
(C) Quantification of intracellular S. Typhimurium
burden. The cells were infected for 30 min. Serial
dilutions of cell lysates were plated on agar and
allowed to grow at 37°C. Bacterial CFUs were
counted 24 hr later. Data represent mean + SEM
from n = 3 independent experiments (each
including biological duplicates or triplicates)
(paired t test).
(D) Confocal fluorescence microscopy evaluating
the effects of T1317 on intracellular bacterial
burden over time. Data represent mean + SEM;
n =5 (30 min), n = 7 (90 min), or n = 9 (300 min)
(paired t test for each time post-infection).
(E) Macrophages were treated with T1317 for the
indicated periods of time, and the inhibitory effects
on macrophage infection were evaluated by flow
cytometry. Data are expressed as percent reduc-
tion in the number of infected cells (versus infec-
tion in the absence of T1317) (mean + SD; n = 5;
Kruskal-Wallis Dunn. Similar results were obtained
in an independent experiment performed in tripli-
cates.
(F) In vivo infected cells analyzed by confocal mi-
croscopy. C57BL/6 male mice were first subjected
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to ani.p. injection of T1317 (10 mg/kg animal; 24 hr) or vehicle (DMSQ in PBS; 24 hr) and then infected i.p. with S. Typhimurium (107 CFU per animal; 30 min);n=5

animals/group. Mean bars are indicated (t test).

(G) Bacterial uptake in the presence or absence of opsonizing anti-Salmonella LPS IgG. Data represent mean + SEM (n = 3; Kruskal-Wallis Dunn).
(H) Representative images of infected macrophages stained with phalloidin (F-actin, purple) and DAPI (nuclei, blue) (n = 4). Scale bars, 10 pm.

See also Figures S1 and S2. *p < 0.05, **p < 0.01.

counteracted the ability of the LXR agonist to reduce macro-
phage infection (Figure 2C), with no effect on the levels of infec-
tion in control macrophages (not exposed to LXR agonists).
These effects correlated with the observation that in the presence
of exogenous NAD*, activation of the LXR pathway did not inhibit
morphological changes associated with host cell-pathogen inter-
action (Figures 2D and 2E). In activated macrophages, changesin
macrophage morphology are accompanied by an increase in
F-actin-rich dorsal membrane ruffling, with curved or circular
protrusions directed upright that precede macropinocytosis
(Luo et al., 2014). Interestingly, the LXR agonist interfered with

dorsal F-actin accumulation in Salmonella-infected cells, and
addition of exogenous NAD* counteracted these effects. Alto-
gether, these observations prompted us to consider whether
LXR activation modulates the expression of factors that
contribute to NAD* metabolism as a mechanism protecting
macrophages from excessive bacterial internalization.

LXR Agonists Induce the Expression of the NAD
Glycohydrolase CD38

In general, NAD" and its phosphorylated and reduced forms
participate as coenzymes in oxidation-reduction reactions
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without net consumption of intracellular NAD. In contrast, NAD*
is consumed as a substrate by enzymatic activities that mediate
protein lysine deacylation and ADP-ribose transfer or synthesis
(Belenky et al., 2007). To assess if LXR activation modulates the
expression of enzymes that participate in NAD* biosynthesis or
consumption, we analyzed expression-profiling data obtained
from macrophages stimulated with an LXR agonist (Figure 3A).
The expression of most of the genes evaluated, including
Nampt, was not altered upon LXR activation. However, selec-
tive induction of Cd38 was observed in cells treated with the
LXR agonist. CD38 is a type Il transmembrane glycoprotein
that catalyzes the conversion of NAD* into nicotinamide, aden-
osine diphosphate-ribose (ADPR), and cyclic ADPR (cADPR)
(Chini, 2009) and is thus a major regulator of cellular levels of
NAD* (Aksoy et al., 2006). Induction of CD38 upon LXR activa-
tion was confirmed by qPCR (Figures 3B and 3C) and western
blotting (Figure 3D). It is noteworthy that the basal levels of
Cd38 expression were not significantly reduced in LXR-defi-
cient cells, as it is the case for previously identified LXR target
genes (e.g., Abcal, Abcg1, and Srebpic; Wagner et al,
20083); however, Cd38 induction by the LXR agonist was LXR
dependent and LXR specific (Figure 3B). Cd38 expression
was also upregulated in response to a synthetic agonist for
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Figure 2. NAD* Addition Suppresses the Ef-
fects of LXR Activation on Macrophage
Infection

(A) Confocal fluorescence microscopy analysis of
the amount of infected macrophages after treat-
ment with the NAMPT inhibitor FK866 (10 nM) or
vehicle for 24 hr. Data represent mean + SEM
(n = 4; paired t test).

(B) Analysis of intracellular NAD™ levels with a NAD
cycling assay. The cells were pre-treated with
agonists for the LXR-RXR heterodimer, T1317 and
LG268 (1 uM each), or vehicle (DMSO) for 24 hr.
Data represent mean + SEM (n = 6; paired t test).
(C) Effects of exogenous addition of NAD* on
macrophage infection. The cells were pretreated
with T1317 (1 uM, 24 hr) or DMSO and then incu-
bated with NAD (1 mM) for 2 hr before the infection.
Results of confocal microscopy studies are shown.
Data represent mean + SEM (n = 4; two-way
ANOVA Bonferroni). The data from WT cells are also
included as part of the WT dataset in Figure 1A.
(D) Effects of NAD* on S. Typhimurium-induced
changes in macrophage morphology; scale bars,
10 um. Representative images; n = 4.

(E and F) Cell elongation ratio (E) and dorsal
F-actin accumulation index (F). Data represent

T1317

*

*% *

=
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RXR, LG268 (Figure 3B), and combined
treatment with agonists for LXR and
RXR synergistically upregulated CD38
mRNA and protein expression (Figures
3B, 3E, and 3F) in an LXR-dependent
manner, with both LXRoa and LXRPB
contributing to Cd38 induction (Fig-
ure 3F). Moreover, these effects trans-
lated into increased CD38 protein levels at the cell surface (Fig-
ure 3G) and augmented cellular NADase activity (Figures 3H-
3J). The changes in NADase activity were completely abolished
in either LXR™~ or CD38~'~ macrophages (Figures 3| and 3J),
which correlated with the fact that LXR/RXR agonists signifi-
cantly downregulate intracellular NAD* levels in wild-type (WT)
cells (Figure 2B), but not in CD38-deficient cells (Figure 3K).
Taken together, these results indicate that CD38 mediates the
increase in NADase activity and the reduction in intracellular
NAD levels upon pharmacological activation of the LXR
pathway.

A putative LXR response element (LXRE) was identified in an
enhancer ~2 kb upstream of the transcription initiation site,
which is fully conserved at least in mouse and rat. A fragment
containing the potential LXRE, hereafter named Cd38 enhancer
(Cd38enh), was cloned in a pGL3-promoter vector (pGL3-
Cd38enh), and its activity was characterized in COS-7 cells. Co-
transfection of LXRa and RXRa resulted in maximal induction of
promoter activity in response to a combination of LXR and RXR
agonists (Figure S4). Significant loss of activity was observed af-
ter mutation of the potential LXRE in the Cd38enh region, which
suggests that the site identified here represents a bona fide
LXRE (Figure 3L).

S. Typhimurium
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Cooperative Effects of LXRs and Inflammatory Signals
on CD38 Expression and NADase Activity

Interestingly, infection by S. Typhimurium strongly induced
macrophage expression of Cd38 (Figure 4A). In agreement with
previous observations (Musso et al., 2001; Igbal and Zaidi, 2006;
Lee et al., 2012), increased expression of Cd38 was observed
upon prolonged stimulation with IFN-v, lipopolysaccharide
(LPS), or tumor necrosis factor alpha (TNF-a) (Figures 4B and
S5A-S5C). In contrast, Cd38 was not upregulated in macro-
phages alternatively activated by interleukin 4 (IL-4), IL-10, or
transforming growth factor beta (TGF-p) (Figure 4C), despite the
fact that these cytokines did induce specific target genes in
macrophages (Figures S5D-S5F). In line with increased Cd38
expression in classically activated macrophages, inflammatory
mediators reduced intracellular NAD* levels in a CD38-dependent

coexpression).
See also Figure S4. *p < 0.05, **p < 0.01.

manner (Figure 4D). However, despite the ability of CD38 to alter
intracellular NAD* levels, early ROS production in response to
inflammatory signaling was CD38 independent (Figure 4E).
These studies also led to the unexpected observation that func-
tional LXR expression was required for full induction of Cd38 by
inflammatory signals and that combined activation of inflamma-
tory signaling and the LXR pathway cooperated synergistically
to upregulate Cd38 expression (Figures 4A, 4B, and S5A-S5C)
and NADase activity (Figures 4F and S5G). Sequence analysis
ofthe Cd38enh region containing the LXRE revealed the presence
of two nuclear factor kB (NF-kB) binding sites, an interferon-
stimulated response element (ISRE), and an AP-1 site in the prox-
imity of the LXRE. Raw264.7 macrophages that stably express
human LXRa were cotransfected with the Cd38enh-luciferase re-
porter and a plasmid overexpressing RXRa. In these studies,
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cooperation of the LXR pathway with LPS signaling occurred at
the transcriptional level, and these effects were abolished when
the cells were transfected with the mutant LXRE (Figure 4G).

CD38 Mediates the Protective Effects of LXR Agonists
on Macrophage Infection

We next compared the capability of an LXR agonist to protect
WT and CD38-deficient macrophages from infection by S. Typhi-
murium. Importantly, the lack of functional expression of CD38
inhibited the capability of the LXR agonist to reduce the amount
of infected macrophages and intracellular bacteria (Figure 5A),
effects that were similar to those obtained upon addition of exog-
enous NAD* in WT cells (Figure 2C). Moreover, activation of
macrophages by IFN-y has been shown to regulate negatively
their capability to internalize non-opsonized bacteria in certain
models of infection (Wang et al., 2014; Sun and Metzger,
2008). Interestingly, in our studies, prolonged stimulation with
IFN-y resulted in decreased infection by non-opsonized Salmo-
nella cells in a CD38-dependent manner (Figure 5B). Taken
together, these results suggest that induction of macrophage
CD38 expression represents a strategy to limit infection of mac-
rophages by live Salmonella cells.

We also determined the inflammatory response to infection in
CD38-deficient macrophages (Figure 5C). To our surprise, the
levels of induction of several cytokines were significantly lower
in CD38-deficient cells as compared to WT cells. However, for
most of the genes examined, LXR agonists were able to repress
inflammatory gene expression in cells lacking functional CD38.
These data suggest that CD38 selectively facilitates protection
against invasive bacterial cell entry but does not contribute
broadly to the LXR-mediated anti-inflammatory response in vitro.

Intrinsic to its NADase activity, CD38 mediates the synthesis of
ADPR, cADPR, and nicotinic acid adenine dinucleotide phos-
phate (NAADP), which are Ca®* mobilizing compounds (Musso
et al., 2001). Video microscopic measurements from fura-
2-AM-loaded cells showed higher basal levels of cytosolic
Ca?* in WT macrophages than in LXR-deficient cells (Figure 5D,
top). However, Ca2* storage in the endoplasmic reticulum (ER)
was not depleted by prolonged treatment with the LXR agonist
or by addition of exogenous NAD*, as shown in experiments in
which the cells were acutely stimulated with the sarco-ER Ca®*

ATPase inhibitor thapsigargin (Figure 5D, bottom). Altogether,
these results suggest that induction of the LXR-CD38 circuit
has no substantial long-term impact on Ca®* depletion from
the ER in macrophages. In addition, incubation of WT cells
with S. Typhimurium did not lead to significant cytosolic Ca%*
changes in either the presence or absence of an LXR agonist
(Figure 5E), and treatment with 8-bromo-cADPR, an analog of
cADPR that blocks Ca2* release mediated by ryanodine-recep-
tor-gated stores, did not affect the capability of LXRs to inhibit
macrophage infection (Figure 5F). Based on all of these observa-
tions, we conclude it is the CD38-dependent reduction in NAD*
levels (a consequence of its strong NADase activity) and not the
concomitant generation of potential Ca®*-mobilizing second
messengers that best explains the protective effects on macro-
phage infection induced by the LXR-CD38 axis. Importantly, lack
of functional CD38 expression counteracted the capability of an
LXR agonist to inhibit changes in F-actin redistribution and cell
morphology associated with bacterial infection (Figures 5G-5I).

An Endogenous Pathway Can Activate the LXR-CD38
Axis during Salmonella Infection

Endogenous LXR ligands are generated enzymatically from in-
termediates of the cholesterol biosynthetic pathway or by oxida-
tion of cholesterol by sterol hydroxylases (Spann et al., 2012).
Interestingly, infection of macrophages with S. Typhimurium re-
sulted in reduced expression of several enzymes involved in
cholesterol biosynthesis but a selective prominent increase in
the expression of cholesterol 25-hydroxylase (Ch25h), which
mediates cholesterol oxidation to 25-hydroxycholesterol
(25-HC) (Figure 6A). 25-HC is a relatively weak LXR activator
that is able to induce LXR-mediated transcriptional activity at
high doses (Lala et al., 1997; Janowski et al., 1999). In our
studies, micromolar doses of 25-HC induced the expression of
Cd38, either alone or in synergy with IFN-y (Figure 6B), and
reduced macrophage infection in an LXR- and CD38-dependent
manner (Figures 6C and 6D). 25-HC can modulate inflammatory
responses both positively and negatively in different settings
(Reboldi et al., 2014; Gold et al., 2014). In macrophages infected
with Salmonella, 25-HC exerted dose-dependent repression of
inflammatory genes (Figure 6E). However, these actions were in-
dependent of the LXR-CD38 pathway (Figure 6E), in contrast to

Figure 4. Synergistic Induction of Cd38 by Inflammatory Signals and LXR Activation

(A—C) gPCR analysis of Cd38 expression in WT (A-C) or LXR-deficient macrophages (A and B) in response to one or more stimuli: S. Typhimurium (MOI 5, 8 hr),
LXR agonist T1317 (1 uM, 8 hrin A or 24 hr in B), RXR agonist LG268 (1 uM, 24 hr), TNF-a (20 ng/mL, 24 hr), IFN-y (5 ng/mL, 24 hr), LPS (100 ng/mL, 24 hr), IL-4
(20 ng/mL, 18 hr), IL-10 (10 ng/mL, 18 hr), and TGF- (2 ng/mL, 18 hr). Data represent mean + SEM (n = 3). In (A) and (B), #p < 0.05, ##p < 0.01 versus the same
treatment in WT cells. Statistical analysis was performed with a two-way ANOVA Bonferroni (A), Kruskal Wallis followed by Mann-Whitney U test for paired
comparisons (B), or t test (C).

(D) Intracellular NAD* levels in WT and CD38-deficient macrophages stimulated or not with LPS (100 ng/mL) (top) or TNF-a. (20 ng/mL) (bottom) for 24 hr. Data
represent mean + SEM; n = 7 (WT, top), n = 3 (CD38 /", top), n = 10 (WT, bottom), and n = 6 (CD38 /", bottom) (t test).

(E) Fluorimetric analysis of intracellular ROS production in response to LPS (100 ng/mL) and IFN-vy (5 ng/mL) (6 hr) in WT and CD38-deficient cells. Data represent
mean + SD (representative experiment of n = 4, with each experiment using biologically distinct triplicates).

(F) Intracellular NADase activity. Data represent mean + SEM; n=5 (WT)and n=3 (LXR /", CD38/") (each experiment performed with cells pooled from at least
two mice). Statistical analysis was performed using a Kruskal-Wallis test. *p < 0.05, **p < 0.01 vs control cells from the same genotype; #p < 0.05, ##p < 0.01 vs
same treatment in WT cells.

(G) Luciferase reporter studies in Raw264.7 macrophages stably transfected with LXRa and transiently cotransfected with a reporter plasmid containing the Cd38
enhancer with WT LXRE (Cd38enh WT) or with mutated LXRE (Cd38enh MUT), as well as a plasmid overexpressing RXRa. Transfected cells were stimulated for
24 hr with vehicle (DMSO), T1317 (1 uM), LPS (100 ng/mL), or a combination of both. Data represent mean + SEM (n = 4). #p < 0.05 versus the same treatment in
cells transfected with the WT construct (Kruskal-Wallis).

See also Figure S5. *p < 0.05, **p < 0.01.
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Figure 5. CD38 Mediates the Protective Effects of LXR Agonists on Macrophage Infection
(A) Effects of the LXR agonist T1317 on the percentage of infected cells (top) and the amount of intracellular bacteria (bottom) in WT and CD38-deficient
macrophages, as assessed by confocal fluorescence microscopy. Data represent mean + SEM (n = 4; two-way ANOVA Bonferroni).

(legend continued on next page)
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the role in macrophage bacterial infection. Altogether, these ob-
servations suggest that induction of CH25H during the host
innate response against Salmonella may provide local endoge-
nous LXR agonists that limit subsequent macrophage infection
through the LXR-CD38 circuit and, in parallel, activate mecha-
nisms that are independent of LXRs to further keep inflammatory
responses under control.

Pharmacological Treatment with a Synthetic LXR
Agonist Ameliorates the Clinical Signs Associated with
Bacterial Infection In Vivo

Based on the findings described throughout this work, we next
analyzed whether pharmacological treatment with a synthetic
agonist has protective effects on Salmonella infection in vivo.
Mice were administered either vehicle or the LXR agonist
T1317 daily during the course of a lethal infection with S. Thyphi-
murium and monitored for the first 5 days post-infection. Remark-
ably, pharmacological LXR activation resulted in a significant
decrease in body mass loss and in the severity of the clinical
score during the course of infection (Figures 7A and 7B). The
ameliorating effects of the agonist were abolished in animals defi-
cientin LXRs (Figures 7C and 7D) or CD38 (Figures 7E and 7F). In
LXR™'~ mice, in fact, treatment with T1317 accelerated the loss of
weight associated to infection. Moreover, in WT mice, but not in
CD38~/~ mice, the agonist decreased the infection index of sple-
nocytes 4 days after the start of infection (Figures 7G and 7H) as
well as the expression of several markers of inflammation in the
liver and spleen (Figure S6), suggesting that pharmacological
activation of LXRs inhibited the capability of orally administered
Salmonella to disseminate and infect distant organs.

To evaluate the specific contribution of bone-marrow-derived
CD38-expressing cells, we analyzed the response to infection in
mice that had been sub-lethally irradiated and transplanted with
either WT or CD38-deficient bone marrow. Interestingly, activation
of the LXR pathway did not reduce the loss of body weight and
other clinical signs associated with infection in mice reconstituted
with CD38~/~ bone marrow, in contrast to the ameliorating effects
observed in mice transplanted with WT bone marrow (Figures 71-
7J). In correlation with these observations, treatment with the LXR
agonist significantly inhibited the infection index of splenocytes
(Figure 7K) and the expression of several inflammatory genes in
WT, but not CD38-deficient, bone marrow recipients (Figure S7).
Collectively, these results suggest that CD38 induction in bone-

marrow-derived cells is an important mediator of the ameliorating
actions of the LXR pathway in Salmonella infection.

DISCUSSION

In this study, we have identified a previously unappreciated strat-
egy to inhibit the potential of S. Typhimurium to infect host
macrophages based on pharmacological targeting of the LXR
pathway. A key finding of our work is the mechanism that
accounts for these protective effects, which involves transcrip-
tional upregulation of the multifunctional enzyme CD38. Interest-
ingly, LXR activation did not interfere with phagocytosis of
IgG-opsonized bacteria, suggesting that the protective effects
of LXR agonists do not interfere with bacterial clearance through
Fcy receptors once the adaptive immune system has generated
opsonizing antibodies against the pathogen.

A role for CD38 in the host response against bacteria has
been previously proposed based on increased susceptibility
of CD38-deficient mice to other bacterial strains, in correlation
with defects in immune cell infiltration to sites of infection (Par-
tida-Sanchez et al., 2001; Lischke et al., 2013) or with defective
polarization of Th1 immune responses (Viegas et al., 2007). In
this work, we describe a previously unrecognized function of
CD38 in mediating macrophage protection from invasive bacte-
rial infection. The major enzymatic activity of CD38 is consid-
ered to be its NADase activity, as it hydrolyzes 100 molecules
of NAD* to generate 1 molecule of cADPR (Aksoy et al.,
2006). In the model we propose here, LXR activation reduces
NAD™ levels as a consequence of elevated CD38 expression,
resulting in cytoskeletal changes that interfere with membrane
ruffling and/or other mechanisms subverted by invasive
bacterial strains. Consistent with this model, addition of NAD*
reverted the changes in cell morphology and dorsal F-actin
accumulation in macrophages and rescued the capability of
S. Typhimurium to infect macrophages in the presence of an
LXR agonist. The virulence of invasive Salmonella strains corre-
lates with their capability to induce extensive cell membrane
ruffling and macropinocytosis and enter inside macrophages
via “spacious phagosomes” (Kiama et al., 2006; Alpuche-
Aranda et al., 1995). Among the effectors secreted by S. Typhi-
murium, cell invasion protein A increases the actin polymeriza-
tion rate (Lilic et al., 2003) and Salmonella outer protein E en-
hances the activity of host cell Rho family GTPases involved

(B) Treatment with IFN-y (5 ng/mL, 24 hr) reduced the infection in WT, but not CD38-deficient, macrophages, as assessed by confocal microscopy. Data
represent mean + SEM (n = 3; Mann-Whitney Wilcoxon).

(C) Repressive effects of T1317 on proinflammatory gene expression in WT and CD38-deficient macrophages (QPCR analysis). Data represent mean + SEM
(n = 5; two-way ANOVA Bonferroni). ##p < 0.01 vs the same treatment in WT cells.

(D and E) Video microscopic analysis of cytosolic Ca®* levels in WT (D and E), LXR-deficient (D), and CD38-deficient (D) macrophages loaded with fura-2 AM. Prior
to the analysis, the cells were stimulated with T1317 (1 uM, 24 hr) or vehicle (DMSO) with or without exogenous addition of NAD* (1 mM) for the last 2 hr of
treatment. In (D, bottom), changes in cytosolic Ca®* levels after inducing Ca®* mobilization from the ER by thapsigargin (1 uM). In (D), data represent mean + SEM
(pooled data from three independent experiments; Kruskal Wallis). (E) Representative experiment showing that infection by S. Typhimurium (MOI 20) did not result
in changes in cytosolic Ca®* levels in cells previously stimulated or not with T1317. As a control, the response to thapsigargin was also evaluated; data represent
mean = SD (n = 3, each experiment performed in triplicates). Similar results were obtained using MOlIs 5-10.

(F) Treatment with 8br-cADPR (20 uM, 2 hr) does not impair the capability of T1317 to inhibit macrophage infection, as assessed by flow cytometry studies of
macrophage infection. Data represent mean + SEM (n = 3; ANOVA Bonferroni).

(G-I) Morphological analysis by confocal fluorescence microscopy of CD38-deficient macrophages. Representative images (scale bars, 10 um) (G), cell elon-
gation ratio (H), and dorsal F-actin accumulation (l). Data represent mean + SEM (n = 3; ANOVA Bonferroni).

*p < 0.05, **p < 0.01.
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Figure 6. Salmonella Infection Induces the Expression of Ch25h in Macrophages
(A) Effects of Salmonella infection on the relative mRNA levels of several enzymes involved in cholesterol and oxysterol biosynthesis. Macrophages were infected
with S. Typhimurium for 30 min, and gene expression was evaluated by gPCR 8 hr post-infection. Mean + SEM (n = 3; t test). Cyp517, sterol 14a-demethylase;
Dhcr24, 24-dehydrocholesterol reductase; Sqle, squalene epoxidase.
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in the regulation of the cytoskeleton (Hardt et al., 1998). F-actin filaments and may also modulate actin dynamics
Moreover, NAD* is used as a cofactor to sustain the glycolytic  through several other mechanisms (Yin et al., 2012; Venter
activity in macrophages and generate ATP for polymerization of et al., 2014).

(B) Cd38 mMRNA expression was evaluated by qPCR upon treatment of WT or LXR-deficient macrophages with the indicated doses of 25-HC in the presence or
absence of IFN-y (5 ng/mL). Mean + SEM (n = 3; Kruskal-Wallis).

(C) Confocal microscopy studies indicating that incubation with 25-HC (30 uM) reduced infection by S. Typhimurium in WT, but not LXR- or CD38-deficient,
macrophages. Data represent mean + SEM (n = 3; t test).

(D) Quantification of viable intracellular S. Typhimurium. Macrophages from WT (left), LXR-deficient (middle), or CD38-deficient (right) were treated with 25-HC
(8-30 uM) or vehicle (ethanol) for 18 hr and then infected with S. Typhimurium for 30 min. Quantification of intracellular bacterial CFUs after plating serial dilutions
of cell lysates on agar. Data represent mean + SEM (n = 6; ANOVA Bonferroni).

(E) 25-HC modulates inflammatory gene expression independently of LXR and CD38. Macrophages were treated with 25-HC (0.3-30 uM) 18 hr before infection
with S. Typhimurium. Inflammatory gene expression was determined by qPCR 6 hr post-infection. Data represent mean + SEM (n = 4; ANOVA Bonferroni).

*p < 0.05, **p < 0.01.
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We have identified a functional LXRE that conferred LXR/RXR
agonist responsiveness to a Cd38 enhancer-directed luciferase
construct. Interestingly, CD38 expression can be also induced
by other members of the nuclear receptor family, including retinoic
acid receptor alpha (Drach et al., 1994) and peroxisome prolifera-
tor-activated receptor gamma (Song et al., 2012). Although we
cannot discard possible cooperation between other RXR hetero-
dimeric partners and LXRs, the induction of macrophage CD38 by
LXR/RXR agonists and the protective mechanism uncovered here
depends on functional LXR expression, suggesting that these ef-
fects are mediated directly by LXR-RXR heterodimers.

Another major insight from this report is that cooperative ac-
tions between LXRs and inflammatory signals translate into syn-
ergistic induction of CD38 expression and its NADase activity.
Our reporter studies suggest that these effects occur through
combined actions at the transcriptional level, which contrasts
with general mutually repressive activities between LXRs and
LPS or IFN-y (Castrillo et al., 2003; Ghisletti et al., 2007; Pasc-
ual-Garcia et al., 2013). Our results support the notion that
such cooperative regulation of macrophage CD38-dependent
NADase activity represents a protective mechanism to control
excessive internalization of live bacterial cells. This mechanism
may be induced endogenously to some extent through induction
of CH25H during infection and subsequent production of the
oxysterol 25-HC. Micromolar doses of 25-HC resulted in CD38
upregulation and protection from macrophage infection in an
LXR- and CD38-dependent manner, raising the possibility that,
within infected tissues, intracellular or locally secreted 25-HC
levels that reach the threshold to activate the LXR pathway, in
combination with inflammatory mediators, contribute to limit
intracellular macrophage infection.

Importantly, pharmacological treatment with a high-affinity
LXR agonist ameliorated the levels of infection in the spleen
and the clinical signs of disease after oral administration of S. Ty-
phimurium in a CD38-dependent manner. Once they have in-
fected intestinal epithelial cells, Salmonella cells continue to
disseminate to other organs and their intracellular life within
macrophages is essential for dissemination. We therefore hy-
pothesize that pharmacological activation of the LXR-CD38 cir-
cuit, most probably enhanced by mediators in the inflammatory
milieu, protects uninfected macrophages from posterior infec-
tion, therefore restraining the capability of Salmonella cells to
disseminate throughout the body. Moreover, the LXR agonist
also exerts anti-inflammatory actions that contribute to amelio-
ration of the severity score of disease. Interestingly, despite
the fact that LXR agonists repress macrophage inflammatory
gene expression independently of CD38 in vitro, the induction
of a number of inflammatory mediators in both the spleen and
the liver of Salmonella-infected animals was downregulated by
the LXR agonist in WT, but not CD38-deficient, mice. We inter-
pret that two mechanisms affecting the extent of inflammation
may be operating simultaneously in vivo: on one hand, LXR
may repress the inflammatory response independently of
CD38, and, on the other hand, the LXR-CD38 axis protects mac-
rophages from infection, thus reducing bacterial dissemination
to other organs and indirectly contributing to downregulated
inflammation. Beyond these considerations, we cannot discard
the contribution of other mechanisms regulated by LXRs, such
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as induction of SPa/AIM, a protein that protects macrophages
from bacterial-induced cell death (Joseph et al., 2004; Valledor
et al.,, 2004) and regulates autophagy during mycobacterial
infection (Sanjurjo et al., 2015). Importantly, our bone marrow
transplantation studies provide evidence that the expression of
CD38 specifically in bone-marrow-derived cells is important for
the LXR-mediated effects described here, including the reduc-
tion in the levels of splenocyte infection, the extent of inflamma-
tion, and other clinical signs associated with Salmonella
infection. Our studies, however, do not exclude that CD38
expression in bone-marrow-derived cells other than macro-
phages (e.g., neutrophils) contributes to the observed effects
of the LXR agonist in vivo. Indeed, the concerted activities of
CD38 seem to favor the extracellular permanence of invasive
bacterial strains, as suggested here, and the chemotaxis of neu-
trophils to sites of infection (Partida-Sanchez et al., 2001), which
may, in parallel, promote extracellular bacterial killing and limit
macrophage-mediated dissemination. In consideration of
evolving antimicrobial resistance in certain parts of the world,
this work strengthens the relevance of LXR agonists or drugs
that potentiate CD38 NADase activity as potential therapeutic
strategies in host-directed therapy against infections that use
the macrophage as a niche for replication.

EXPERIMENTAL PROCEDURES
See Supplemental Experimental Procedures for more information.

Animal Strains

All the protocols requiring animal manipulation have been approved by the
ethical committee from Parc Cientific de Barcelona, University of Barcelona,
Mayo Clinic and Institut Pasteur in Montevideo.

Cell Cultures

Bone-marrow-derived macrophages were obtained from bone marrow pre-
cursors differentiated for 6-7 days in DMEM (PAA Laboratories) supplemented
with 20% heat-inactivated fetal bovine serum (FBS) (PAA) and 30% L-cell
conditioned medium. Both female and male mice were used indistinctively
for generation of primary macrophages. Raw264.7 macrophages and COS-7
(ATCC) cells were grown in DMEM 10% heat-inactivated FBS.

In Vitro Infection

Macrophages were plated in cell culture plates containing DMEM 10% FBS
and infected with S. Typhimurium or E. coli for 30 or 60 min at different
MOiIs (5-20). Non-internalized bacterial cells were eliminated by three washes
with PBS. In some experiments, macrophages were then incubated for 1 hrin
complete medium containing 100 pg/mL gentamicin (Sigma-Aldrich) to Kkill
extracellular bacteria and then switched to complete medium with a lower
dose of gentamicin (10 pg/mL) and processed at different times post-infection.
In some experiments, S. Typhimurium was opsonized with anti-Salmonella
LPS IgG (Santa Cruz Biotechnology) for 2 hr at 4°C.

Determination of Macrophage Infection by Flow Cytometry

Infected cells were fixed in PBS 4% paraformaldehyde, and cells containing
fluorescent bacteria (RFP+) were counted using a FacsAria | SORP sorter
(Becton Dickinson). In each experiment, non-infected cells were used as inter-
nal controls of macrophage auto-fluorescence, and cells infected at 4°C were
used to distinguish attached versus internalized bacteria. For more detailed
information, see Supplemental Experimental Procedures.

Confocal Fluorescence Microscopy
Infected macrophages were washed with PBS and fixed with 4% parafor-
maldehyde for 10 min. After two additional washes with PBS, the cells were



incubated with wheat germ agglutinin (WGA)-Alexa 488 (2.5 ng/mL,
10 min) or Bodipy-fluorescein isothiocyanate (FITC) (4 png/mL, 30 min)
(Life Technologies) to stain cell membranes. In some experiments, F-actin
filaments were stained with phalloidin-Alexa 633 (Life Technologies)
(10 pg/mL) for 30 min at 37°C. Cell nuclei were stained with DAPI
(1 ng/mL) for 5 min, whereas intracellular bacteria were detected by RFP
emission. The cells were mounted in Vectashield (Vector Laboratories).
Confocal images and z stack sections were acquired using Leica TCS
SP2 and SP5 confocal microscopes (Leica Microsystems) and processed
with Imaged software. Five random fields per coverslip were recorded
and, in each experiment, at least triplicate coverslips were generated for
each condition.

In Vivo Infection

In experiments evaluating the clinical signs of infection, adult (3-5 months
old) WT, LXR-deficient, or CD38-deficient female mice were pretreated
with 10% sodium bicarbonate for 10 min and then infected by oral gavage
with S. Typhimurium (107 CFU in 200 pL saline solution per animal). To eval-
uate the effects of LXR activation on morbidity, the animals were daily
administered by intraperitoneal (i.p.) injection either vehicle (DMSO) or the
LXR ligand T1317 (15 mg/kg animal) dissolved in physiologic saline, starting
24 hr prior to infection. Each animal was daily monitored for weight changes
and other parameters associated with infection-induced morbidity, and a
clinical scoring system was defined according to the development of any
of the following clinical signs (one point for each sign): >15% weight loss, se-
vere hunched position, ruffled fur, watery eyes, or slow movement. In some
experiments, the mice were sacrificed at day 4 post-infection, and the infec-
tion index in the spleen was determined. In these assays, the spleens were
disaggregated through a 100-um cell strainer, and the erythrocytes were
lysed using 1X Pharm Lyse lysing solution (BD Biosciences). The splenocytes
were fixed in PBS 5% paraformaldehyde, and the percentage of infected
cells (containing RFP+ bacteria) was analyzed by flow cytometry. An infec-
tion index was calculated for each animal by using the following formula:
infection index = (percentage of RFP+ splenocytes) x (mean fluorescence in-
tensity in the RFP+ population). Spleen samples from non-infected mice
were used as negative controls.

Irradiation and Bone Marrow Transfer

Eight-week-old C57BL/6 females were sub-lethally irradiated with two
sessions of 4.5 Gy separated by 4 hr. The animals were then injected with
3 x 10° bone marrow cells from either WT or CD38-deficient female donors.
These procedures were carried out at the animal facility of Parc de Recerca
Biomedica Barcelona (PRBB). Two months after the bone marrow transfer,
the mice were treated with an LXR agonist or vehicle and infected with S. Ty-
phimurium as indicated above. Blood, spleen, and bone marrow specimens
from non-infected mice were used to analyze the efficiency of replacement
of the hematopoietic system. In these assays, surface CD38 expression was
analyzed through flow cytometry. See Supplemental Experimental Procedures
for more information.

RNA Extraction and Quantitative Real-Time PCR Determination

Total RNA was extracted using TRIzol Reagent (Life Technologies) as recom-
mended by the manufacturer. More information on cDNA synthesis and quan-
titative real-time PCR (real-time gPCR) can be found in Supplemental Experi-
mental Procedures. Primers used for measuring specific gene expression are
described in Table S1.

Protein Extraction and Western Blot Analysis

Cells were washed in cold PBS and lysed on ice in RIPA buffer (25 mM Tris-HCI
[pH 7.6], 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS)
supplemented with protease inhibitors. The samples were processed as
described in Supplemental Experimental Procedures.

NAD Cycling Activity

To determine intracellular NAD* levels, 3 x 10° macrophages were lysed in
10% trichloroacetic acid (TCA) (Sigma-Aldrich) by sonication. Sonicated sam-
ples were centrifuged at 12,000 rpm for 2 min. The supernatants were

collected, and the pellets were resuspended in 0.2 N NaOH for protein deter-
mination. TCA extraction was performed on the supernatants by adding 2 vol
1,1,2-trichloro-1,2,2-trifluroethane and 3 vol trioctylamine. After phase
separation, the top aqueous layer containing NAD* was recovered, and
its pH was adjusted to 8.0. In a 96-well plate, 100 pL of each sample diluted
in water was mixed with 100 pL of a cycling reagent solution (100 mM
NaH,PO, [pH 8], 0.76% ethanol, 4 puM riboflavin 5-monophosphate,
27.2 U/mL alcohol dehydrogenase, 0.24 U/mL diaphorase, and 8 uM resa-
zurin) and incubated for 20 min in the dark. The samples were monitored
every min for 60 min in a fluorescence plate reader (excitation wavelength =
544 nm; emission wavelength = 590 nm). A standard curve with known con-
centrations of NAD* was used to determine the amount of NAD" in the pro-
cessed samples. The data were normalized by the amount of protein in each
sample.

NADase Activity

NADase activity was measured using a fluorescence-based assay. In each
sample, 5 x 10 macrophages were lysed by sonication in Sucrose-Tris buffer
(0.25 M sucrose, 40 mM Tris [pH 7.4], and protease inhibitors). The samples
were excited at 300 nm and the fluorescence was measured at 410 nm. After
the baseline was recorded, 80 pM of 1,N6-etheno-adenine dinucleotide was
added to start the reaction. The emission of fluorescence was followed at
37°C every min for 1 hr in a Gemini XPS fluorescence microplate reader
(Molecular Devices). NADase activity was calculated as the slope of the linear
portion of the fluorescence-time curve, corrected by the amount of protein in
each sample. The final results are expressed as NADase activity (df/dt) per
milligram protein. For each experimental condition, duplicate samples were
processed.

Statistical Analysis

Statistical analyses were performed with SPSS software (IBM). For data with
normal distribution, an ANOVA Bonferroni test or a Student’s t test was used
to determine statistical differences between multiple or paired comparisons,
respectively. Instead, a Kruskal-Wallis Dunn’s test or a Mann-Whitney U Wil-
coxon test was used for data without normal distribution. In experiments eval-
uating changes of body weight along the course of infection, a repeated-mea-
sures two-way ANCOVA was used, adjusting for weight at day 0 of infection.
Differences were considered significant when p < 0.05.

To make different experiments comparable in Figures 1A and 2C, the data
were normalized using the following procedure. The intensity of each experi-
ment (i) was calculated by determining the mean value of infection between
the vehicle-treated control and the T1317-treated WT cells. The intensities of
separate experiments were normalized by the mean intensity value of all the
experiments (i) and, for each experiment, the resulting normalization factor
(im/ie) was multiplied with the percentage of infected cells of all the samples
in that experiment. Similar calculations were applied to Figures 3G, 3L, 4D,
and 4G.

The accession number for the microarray datasets reanalyzed in this work is
MIAMExpress: E-MEXP-3871 (Pascual-Garcia et al., 2013).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
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During infection, pathogens often encounter metal limitation. Alterations in the concentrations of certain metal
ions have a great impact in cell physiology and gene expression. For instance, changes in the concentration of
iron regulate the expression of virulence factors through metalloregulatory proteins such as Fur, the ferric uptake
regulator, and the closely related PerR, the peroxide-stress regulator!. Recent studies revealed that another metal
ion, zing, also has an effect on bacterial physiology during infection®*. Zinc is an essential element as a catalytic or
structural cofactor of key enzymes and proteins involved in many processes such as DNA replication and protein
synthesis and turnover®®. Conversely, zinc can be toxic to bacteria when present in excess and so intracellular
levels must be tightly controlled®’. Zinc release from host tissue has been proposed to be an important innate
defense mechanism’. In the case of S. pneumoniae infection in mice, elevated total zinc concentrations have been
reported in host tissue and serum samples. The authors propose that the ability of zinc excess to inhibit pathogen
growth arises from zinc competition with Mn uptake’. Zinc concentration in host fluids can rise in response to
bacterial infection and inflammation by its release from damaged or apoptotic cells, and from sequestering pro-
teins such as metallothionein”.

Studies in both E. coli and B. subtilis have shown that, in response to variations in zinc concentration, cells
regulate gene expression using the metalloregulatory protein Zur (zinc uptake regulator) as a sensor. Zur forms
a dimeric complex with zinc acquiring the ability to bind DNA and to repress gene expression®. Characterized
Zur regulons mainly consist of genes coding for proteins involved in zinc homeostasis and paralogs of ribosomal
proteins which, under zinc limitation conditions, replace ribosomal proteins that contain zinc®. Although most
known Zur-regulated genes are involved in zinc uptake and adaptation to low concentrations of the metal®1?, a
number of questions about how Zur impacts overall cell physiology and pathogenesis remain unanswered.

IDepartment of Genetics, Microbiology and Statistics, School of Biology, Universitat de Barcelona, Avda. Diagonal
643, Barcelona, 08028, Spain. 2Chemistry of Life Process Institute, and Department of Chemistry, Northwestern
University, Evanston, lllinois, 60208-3113, United States of America. *Nuclear Receptor Group, Department of Cell
Biology, Physiology and Immunology, School of Biology, Universitat de Barcelona, Avda. Diagonal 643, Barcelona,
08028, Spain. Correspondence and requests for materials should be addressed to C.B. (email: cbalsalobre @ub.edu)
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Abstract

Antimicrobial resistance (AMR) is currently one of the most important challenges to the
treatment of bacterial infections. A critical issue to combat AMR is to restrict its spread. In
several instances, bacterial plasmids are involved in the global spread of AMR. Plasmids
belonging to the incompatibility group (Inc)HI are widespread in Enterobacteriaceae and
most of them express multiple antibiotic resistance determinants. They play a relevant role
in the recent spread of colistin resistance. We present in this report novel findings regarding
IncHI plasmid conjugation. Conjugative transfer in liquid medium of an IncHI plasmid
requires expression of a plasmid-encoded, large-molecular-mass protein that contains an
Ig-like domain. The protein, termed RSP, is encoded by a gene (ORF R0009) that maps in
the Tra2 region of the IncHI1 R27 plasmid. The RSP protein is exported outside the cell by
using the plasmid-encoded type IV secretion system that is also used for its transmission to
new cells. Expression of the protein reduces cell motility and enables plasmid conjugation.
Flagella are one of the cellular targets of the RSP protein. The RSP protein is required for a
high rate of plasmid transfer in both flagellated and nonflagellated Salmonella cells. This
effect suggests that RSP interacts with other cellular structures as well as with flagella.
These unidentified interactions must facilitate mating pair formation and, hence, facilitate
IncHI plasmid conjugation. Due to its location on the outer surfaces of the bacterial cell, tar-
geting the RSP protein could be a means of controlling IncHI plasmid conjugation in natural
environments or of combatting infections caused by AMR enterobacteria that harbor IncHI
plasmids.

Author summary

Dissemination of antimicrobial resistance (AMR) among different bacterial populations
occurs due to mainly the presence of plasmids that encode AMR determinants. IncHI

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008399  September 17, 2019
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Methods for Assessing the Effects of LXR Agonists
on Macrophage Bacterial Infection

Estibaliz Glaria, Jonathan Matalonga, and Annabel F. Valledor

Abstract

Macrophages are phagocytic cells that actively engulf and kill microorganisms within a specialized phago-
lysosomal system. Several pathogenic bacteria, however, actively co-opt host mechanisms and escape from
microbial digestion to establish intracellular replication within macrophages. This chapter highlights
detailed protocols to measure the effects of the LXR pathway on bacterial infection of murine bone
marrow-derived macrophages.

Key words LXR, Macrophage, Bacteria, Infection

1 Introduction

Macrophages play essential roles in the immune response against
pathogens. Upon recognition of pathogen-associated molecular
patterns and /or opsonins, they internalize microorganisms, includ-
ing bacterial cells, through phagocytosis. After engulfment, macro-
phages kill and digest the internalized material within the
phagolysosomal system [1]. Although a wide range of microorgan-
isms are successfully eliminated by phagocytes, several pathogenic
bacteria have developed strategies, including the capability to
actively invade host cells and escape from microbial digestion
within phagolysosomes, to survive within the host. Paradoxically,
despite harboring an arsenal of microbicidal tools, macrophages
represent a cellular compartment in which many pathogens estab-
lish for intracellular replication and subsequent dissemination
[2]. As an example, Salmonelin enterica serovar Typhimurium (S.
Typhimurium) actively promotes its own uptake by macropinocy-
tosis through the use of a type III secretion system that allows the
bacterium to inject effectors that target the host cell cytoskeleton
[3]. Later on, the bacterium is able to modify the phagosome
transforming it into a Salmonella-containing vacuole that supports

Matthew C. Gage and Inés Pineda-Torra (eds.), Lipid-Activated Nuclear Receptors: Methods and Protocols,
Methods in Molecular Biology, vol. 1951, https://doi.org/10.1007/978-1-4939-9130-3_10,
© Springer Science+Business Media, LLC, part of Springer Nature 2019
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bacterial cell survival and replication. Infection and intracellular
survival in macrophages is required for full virulence of S. Typhi-
murium in vivo [4].

Nuclear receptors are a family of ligand-activated transcription
factors that control many aspects of physiology. Within this family,
liver X receptors (LXRs) are activated by specific oxidized forms of
cholesterol (oxysterols) and intermediaries of cholesterol biosyn-
thesis to subsequently regulate the expression of genes involved in
lipid and glucose homeostasis and in immune responses [5, 6]. Two
LXR isoforms have been described (LXRa and ), and each of them
forms heterodimers with retinoid X receptors (RXRs) to positively
modulate target gene expression. Recent work from our group has
identified a molecular mechanism by which LXR agonists interfere
with the capability of S. Typhimurium to infect murine macro-
phages [7]. This mechanism involves transcriptional activation of
the NADase CD38, which translates in reduced intracellular NAD+
levels and interferes with pathogen-induced changes in the F-actin
cytoskeleton, limiting the capability of non-opsonized Salmonelln
to infect macrophages.

In this chapter we describe in detail protocols based on the use
of flow cytometry and confocal microscopy to measure the effects
of the LXR pathway on infection of murine bone marrow-derived
macrophages by an invasive S. Typhimurium strain.

2 Materials

All the materials must be sterile and endotoxin-free.
1. LXR agonists: T0901317, GW3965, and
25-hydroxycholesterol.
2. RXR agonist: LG100268.
. Dimethyl sulfoxide (DMSO).

. High-glucose DMEM with rL-glutamine and without sodium
pyruvate.
5. Fetal bovine serum (FBS).

6. Phosphate-buffered  saline (PBS) without calcium/
magnesium.

W

7. Bacterial liquid growth medium 2xYT: 1.6% Bacto tryptone,
1% Bacto yeast extract, 0.5% NaCl, pH 7.

8. Bacterial liquid growth medium Super Optimal Broth (SOB):
2% Bacto tryptone, 0.5% Bacto yeast extract, 10 mM NaCl,
2.5 mM KCI, 10 mM MgCl,, 10 mM MgSOy4, pH 7.

9. Ampicillin.



10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.
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Transformation buffer 1: 0.1 M RbCl, 50 mM MnCl,-4H,O0,
30 mM KAc, 10 mM CaCl,-2H,0, 10% glycerol, pH 5.8.

Transformation buffer 2: 0.2 M MOPS, 10 mM RbCl, 75 mM
CaCl,-2H,0, 12% glycerol, pH 6.8.

100 mL and 1 L Erlenmeyer flasks.
Tissue culture plates (6-well and 24-well).
Cell scrapper.

50 mL polypropylene tubes.

1.5 mL polypropylene microtubes.
Centrifuge.

Hemacytometer.

Liquid bath.

Incubator at 37 °C.

Humidified incubator at 37 °C, 5% CO,.
Horizontal shaker.

Petri dishes containing solid LB agar.
Bunsen burner.

L-Shaped glass spreader.

75% ethanol.

Spectrophotometer.

Paraformaldehyde (PFA) 1% and 4% in PBS, prepared fresh.
Wheat germ agglutinin (WGA) conjugated to Alexa Fluor 488.
DAPI (1 pg/mL).

Mounting medium.

Microscopy slides and coverslips.

Milli-Q H,0.

Flow cytometer (equipped with an excitation red laser
(561 nm) and fluorescence detector at 610,/20 nm).

Confocal microscope (equipped with lasers exciting at 405 nm,
488 nm, and 561 nm wavelengths).

3 Methods

3.1 Macrophage
Plating and Culture

All the steps before sample processing must be carried out under
sterile conditions.

1.

2.

Murine bone marrow-derived macrophages should be gener-
ated as described [8].

Plate macrophages using the following indications:
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3.1.1  For Flow Cytometry

3.1.2  For Confocal
Microscopy

3.2 Treatment with
LXR/RXR Agonists

3.3 Obtention of
Bacterial Cells
Expressing Red
Fluorescent Protein
(RFP)

3.3.1  Prepare Competent
Bacterial Cells for Heat
Shock Transformation

Estibaliz Glaria et al.

1

. Plate 1.5 x 10° macrophages per well in 6-well plates with

2 mL of DMEM-10% FBS, and allow them to attach for 2 hin a
humidified incubator at 37 °C, 5% CO,.

. Plate 2 x 10° macrophages per well in 24-well plates contain-

ing UV-sterilized coverslips. Cover the cells with 1 mL of
DMEM-10% FBS, and allow them to attach for 2 h in a
humidified incubator at 37 °C, 5% CO,.

. Prepare a stock solution of LXR (or RXR) agonist (1-10 mM in

DMSO). Store stock at —80 °C.

Once the cells have attached to the plates, add LXR/RXR
agonists at 1 pM each for the desired period of time (see Note
1). Culture cells in a humidified incubator at 37 °C, 5% CO,.
For control samples, incubate the cells with DMSO (vehicle) at
the same dilution than the one in the samples treated with
ligands.

This protocol shows steps used for the generation of fluorescent .
Typhimurium strain SL1344. To avoid contamination by other
microorganisms, perform all the steps next to a Bunsen burner or
inside a biological safety cabinet with laminar flow.

10.

. Inoculate a bacterial colony in a 100 mL Erlenmeyer flask

containing 30 mL of SOB.

Grow bacteria overnight at 37 °C with horizontal shaking at
250 rpm.

. Subculture the cells in a 1 L Erlenmeyer flask using a 1:50

dilution in 100 mL of SOB.

Grow bacteria at 37 °C with horizontal shaking at 250 rpm
until the optical density of the culture at 600 nm (ODgqp)
reaches 0.45 (mid-log phase).

. Distribute the volume to four 50 mL Falcon tubes and keep

them on ice for 15 min.

Centrifuge for 15 min at 3000 x g, 4 °C to pellet the bacterial
cells.

. Remove supernatants, and resuspend bacterial cell pellets in

10 mL of transformation buffer 1.
Centrifuge for 15 min at 3000 x g, 4 °C.

Remove supernatants and resuspend in 4 mL of transformation

buffer 2.
Prepare 500 pL aliquots and freeze at —80 °C.



3.3.2 Transform S.
Typhimurium Strain

SL 1344 with pBR.RFP.1
Plasmid Encoding Red
Fluorescent Protein (RFP)
[9] (See Note 2) by Heat
Shock

3.4 Bacterial Cell
Growth

3.5 Macrophage
Infection

3.6 Process the Cells
for the Analysis of
Infection

3.6.1 Analysis by Flow
Cytometry

[S2 TN NGNS
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. Mix 100 pL of competent bacteria with 1-10 ng of supercoiled

plasmid DNA. For the negative control, use H,O instead of
plasmid DNA.

. Keep on ice for 30 min.
. Perform the heat shock at 42 °C for 1.5 min (in a liquid bath).
. Put the cells on ice for 5 min.

. Add 2xYT medium up to 1 mL, and grow the transformed

bacterial cells in a 1.5 mL microtube for 1 h at 37 °C with
horizontal shaking at 250 rpm.

. Plate 50 pL bacterial growth onto LB agar plates supplemented

with 100 pg/mL ampicillin, and allow the colonies to grow for
15 hat 37 °C.

. Pick a bacterial colony with a sterile pipette tip, and transfer it

to a 50 mL tube containing 10 mL 2xYT medium supplemen-
ted with 100 pg/mL ampicillin. To obtain a saturated culture,
let the bacteria grow for at least 16 h at 37 °C with horizontal
shaking at 250 rpm.

. Once at saturation (ODggg = 2), dilute the bacterial cell culture

1:100 by transferring 100 pL to a new 50 mL tube with 10 mL
2xYT, and culture it at 37 °C, 250 rpm for 2-3 h (at this time
bacterial growth would be in log phase, and bacterial cells
would express optimal levels of effectors for invasion).

. Measure the ODygqo of the bacterial cell culture using a spec-

trophotometer, and estimate the bacterial cell concentration
using a standard curve (se¢ Note 3).

. Add bacteria to the macrophage culture at the desired multi-

plicity of infection (MOI) (see Note 4). Let the infection occur
for 30 min in an incubator at 37 °C, 5% CO,. Also include two
types of controls: (a) negative control (noninfected cells) and
(b) control for attachment without engulfment (macrophages
are incubated with the bacteria for 30 min at 4 °C).

. Place the plates on ice to stop infection and bacterial replica-

tion. Remove culture media, and wash the cells three times
with 2 mL of’ice-cold PBS to remove non-internalized bacteria.

. Scrape cells in 1 mL PBS and transfer them to 1.5 mL

microtubes.

2. Centrifuge for 5 min at 200 x g, 4 °C to pellet the cells.

w

. Remove supernatant, and fix the cells in 150 pL. 1% PFA for

30 min at room temperature.

. To measure infection, analyze RFP fluorescence in macro-

phages by flow cytometry using a 561 nm laser for excitation
and a 610,/20 nm filter for the detection of emission. Check
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3.6.2 Analysis by 1.

Confocal Microscopy

bacterial cell fluorescence by comparing it to a negative control
(bacterial cells not transtformed with an RFP encoding
plasmid).

Fix cells on coverslips (inside the cell culture plates) with
300 pL 4% PFA for 30 min at room temperature.

2. Wash cells with 1 mL PBS.

. Stain cell membranes with 2.5 pg/mL fluorescent WGA for

30 min at room temperature.

. Stain nuclei with 1 pg/mlL DAPI for 5 min at room

temperature.

. Wash cells twice for 5 min with 1 mL PBS.

6. Wash cells with 1 mL. mQ H,O.

3.7 Estimation of 1.

MOI After the Infection

. Plate coverslips on microscopy slides with a drop of mounting

medium (follow recommendations for the specific mounting
medium).

. Store samples in the dark at 4 °C until subsequent analysis by

confocal microscopy (see Note 5).

. For each fluorochrome, collect serial 1 pm z-axis optical images

from whole cells using a 63x objective. Use the following
lasers: 405 nm (DAPI, nuclei), 488 nm (WGA-Alexa Fluor
488, membranes), and 561 nm (RFP, bacteria).

Make dilutions of bacterial culture in 1.5 mL microtubes with
2xYT (see Note 6).

. Dispense 100 pL of each dilution on LB agar plates (in dupli-

cates), and incubate overnight at 37 °C.

. Count colonies to calculate the exact MOI used in the

experiment.

4 Notes

. LXRs form heterodimers with RXRs to activate transcription of

their target genes. Agonists for both nuclear receptors can be
used (1 pM each) to obtain synergistic effects on induction of
gene expression.

. Transformation with a plasmid which, in addition to fluores-

cence, confers antibiotic resistance enables the selection of
bacteria of interest and avoids contamination by other bacteria.
When using antibiotic-resistant colonies, antibiotics should be
added to the solid LB agar plates and to the bacterial growth
medium.
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. To obtain a standard curve, make serial dilutions of a saturated

bacterial cell culture ranging from the original concentration to
1:100 dilution (e.g., 1:2, 1:4, 1:10, 1:100). Measure ODggq
and dispense 100 pL of each dilution on solid LB agar plates.
Incubate the plates with bacteria overnight at 37 °C. Then
count colonies to calculate the bacterial cell concentration,
and generate the standard curve by plotting cell concentration
vs absorbance.

. At MOI 5-10, invasive Salmonella will infect 10—40% macro-

phages within 30 min, and a reduction of infection by LXR
agonists can be detected.

. For optimal results, analysis of infection by confocal micros-

copy should be performed no longer than 2 weeks after sample
preparation.

. Despite the fact that an estimation of the bacterial MOI is

performed before the infection based on the ODggo of the
bacterial growth, it is recommended to calculate the exact
MOI used in each experiment by plating bacterial cell dilutions
on LB agar plates. Usually, dilutions 107 to 107 work best
for subsequent counting of viable bacterial colonies on plates.
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Abstract: CD38 is a multifunctional protein widely expressed in cells from the immune system and
as a soluble form in biological fluids. CD38 expression is up-regulated by an array of inflammatory
mediators, and it is frequently used as a cell activation marker. Studies in animal models indicate that
CD38 functional expression confers protection against infection by several bacterial and parasitic
pathogens. In addition, infectious complications are associated with anti-CD38 immunotherapy.
Although CD38 displays receptor and enzymatic activities that contribute to the establishment of
an effective immune response, recent work raises the possibility that CD38 might also enhance the
immunosuppressive potential of regulatory leukocytes. This review integrates the current knowledge
on the diversity of functions mediated by CD38 in the host defense to infection.

Keywords: CD38; CD157; immune response; infection

1. Introduction

The immune system is composed of a tightly regulated network of cells and molecules that
cooperate to protect the organism from a diversity of dangerous agents. Compartmentalization of the
immune system guarantees constant monitoring of tissues and controlled activation of the immune
response to eliminate pathogens and other harmful agents and return to homeostasis. The innate
immune system is essential for the initial containment of pathogens. Professional phagocytes such as
macrophages and neutrophils are recruited toward the infection site to engulf and kill microorganisms.
Dendritic cells internalize exogenous agents and migrate to the lymph nodes to trigger activation of the
adaptive immune system. Upon activation by antigen presentation through major histocompatibility
complexes (MHC), T cells either execute cytolysis on target infected cells (cytolytic T cells) or secrete
cytokines to further modulate the type of immune response (helper T cells, Th). In addition, B cells can
detect antigens on pathogens and differentiate to antibody-producing plasma cells [1].

CD38 is a multifunctional transmembrane protein that is widely expressed in immune cells.
In lymphocytes, monocytes, macrophages, dendritic cells, granulocytes, and natural killer (NK) cells,
the expression levels of CD38 on the cell surface depend on the stage of maturation and/or activation
of the cell (reviewed in [2]). Since its discovery almost four decades ago [3], accumulated evidence
indicates that CD38 plays important roles in various cell types in both physiological and pathological
contexts. Early studies suggested that human CD38 can establish lateral associations with various
membrane proteins/complexes, such as CD16 (in NK cells), the T cell receptor (TCR)/CD3 complex
and CD4 (in T cells), membrane immunoglobulin (Ig) and the B cell co-receptor complex (CD19/CD81)
(in B lymphocytes), and class Il MHC (in monocytes) [4-6]. On the basis of such interactions, CD38
was proposed to potentially contribute to cell signaling from these complexes. In agreement with
this notion, and despite the fact that CD38 contains a short cytoplasmic domain without signaling
motifs, CD38 relocalized at the immunologic synapse in T cells upon TCR engagement, contributing to
modulation of antigen-mediated T-cell responses [7]. In the same line, CD38 crosslinking decreased
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the threshold for B cell activation via the B-cell receptor (BCR) [8], suggesting its participation in BCR
signaling. Human CD38 was also shown to bind a specific nonsubstrate ligand, CD31/PECAM-1,
a member of the Ig superfamily that is highly expressed on the surface of different cell types, including
endothelial cells [9]. Interference with CD38-CD31 interaction inhibited lymphocyte adhesion to
endothelial cells.

In addition to receptor or co-receptor functions, CD38 also plays multiple roles derived from
intrinsic enzymatic activities. At neutral pH, CD38 converts nicotinamide adenine dinucleotide
(NAD) into ADP ribose (ADPR), cyclic ADPR (cADPR) and nicotinamide, whereas at acidic pH,
CD38 uses NAD phosphate (NADP) to generate nicotinic acid adenine dinucleotide phosphate [10,11].
The enzymatic products of these reactions are calcium-mobilizing second messengers with relevant
signaling consequences in diverse cellular contexts. Because the generation of ADPR and cADPR
requires large consumption of NAD, CD38 is considered the major NAD glycohydrolase (NADase)
in mammalian tissues [12]. In addition, CD38 can also catabolize the extracellular NAD* precursors
nicotinamide mononucleotide and nicotinamide riboside before they are transported into the cell for
NAD* biosynthesis [13].

The consequences of CD38 expression depend also on the ultrastructural configuration of the
molecule and its location within the cell (reviewed in [14]). CD38 has been shown to exist as either
monomeric [15], dimeric or even multimeric type II forms [16,17], displaying the catalytic site outside of
the cell, and as a type III form with the catalytic site facing the cytoplasm [18]. Moreover, an intracellular
pool of CD38 has been shown to be associated to mitochondrial and nuclear membranes (reviewed
in [19]). In these configurations, CD38 could have access to both extracellular and intracellular NAD*.
In addition, CD38 also exists as a soluble form, which is detectable in biological fluids [20].

Because of its abundant expression in immune cells, several studies have focused on the roles
of CD38 in the immune response to infection. Both in vivo and in vitro models have been used
in combination with CD38 deficiency, ligating/blocking antibodies or agonists/antagonists of CD38
activities in order to decipher the effects of CD38 in different cell types and infection settings. The aim
of the present review is to provide an updated overview on the diversity of functions mediated by
CD38 in the context of the host defense to infection.

2. CD38 Deficiency Results in Increased Susceptibility to Several Pathogens

Pathogenic bacteria are causative agents for a wide spectrum of infectious diseases. Bacterial
infection causes tissue damage through different mechanisms, including the killing of infected host cells,
the secretion of toxins and the induction of an exacerbated inflammatory response [21]. In vivo studies
demonstrated that CD38 deficiency in mice conferred increased susceptibility to infection by several
bacteria, namely Listeria monocytogenes (L. monocytogenes) [22], Mycobacterium avium (M. avium) [23] and
Streptococcus pneumoniae (S. pneumoniae) [24,25], and the parasite Entamoeba histolytica (E. histolytica) [26].

In addition, CD38 was recently shown to be a transcriptional target of the nuclear receptor liver X
receptor (LXR), which is activated by derivatives of cholesterol metabolism [27,28]. Pharmacological
treatment with a synthetic LXR agonist ameliorated the clinical severity of Salmonella Typhimurium
(S. Typhimurium)-infected mice and reduced the dissemination of the bacteria to the spleen in
a CD38-dependent manner. Of note, the expression of CD38 in bone marrow-derived cells was required
for the ameliorating effects of the LXR agonist [27].

Altogether, the observations in animal models indicate the importance of CD38 in the control of
infection, raising its potential interest as a target for host-directed therapy against infection. An overview
of mechanisms associated with the multifaceted nature of CD38 that modulate the establishment of
an effective immune response is provided in the following sections.

3. CD38 Contributes to Pro-Inflammatory Phenotypes in Innate Immune Cells

Pathogens that overcome natural barriers of the body can be subsequently recognized by innate
immune cells. Macrophages, neutrophils and dendritic cells detect pathogen-associated molecular
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patterns (PAMPs) through specialized receptors and initiate signaling cascades that lead to phagocytosis
and production of inflammatory mediators [1].

Pro-inflammatory cytokines produced by the host, such as tumor necrosis factor alpha and
interferon gamma (IFNYy), or the bacterial component lipopolysaccharide (LPS) induced the expression
of CD38 in murine and human macrophages [22,27,29-32] and during maturation of dendritic
cells [28,33]. Reciprocally, accumulated evidence suggests that CD38 helps sustain classical activation
of macrophages and dendritic cells (Figure 1). In this sense, CD38 signaling upon ligation by monoclonal
antibodies induced cytokine secretion in resting human monocytes [34] and enhanced interleukin
(IL)-12 production in synergy with IFNy in human dendritic cells [33]. The effects on monocytes
were also observed upon CD38 interaction with CD31 [34]. Furthermore, the lack of functional CD38
expression or the selective interference with its receptor or enzymatic activities in myeloid cells resulted
in reduced production of pro-inflammatory mediators in response to LPS [35,36] or to bacterial [27] or
viral infection [37]. In macrophages, these effects correlated with inhibition of the activation of the
NF«B signaling pathway [36].

Classical activation of macrophages and dendritic cells
Leukocyte infiltration to
inflamed/infected tissues
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Figure 1. Summary of immunological roles of CD38 in the response to infection. Steps of the immune
response to pathogens for which there are solid data involving the participation of CD38. Some elements
in the image have been obtained from Smart Servier Medical Art.

4. CD38 Enzymatic Activities Regulate Leukocyte Infiltration to Infected/Inflamed Tissues

Several inflammatory mediators, including cytokines and chemokines, increase vascular
permeability to facilitate sequential recruitment of immune cell types toward the site of infection [38].
Furthermore, molecules released by infectious agents are also recognized as chemoattractant signals
for a number of infiltrating cells [39].

In addition to a direct role of CD38 signaling on pro-inflammatory myeloid cell activation,
the enzymatic activities of CD38 and the subsequent generation of calcium-mobilizing second
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messengers are important for the recruitment of different leukocytes toward a number of
chemotactic signals produced at the site of infection [24,40,41] (Figure 1). A decrease in neutrophil
accumulation in S. pneumoniae-infected lungs was reported in mice lacking functional CD38 expression,
in correlation with reduced in vitro migration of CD38-deficient neutrophils to the chemoattractant
formylmethionyl-leucyl-phenylalanine [24,25]. Likewise, CD38 deficiency resulted in lower infiltration
of innate leukocytes in the liver and spleen of Listeria-infected mice [22] and in delayed recruitment of
neutrophils to livers infected with the parasite E. histolytica [26]. The intracellular calcium rise and the
chemotactic response of murine neutrophils to formyl peptide receptor ligands was inhibited by the
cADPR and ADPR antagonists 8-Br-cADPR and 8-Br-ADPR, respectively [40]. Similar results were
obtained upon treatment with a NAD* analog, N(8Br-A)D*, which can be converted to 8-Br-cADPR by
the ADP-ribosyl cyclase activity of CD38. Furthermore, antagonistic analogs of CADPR and ADPR also
blocked the chemotaxis of other leukocytes of human and murine origin to multiple chemoattractant
signals, including inflammatory chemokines [40,41].

5. Multifaceted Roles of CD38 in Phagocytosis

Within infected tissues, phagocytosis is a major mechanism used by professional phagocytes
to eliminate pathogens and dead cells [42]. Internalized bacteria are then killed and digested in
specialized phagolysosomes.

CD38-deficient macrophages displayed impaired capability to phagocytose L. monocytogenes
in vitro [22]. In experiments in which mice were first infected with L. monocytogenes and then injected
with fluorescent latex beads, CD38" inflammatory monocytes and neutrophils recovered from the liver
had taken up more beads than their CD38" counterparts [43], suggesting that CD38 activities could
also facilitate unspecific engulfment.

CD38 also positively regulated phagocytosis of latex beads coated with IgG in the absence of
PAMPs [44], a mechanism that is mediated by Fcy receptors. CD38 was shown to be recruited to the
forming phagosomes during internalization of IgG-opsonized particles by macrophages, with the
catalytic domain oriented to the lumen and correlating with an increase in intracellular cADPR and
calcium mobilization. The use of an antagonistic analog of cADPR or peritoneal macrophages
from CD38-deficient mice impaired the phagocytosis of IgG-coated latex beads. Noteworthy,
the environment usually found during the primary response to infection includes the presence
of PAMPs and an inflammatory milieu that might be complemented later with antigen-specific
antibodies if the adaptive immune system becomes activated. Thus, the role of CD38 in mediating
phagocytosis of IgG-opsonized material might be of particular relevance once the adaptive immune
response has generated antibodies against the pathogen (Figure 1).

In contrast with CD38 facilitating the internalization of L. monocytogenes and latex beads, treatment
of macrophages with an LXR agonist limited the internalization of S. Thyphimurium, an effect that
was largely dependent on functional CD38 expression [27]. Macrophages sensing Salmonella infection
underwent both extensive dorsal accumulation of F-actin cytoskeletal structures and morphological
changes that might facilitate the entry of invasive bacteria. Once inside, Salmonella uses the macrophage
as a niche for replication and dissemination (reviewed in [45]). Interestingly, the inhibitory actions of
LXR agonists on the internalization of S. Thyphimurium were counteracted by abundant NAD™ levels,
but a cADPR antagonist had no significant impact, suggesting that LXR-induced CD38 might contribute
to control Salmonella infection in macrophages mostly by reducing the levels of NAD™. In line with this
notion, treatment with FK866, a highly specific inhibitor of nicotinamide phosphoribosyltransferase
that impacts NAD™ biosynthesis, resulted in decreased macrophage infection.

6. The Chemotactic Response of Dendritic Cells Is Modulated by CD38 Activity

Myeloid dendritic cells play an important role at the crosstalk between innate and adaptive
immune responses. Upon pathogen recognition, they undergo maturation and migrate to draining
lymph nodes in order to present antigens and trigger specific T-cell activation [1]. Mature dendritic
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cells express a C-C chemokine receptor (CCR)7, which directs migration to lymph nodes following
a gradient of the chemokines C-C chemokine ligand (CCL)19 and CCL21 (reviewed in [46]).

Several studies propose the participation of CD38 in dendritic cell chemotaxis mediated by CCR7
(Figure 1), although different mechanisms have been reported in murine and human cells. In this
regard, CD38-deficient mice displayed defective migration of dendritic cells to draining lymph nodes
and impaired T cell-dependent humoral responses [47]. In vitro, CD38-deficient dendritic cells had
an intrinsic inability to mobilize calcium and migrate in response to CCL19 and CCL21, and cADPR
antagonism impaired the chemotactic response of dendritic cells to such ligands [28,47]. Interestingly,
agonists that activate LXRs enhanced the chemotactic activity of murine dendritic cells toward CCL19,
and this activity was largely dependent on functional CD38 expression and cADPR production [28].

In human dendritic cells, CD38 up-regulated chemotaxis to CCR?7 ligands in vitro, but this effect
was not abrogated by a cADPR antagonist [35]. Although the role of additional CD38-produced
calcium-mobilizing second messengers was not tested, antibodies that block CD38-CD31 interaction
impaired human dendritic cell chemotaxis. Moreover, in that work, CD38 was shown to co-localize
with CCR7, CD83 and CD11b in membrane microdomains known as lipid rafts, suggesting that lateral
associations between these proteins could contribute to the migratory activity of human dendritic cells.

7. CD38 Activities in the Adaptive Immune System

An effective adaptive immune response is initiated through antigen recognition and clonal
expansion of T and B lymphocytes in secondary lymphoid organs. Mature B cells that are stimulated
by antigens and T cell-derived signals proliferate within germinal centers and then differentiate toward
either antibody-secreting plasma cells or memory B cells [1]. Because human CD38 is highly expressed
on both germinal center B cells and plasma cells, it has been extensively used as a marker of B cell
activation (reviewed in [48]). CD38 ligation prevented apoptosis of human germinal center B cells [49],
suggesting that CD38 signaling could play a role in the selection of B cells within the germinal center.
Interestingly, localization within lipid rafts and association with the CD19 complex were required for
CD38-medjiated signaling in human B cells [50].

Noteworthy, contrary to the observations in the human system, CD38 was down-regulated
in murine germinal center B cells and mature plasma B cells [49]. Despite these discrepancies,
CD38-deficient mice showed an impaired humoral response to T-dependent antigens after primary
and secondary immunizations [51] (Figure 1). Although defects in innate immune activation and in
leukocyte migration could lead to the observed phenotype, several studies have shown that CD38
engagement directly affects B cell responses also in mice. For example, in mature B cells, CD38
crosslinking induced tyrosine phosphorylation-mediated signal transduction, resulting in B cell
proliferation and IgM secretion [52]. Moreover, CD38 provided a strong costimulatory proliferative
signal to LPS-activated B cells and enhanced the expression of CD86, suggesting that CD38 might also
facilitate costimulatory interaction between activated B and helper T cells [53].

Antigenic activation results in the generation of effector T cells that will recirculate from secondary
lymphoid organs to sites of infection. Although the receptorial function of CD38 toward CD31 was
shown to facilitate human T cell adhesion to endothelial cells [9], and it could be responsible for weak
leukocyte binding to the endothelium [54], a role for CD38 in recruitment of effector T cells to sites
of infection remains elusive. Evidence suggests, however, that CD38 could modulate inflammatory
gene expression in helper T cells as is the case with innate immune cells. In this sense, CD38 ligation
in human T lymphocytes in vitro resulted in the secretion of several cytokines, including IFNYy, IL-6,
granulocyte-macrophage colony-stimulating factor, and IL-10 [55]. In addition, splenocytes from
CD38-deficient mice infected with M. avium secreted lower amounts of IFNy and displayed Th2
polarization, in correlation with their compromised ability to limit mycobacterial burden within
granulomata [23].

The involvement of lymphocyte CD38 in the host defense against viruses has been mostly
studied in the context of human immunodeficiency virus (HIV) infection. Interestingly, the levels
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of CD38 expression associated with prognosis differ depending on the population analyzed (adults
versus children) (reviewed in [56]). Overexpression of CD38 on lymphocytes is, in fact, a strong
predictor of CD4* T cell depletion in adult HIV-infected individuals (reviewed in [57]). Early after
HIV infection, the expression of CD38 increased in CD4" and CD8" T lymphocytes [58-60], and high
proportions of the CD8"CD38" subpopulation were associated with progression to acquired immune
deficiency syndrome in adults [61,62]. In cross-sectional studies, a marked decline in the abundance
of CD8" T cells expressing CD38 was detected in patients on stable antiretroviral treatment [63].
Moreover, high levels of CD38 expression on CD4" T cells was also a marker of poor prognosis in adult
HIV-infected individuals [64,65]. In contrast to the evidences in adults, high frequencies of CD8*CD38*
or CD47CD38" T cells in children were associated with favorable prognoses [66,67].

Several studies have tried to understand the functional role of CD38 in HIV infection. In different
human CD4* T cell lines, the levels of CD38 expression correlated negatively with viral loads and
HIV-1-induced cell death [68,69]. In addition, nicotinamide, a major product of CD38 activity, reduced
the rates of HIV-1-induced cell death in CD38!°“CD4* T cell lines. Together, these studies suggested
that CD38 expression could inhibit lymphocyte susceptibility to HIV-1 infection and that its enzymatic
activity could be involved in enhancing the survival of infected CD4" T cells. It was proposed that
increased expression of CD38 could mediate recycling of nucleotides and protect from cell death
induced by nucleotide depletion [56]. In addition, HIV-1 envelope glycoprotein gp120 enhanced the
lateral association between CD38 and CD4 at the cell membrane [4]. Interestingly, human CD38 was
shown to inhibit the binding of either purified gp120 or HIV-1 with CD4" cells [68] by displaying
a sequence homologous to the V3 loop of gp120 [70]. These observations suggested that CD38 could play
an inhibitory role on HIV-1 attachment to cells by interfering with gp120-CD4 interaction. However,
while such a protective role would help explain the association between high CD38 expression levels
and favorable prognoses in HIV-infected children, it may not offer an advantage for the control of
infection in adults. Indeed, an interesting speculation was provided in [56] by proposing that because
T cells displaying high levels of CD38 in adults are mostly activated cells that express chemokine
receptors frequently used for viral attachment and entry, the effects of CD38-mediated protection of
viral binding to these cells would have a minor impact.

Another aspect to take into account is the fact that gp120 was also shown to promote the dynamic
binding of human CD4* T cells to endothelial cells in vitro, through a mechanism potentially involving
CD38-CD31 interaction [71]. In those studies, gp120 increased the homing of a murine T cell line
expressing CD4" into the spleen and intestine and mesenteric lymph nodes, raising the possibility
that CD38 could be involved in mediating T cell homing during HIV infection. Nevertheless, despite
CD38 overexpression representing a marker of activation and of poor prognosis in HIV infection,
whether CD38 enzymatic activities play a role in the pathogenicity of HIV infection in adults remains
an open question [57].

Interestingly, in a controlled Plasmodium falciparum (P. falciparum) infection study in humans,
an expansion of CD38"CD4* T cells was also detected in the peripheral blood of infected individuals
and their frequency inversely correlated with parasite burden [72]. These cells exhibited cytolytic
potential and impaired production of IFN-vy, although it was not determined whether CD38 provides
an advantage to these cells in the control of P. falciparum infection.

8. CD38 in Sepsis

In some cases, the host response to an invading pathogen leads to the development of sepsis,
a pathological syndrome with a hyperreactive phase in which exacerbated inflammation causes organ
dysfunction followed by immunosuppression [73]. A role for CD38 in LPS-induced acute kidney
injury [36] was suggested using quercetin, a dietary flavonoid that inhibits the NADase activity of
CD38 [74,75]. Quercetin reduced the infiltration of neutrophils and macrophages in the liver. In line
with the role of CD38 in maintenance of a pro-inflammatory phenotype, macrophages that had
recovered from quercetin-treated mice had lower levels of NF-kB signaling and inflammatory markers
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as compared to macrophages from vehicle-treated mice [36]. Flavonoids, however, may also use
protective mechanisms that are independent of CD38 inhibition, as the contributing role of CD38 in
tissue damage was not confirmed in CD38-deficient mice [76]. CD38 deficiency aggravated kidney
injury upon LPS-induced sepsis, in correlation with increased expression of Toll-like receptor (TLR)4 in
the kidney and pro-inflammatory cytokine production. In a separate model of sepsis, induced by cecal
ligation in rats, CD38 expression and cADPR production increased in the central nervous system [77].
Blocking this pathway through lentiviral-mediated CD38 knockdown or cADPR antagonism protected
the hippocampus from apoptosis, oxidative stress and morphological damages associated with sepsis.
Taking these contrasting observations into consideration, additional studies are required in order to
assess whether interference with selective CD38 activities represents a strategy for the amelioration of
immunopathology induced by excessive inflammation.

An aspect to consider is that regulatory T cells play key roles in limiting excessive immune
responses. In mice and humans, regulatory CD8" T cells displaying immunosuppressive actions
on CD4" effector T cell proliferation expressed high levels of CD38 [78]. In vivo, CD8*CD38high,
but not CD8*CD38", T cells ameliorated the clinical severity of murine experimental autoimmune
encephalomyelitis, suggesting that CD8*CD38M8" T cells are potential inhibitors of excessive immune
responses. Likewise, high levels of CD38 expression on CD4" regulatory T cells also correlated
with superior suppressive activity [79]. These results raise interest in exploring whether any of the
activities mediated by CD38 exert a direct role on the mechanisms for immunosuppression used
by these cells. Moreover, regulatory T cells are also highly responsible for the immunosuppression
phase associated with sepsis. Patients undergoing the hyporesponsive phase of sepsis fail to eradicate
invading pathogens and become highly susceptible to opportunistic infections. Therefore, the role of
CD38 in the immunosuppressive phase of sepsis should also be investigated.

9. CD157, a CD38 Paralogue, Is Important for the Host Response to Mycobacterium tuberculosis

CD157/bone marrow stromal cell antigen 1 (BST1) is a CD38 paralogue that can be found as
a glycosylphosphatidylinositol (GPI)-anchored protein on the membrane or as a soluble form. Human
CD157 is highly expressed on neutrophils, monocytes/macrophages, plasmacytoid and follicular
dendritic cells, and many other cell types. CD157 exerts NADase activity, which leads to the production
of ADPR. In humans, CD157, in contrast to CD38, has very limited ADPR cyclase activity, whereas in
mice, this activity may be biologically important. In addition, an alternatively spliced form of CD157
exists with no detectable NADase activity (reviewed in [80]).

CD157 locates primarily within lipid rafts in the cell membrane. Despite not containing intracellular
domains, CD157 was able to interact with integrins CD18 and CD29 on human neutrophils and
monocytes, forming supramolecular complexes that activated signaling pathways to modulate
transendothelial migration and adhesion to extracellular matrix components [81,82]. A number of
extracellular matrix proteins containing heparin-binding domains were indeed shown to be high
affinity non-substrate ligands for CD157, including fibronectin and fibrinogen [81,83].

Although limited information is available on the role of CD157 in the host response to infection,
recent studies indicated that CD157 is important for conferring host resistance to Mycobacterium tuberculosis
(M. tuberculosis) [84]. The activity of macrophages at the infection site is indeed critical for the host defense
against M. tuberculosis. Importantly, CD157 expression was selectively up-regulated in circulating monocytes
and in lungs from patients with tuberculosis and decreased after effective antituberculosis chemotherapy.
CD157 contributed to the macrophage bactericidal activity by facilitating TLR2-dependent production of
reactive oxygen species, an important mechanism used for bacterial killing. Interestingly, the levels of
soluble CD157 correlated with human monocyte-derived macrophage bactericidal activity and exogenous
administration of this form restored the bactericidal capacity of CD157-deficient macrophages, which raises
the possibility that soluble CD157 might have a potential use in host-directed therapy against tuberculosis.

CD157 deficiency also resulted in alterations in the development of specific B cell subclasses,
along with partial impairment of either the systemic humoral response after immunization with
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thymus-independent antigens or the mucosa-associated humoral response upon immunization with
cholera toxin, a thymus-dependent antigen [85].

10. Increased Risk of Infections in Immunotherapies Using Anti-CD38 Antibodies

Because of its high expression in plasma cells, CD38 has emerged as a suitable target for
immunotherapy of multiple myeloma [86]. Daratumumab is an approved anti-CD38 monoclonal
antibody used for the treatment of multiple myeloma. The mechanism of action of daratumumab is
based on the elimination of tumor cells expressing high levels of CD38 through antibody-dependent
cellular cytotoxicity and complement-dependent cytotoxicity. Recent studies have reported an increased
risk of infection in multiple myeloma patients undergoing treatment with daratumumab, either as
monotherapy or as combined therapy with other drugs, with some cases resulting in lethal sepsis [87-93].
Infections reported as drug-related adverse effects include opportunistic bacterial infections of the
respiratory or urinary tracts (e.g., S. pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus,
Escherichia coli and Haemophilus influenzae), exogenous viral infections (e.g., acute respiratory
syncytial virus, human metapneumovirus and influenza A and B viruses) and viral reactivations
(e.g., cytomegalovirus, herpes simplex virus and varicella-zoster virus). Furthermore, increased risk of
infection was also observed in a study exploring the effects of daratumumab in patients with systemic
light-chain amyloidosis [94] and in clinical trials using isatuximab, a separate anti-CD38 monoclonal
antibody, for multiple myeloma [95,96]. Of note, many patients undergoing anti-CD38-based
immunotherapy are in relapsed or refractory phases of the disease and have been heavily treated,
which implies that immunosuppression derived from previous lines of treatment could influence the
risk of infection. Nevertheless, adverse effects associated with infection were also reported in patients
with newly diagnosed multiple myeloma who were ineligible for autologous stem cell transplantation
and received daratumumab as treatment [97].

Infectious complications may derive from anti-CD38 immunotherapy also targeting CD38-positive
immune subpopulations different from tumor plasma cells. In fact, daratumumab treatment was
shown to reduce the numbers of NK cells and other CD38-expressing immune cells [91,98]. Therefore,
although additional studies are required to further understand the basis of daratumumab-induced
immunosuppression in some patients, the accumulated data show the importance of cells expressing
CD38 in the defense against pathogens in humans, which is consistent with the different activities of
CD38 in the control of infection described earlier in this review.

11. Emerging Perspectives

The rapid development of antimicrobial resistances across the world is a major threat to public
health, which is why efforts are addressed toward the discovery of novel approaches based on
host-directed therapy to fight drug-resistant pathogens [99]. Lessons learned from anti-CD38 antibody
therapy suggest that depletion of subpopulations of immune cells expressing CD38 increase the
susceptibility to infection. However, whether manipulation of specific CD38 activities represents
an adequate strategy for host-directed therapy against infections requires further investigation. In this
sense, many studies support the importance of CD38 in maintaining pro-inflammatory profiles in
innate immune cells. However, recent work has raised the possibility that CD38 might also enhance
the immunosuppressive potential of regulatory lymphocytes. Therefore, the relative contribution of
such opposing actions needs to be carefully examined. To date, the impact of the absence of functional
CD38 in the host response to infection has been studied using systemic CD38-deficient mice. However,
to better understand the different roles of CD38 in the immune system, approaches using conditional
knockout models are required.

In addition, most attempts at dissecting the involvement of different activities associated with the
multifunctional nature of CD38 have been accomplished using either blocking or agonistic antibodies or
chemical inhibitors. Whereas such approaches have provided valuable information, more sophisticated
models incorporating genetic modifications that interfere with selective CD38-mediated activities
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(whether receptorial or enzymatic) might help gain perspective on the relative importance of each of
these functions in the immune response.

Among the varied consequences of increased CD38 expression, the implications of a substantial
decline in NAD™ levels on the inflammatory response and the outcome on the course of infection offer
an open area for exploration. Different studies have indeed generated discrepancies in regard to the
effects of NAD* depletion on inflammatory pathways. For example, a decrease in intracellular NAD*
through different mechanisms correlated with activation of the inflammasome in murine macrophages
and the administration of exogenous NAD"* counteracted these effects [100]. In contrast, decreasing
the levels of cellular NAD™" in human monocytes by using FK866 resulted in reduced TLR4 signal
transduction and the inflammatory response to LPS [101]. Group A Streptococcus bacteria benefit,
in fact, from the use of a molecule with NADase activity that inhibits inflammasome-dependent
interleukin 1 release from infected macrophages [102]. Moreover, many bacteria use exogenous NAD
to maintain their NAD turnover and limit the use of energy for NAD biosynthesis. The most drastic
example is provided by the genus Haemophilus, which includes several pathogenic bacterial species
that completely depend on exogenous NAD™ because they are not able to synthesize or recycle this
molecule (reviewed in [19]). Therefore, the role of CD38 N ADase activity in host cells as a protective
mechanism against this type of pathogen deserves attention.

Apart from its cell surface and soluble forms, CD38 has also been identified within exosomes
derived from HIV-1-infected lymphocytes [103]. Exosomes are extracellular vesicles that are secreted
by the cellular endosomal compartment, and their cargos can change markedly during infection [104].
Exosomal cargos have been shown to influence different aspects of the host response, including the
immune response to infection and the pathogenesis of sepsis [104,105]. Despite the fact that exosomal
CD38 retains enzymatic activity [106], its role in extracellular NAD* depletion and exosomal-mediated
intercellular communication has not been characterized.

In conclusion, despite considerable knowledge existing on the diverse roles of CD38 in the
immune response, new (and more sophisticated) approaches are required in order to determine the
consequences of targeting specific CD38-mediated activities during the host response to infection.
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Liver X receptors (LXRs) are transcription factors from the
nuclear receptor family that can be pharmacologically
activated by high-affinity agonists. LXR activation exerts a
combination of metabolic and anti-inflammatory actions that
result in the modulation of immune responses and in the
amelioration of inflammatory disorders. In addition, LXR
agonists modulate the metabolism of infected cells and limit
the infectivity and/or growth of several pathogens. This review
gives an overview of the recent advances in understanding the
complexity of the mechanisms through which the LXR
pathway controls inflammation and host-cell pathogen
interaction.
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Introduction

Liver X receptors (LXRs), namely, NR1H3 (LXRa) and
NR1H2 (LXRp), are transcription factors from the
nuclear receptor family (reviewed in Ref. [1]). LXRp is
ubiquitously expressed, whereas LXRa expression is
more predominant in tissues that are highly involved in
lipid metabolism. Within the immune system, macro-
phages, dendritic cells, and neutrophils express both
isoforms, B lymphocytes express mainly LXRpB, and T
cell populations have been reported to express either
LXRP or both isoforms [2-5,6°]. LXRs can be activated
by endogenous agonists, including specific oxysterols and
intermediates of cholesterol biosynthesis, and by specific
high-affinity agonists that are frequently used iz vivo to
explore the consequences of pharmacological LXR
activation.

Check for
updates

LXRs form heterodimers with retinoid X receptors
(RXRs) on LXR response elements and, once activated
by agonists, they positively regulate the expression of
target genes. Recent studies have proposed three possible
modes of action for LXRa-mediated transcriptional acti-
vation [7°]. Two mechanisms are based on the canonical
induction of target gene expression by RXR-LLXR hetero-
dimers in a pharmacologically responsive-manner. In the
absence of agonistic activation, the target genes are
repressed by LXR/RXR heterodimers, which may lead
to de-repression in the absence of functional LXRs [8]. A
third mechanism was proposed, by which the expression
of a number of transcripts depends on the presence of
LXRs, but these transcripts are not upregulated upon
pharmacological LXR activation [7°].

Most of the targets that are positively induced in response
to LXR agonists play key roles in lipid and glucose
metabolism (reviewed in Ref. [1]). These include (but
are not restricted to) several sterol transporters from the
ATP binding cassette (ABC) family, for example, ABCA1
and ABCG1; transcription factors sterol regulatory ele-
ment-binding protein 1c (SREBP1c) and carbohydrate
regulatory element-binding protein with important lipo-
genic roles; the E3 ubiquitin ligase inducible degrader of
the low-density lipoprotein receptor (IDOL); and several
apolipoproteins involved in lipid transport.

The use of immortalized murine macrophages that express
equivalent levels of FLAG-tagged LXRa or LXRp in an
LXR-deficient background has contributed in defining the
specific roles of LXR isoforms in gene regulation. In
addition to a signature simultaneously regulated by both
isoforms, LXRa sclectively regulates the expression of
genes linked to the control of apoptosis and leukocyte
migration, whereas LXRB-specific functions are associated
with lymphocyte differentiation and selection [7°].

In addition to their positive effects on gene transcription,
LXRs can negatively affect the expression of inflamma-
tory mediators through a plethora of mechanisms, which
will be further revised in the following section. Agonist-
bound LXRs undergo conjugation to small ubiquitin-
related modifier (SUMO), a process known as SUMOyla-
tion, which is required for some of the repressive actions
of these proteins [9]. Moreover, a study in astrocytes
proposed different SUMOylation pathways for agonist-
bound LXRa and LXRp, mediated by separate members
of the SUMO E3 ligase family [10].
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In a complex scenario combining metabolic and anti-
inflammatory actions, [LXRs are able to modulate
immune responses. These actions are particularly rele-
vant in the management of an infection, as a number of
pathogens are able to hijack host metabolic pathways for
their own benefit. This review integrates the recent
conceptual advances in understanding the complexity
of mechanisms used by the LXR pathway to control
inflammation and the response of the host to infection.

LXRs as attenuators of inflammatory
disorders

Accumulated evidence indicates the importance of the
LXR pathway in the negative control of inflammatory
conditions. For example, pharmacological activation of
LXRs reduced the extent of the inflammatory response in
murine models of dermatitis [11,12], neuroinflammation
[13,14], lupus [15], arthritis [16], and atherosclerosis [12],
consistent with the fact that LXR-deficient mice develop
an age-related lupus-like autoimmune disease [17]. Fur-
thermore, several polymorphisms affecting the promoter
region of the gene encoding LXRa were associated with
susceptibility to systemic lupus erythematosus in a
Korean cohort [18].

T'o explain the anti-inflammatory actions of pharmacologi-
cally activated LLXRs, many studies have focused on the
capability of high-affinity agonists to repress pro-inflamma-
tory gene expression in macrophages and other cell types
activated by the engagement of toll-like receptors (TLRs)
or by endogenous inflammatory cytokines [9,12,14,19,20].
The LXR pathway impairs the transcriptional activity of
nuclear factor kappa B (NF-kB) [12] and the recruitment of
signal transducer and activator of transcription (STAT)1 to
target gene promoters [10,14]. Putting together the pieces
of evidence reported by different groups, itis apparent that
several mechanisms contribute to the antagonizing
actions of the LXR pathway on pro-inflammatory signaling
(Figure 1). First, agonist-bound LXRsunderwent SUMOy-
lationand exerted transrepression by inhibiting the removal
of nuclear receptor co-repressor (NCoR) complexes from
pro-inflammatory gene promoters in response to lipopoly-
saccharide (LLPS) [9,21,22]. In macrophages, this process
involves the interaction of SUMOylated LXRs with the
actin-binding protein CORONIN 2A (CORO2A). This
interaction prevented actin recruitment to inflammatory
gene promoters [21], in line with more recent evidence on
the important roles of nuclear actin in the transcriptional
control of macrophage activation [23]. In the hepatic acute
phase response in mice, the anti-inflammatory effects were
selectively mediated by SUMOylated LXRp and its inter-
action with the corepressor complex subunit G protein
pathway suppressor 2 (GPS2) [22]. LXR} also attenuated
inflammatory cytokine production in murine mast cells
stimulated with LPSor FceRIcrosslinking [24]. By contrast,
both SUMOylated LXRa and LXRp contributed in inhi-
biting the transcriptional response of murine macrophages

and astrocytes to interferon (IFN)-y through interference
with STAT1 [10,14], which supports the notion that the
relative contribution of each isoform depends on the cell
type and the inflammatory trigger.

Direct repressive actions have also been proposed involv-
ing the binding of LLXRs to specific sites within macro-
phage inflammatory gene enhancer elements and poten-
tial chromatin closure, although additional studies are
required to better define this mechanism. Gene signa-
tures affected by this repressive activity are associated
with leukocyte cell-cell adhesion and neutrophil chemo-
taxis, in line with the inhibitory effects of LXR agonists
on neutrophil infiltration in a model of zymosan-induced
peritonitis in mice [25].

Other mechanisms contributing to the repression of
inflammation imply the increased transcription of LXR
targets in macrophages (Figure 1). First, the cholesterol
and phospholipid transporter ABCA1, whose upregula-
tion results in changes in membrane cholesterol homeo-
stasis that are able to disrupt the recruitment of key
adaptor molecules to lipid rafts, thereby antagonizing
TLR signaling [20]. Second, several enzymes involved
in the synthesis of fatty acids (fatty acid synthase) and in
their conversion to derivatives with anti-inflammatory
properties (predominantly mediated by stearoyl-CoA
desaturase-2 (SCD2) and its products 97 palmitoleic acid
and oleic acid). The induction of these enzymes is
exerted directly by LXRs or indirectly through the upre-
gulation of the transcription factor SREBP1c, depending
on the type of agonist mediating LXR activation [26].
Third, MER, a receptor tyrosine kinase that recognizes
the plasma protein growth arrest-specific 6 (GAS6) bound
to phosphatidylserine (PtdSer) on the surface of apoptotic
bodies and contributes to apoptotic cell clearance. The
upregulation of MER has been proposed as a mechanism
coupling the engulfment of apoptotic cells (efferocytosis)
with the suppression of inflammatory pathways. Indeed,
LXR deficiency resulted in an aberrant pro-inflammatory
response of macrophages to apoptotic cells and in the
development of autoimmune disease in mice [17].
Fourth, interferon regulatory factor (IRF)8, a transcription
factor with multiple roles in myeloid cells. Through the
upregulation of IRF8, the LXR pathway indirectly induced
the expression of interleukin (IL)-18 binding protein
(IL18BP) in the murine and human systems. IL.18BP is
a potent endogenous inhibitor of the pro-inflammatory
cytokine IL-18 [27]. In parallel, LXR agonists also
repressed I1.18 transcription and blocked the processing
of pro-11.-18 to its bioactive form by interfering with pro-
caspase 1 expression and activation, indicating that the
LLXR pathway uses a combination of mechanisms to inhibit
IL.-18 production [27]. In addition, increased expression of
IRF8 in murine macrophages overexpressing LXRa
resulted in the upregulation of the anti-inflammatory
enzyme arginase 1 [28].
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Figure 1
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LXRs inhibit the inflammatory response in macrophages through multiple mechanisms.
TLR signaling or IFN-y stimulation induce inflammatory gene expression. Agonist-bound LXRs mediate mechanisms of transrepression, which
interfere with the release of corepressors or with the activity/recruitment of transcription factors (NF-kB, STAT1) required for inflammatory gene

expression. In addition, LXRs inhibit inflammation indirectly through the transcriptional activation of LXR targets (in blue) involved in the modulation

of metabolic and/or immune responses. The cholesterol efflux mediated by ABCA1 results in changes in the lipid composition of the membrane,
which interferes with TLR signaling. SREBP1c induces the expresion of enzymes involved in the generation of lipids with anti-inflammatory
properties. MER couples efferocytosis with the suppression of the inflammatory response. AIM/CD5L enhances the expression of molecules
involved in the resolution of inflammation and promotes an anti-inflammatory profile. IRF8 induces the expression of IL18BP, which binds to

secreted IL-18 and inhibits its biological actions. Some elements in this image have been downloaded from SMART - Servier Medical ART. Arg1,
arginase 1; Casp1, caspase 1; Fas, fatty acid synthase; HDL, high-density lipoprotein; IFNyR, IFN-vy receptor; ll1b, interleukin 18; //12b, interleukin

12?subunit b; /16, interleukin 6; MyD88, myeloid differentiation primary response 88; TRAF6, tumor necrosis factor receptor associated factor 6.

Aside from the mechanisms described above, LXR ago-
nists also induce the expression of apoptosis inhibitory
factor secreted by macrophages (AIM)/CD5L [29,30]. In
the murine system, this effect is mediated specifically by
LXRa [7°,30]. AIM/CD5L is a soluble scavenger receptor
that can also act as a pattern-recognition receptor [31].
The endogenous production of human AIM/CDSL
enhanced the expression of molecules involved in the
resolution of inflammation, namely, MER and CD163,
increased autophagy, and promoted an anti-inflammatory
profile in human monocytes, resembling the actions of
IL-10 [32°], which suggests the possibility that AIM
might also be involved in facilitating the resolution of
inflammation in response to LXR agonists.

In contrast to predominant anti-inflammatory activities of
LXR agonists in macrophages, both pro-inflammatory and
anti-inflammatory actions have been reported in dendritic

cells. In this regard, LXR activation downregulated the
expression of the actin-bundling protein fascin in human
myeloid dendritic cells, suppressing T cell stimulation due
to inefficient immunological synapse formation [33]. How-
ever, prolonged NF-kB activation was detected in a differ-
ent study, which translated into increased pro-inflamma-
tory and T cell stimulatory activities [34]. Moreover, LXR
agonism increased the chemotaxis of murine dendritic cells
to signals generated in inflammatory settings, such as
chemokine (C—C motif) ligand (CCL)19 and CCL21. This
action was mediated through transcriptional activation of
the ectoenzyme CD38, which is capable of converting
nicotinamide adenine dinucleotide (NAD) into cyclic
adenosine diphosphoribose (¢(ADPR), an important second
messenger in leukocyte trafficking [6°]. These contrasting
observations raise the question as to whether the effects of
the LXR pathway are influenced by additional factors
involved in dendritic cell maturation, which requires fur-
ther exploration.
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In addition to the actions in myeloid cells, LXR agonists
inhibited the differentiation of murine and human helper
T (Th)17 cells [35], which are a subset of CD4" T cells
that secrete 11.-17 and contribute to the pathogeny of
inflammatory discases [36]. An indirect mechanisms was
proposed, by which LXR-induced SREBP1 negatively
interfered with the activity of the transcription factor aryl
hydrocarbon receptor on the /17 promoter. The differ-
entiation of other CD4" T cell populations was also
inhibited by LXR agonists [37], consistent with the
anti-proliferative actions of LXRB in murine T cells
mediated by the upregulation of ABCG1 and subsequent
changes in sterol homeostasis [3]. Moreover, LXR acti-
vation induced regulatory T cell (Treg) expansion.
Although a molecular mechanism was not defined, the
oral administration of an LXR agonist in mice increased
the abundance of gut-associated Treg with high suppres-
sive capacity [38], which may provide additional expla-
nation to the protective effects of the LXR pathway
against the development of autoimmune diseases.

The interplay between the metabolic actions of LXRs
and their role in the modulation of adaptive immune
responses was further illustrated by the observation that
excessive lipid accumulation in LLXRB-deficient antigen
presenting cells induced the expression of B cell activat-
ing factor (BAFF) and a proliferation inducing ligand
(APRIL) that support B cell survival and differentiation
[39]. This scenario triggered the expansion of auto-reac-
tive B cells and contributed to the development of
autoimmune disease. In addition, despite the fact that
B cells mostly express the LXRp isoform, the activation
of LXRa repressed BAFF production in human B cell
lines through interference with NF-kB, STAT1 and
mothers against decapentaplegic homolog 3 (SMAD?3)
signaling [40].

Beyond the anti-inflammatory actions in immune cells,
transcriptional activation by LLXRs impairs inflammatory
responses in the liver in the context of metabolic disease.
In particular, lysophosphatidylcholine acyltransferase 3
(LPCA'T3) is highly induced by LXR agonists in hepatic
cells, where it drives the incorporation of unsaturated
fatty acids into phospholipids [41]. The activity of
LPCA'T3 resulted in reduced membrane lipid saturation,
thus inhibiting pro-inflammatory c-Src kinase activation,
and in decreased availability of saturated lipids for the
synthesis of inflammatory mediators.

Impact of metabolic and anti-inflammatory
actions of LXRs on host cell-pathogen
interaction

Despite contributing to immunopathology, inflammatory
responses are crucial for the establishment of an effective
immune response against infection. Based on the anti-
inflammatory actions of the LXR pathway, one could
expect that LXR agonism would lead to deficient immune

responses againstinfection. However, as will be discussed in
this section, several studies have shown otherwise. Notably,
a number of pathogens have developed mechanisms to
hijack the host immune response and establish intracellular
infection, particularly in phagocytic cells, even under
adverse inflammatory conditions. Metabolic reprogram-
ming of host cells or adaptation to their metabolic status
are indeed common strategies used by intracellular patho-
gens for survival and replication [42].

Interestingly, many studies have shown increased expres-
sion and/or activity of LXR isoforms in leukocytes
infected by intracellular pathogens [30,43°44-46].
Although the signaling pathway/s leading to increased
LXR expression during infection have not been fully
characterized, muramyl dipeptide, a ligand of nucleo-
tide-binding oligomerization domain-containing protein
2 (NOD2) that is present in many bacteria, was able to
induce LXRa expression in murine macrophages [30]. In
addition, type I and II IFNs and IL-36, which are pro-
duced during the immune response to infection, as well as
LPS from Gram-negative bacteria, upregulated the
expression of enzymes that transform free cholesterol
into endogenous LLXR agonists, such as 25-hydroxycho-
lesterol (25-HC) [14,43°,47,48]. However, the involve-
ment of LXRs in the physiological actions of 25-HC is
still unclear [49]. Sterile acute inflammation also
increased LXR expression and activity through a mecha-
nism requiring functional MER signaling [50], in line
with the observation that efferocytosis via MER activates
the LXR pathway [17].

By contrast, LXRa expression was inhibited in experi-
mental models of sepsis [51,52] and the transcriptional
control of LXR target genes was compromised in several
infection/inflammatory settings [14,15,53]. In this regard,
TLR3/4 ligands and IFN-vy interfered with the LXR-
mediated control of cholesterol metabolism through acti-
vation of IRF3 and STAT1, respectively [14,53]. Com-
petition for the coactivator p300/CREB-binding protein
(CBP) was proposed as a mechanism for IRF3 and
STATT1 to inhibit the transcriptional activity of LXRs
on specific target genes.

Such divergent consequences of infection/inflammation
on LXR signaling have fueled the need to explore
the roles of this pathway in host—pathogen interaction
(Figure 2). Initial studies in mice defined the general role
for LXRs in promoting macrophage survival after infec-
tion by different bacteria, namely Listeria monocytogenes,
Bacillus anthracis, Escherichia coli, and Salmonella enterica
serovar ‘T'yphimurium (8. Typhimurium), which corre-
lated with the upregulated expression of the anti-apopto-
tic molecule AIM/CD5L,, a specific target of LXRa, and
with the downregulation of pro-apoptotic factors [29,30].
Deficient LXR expression, particularly in bone marrow-
derived cells, resulted in a higher susceptibility to
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Figure 2

S. Typhlmunum

Cholesterol HIV-1
AIM/CDSL st HCY HCV Inflammatory
© Changes in NDV mediators

%mm
SEAEBEEBE

Lipid raft

ﬁ % CD38
boSSeOS

(o)

o
©
—

Reduced intracellular
Anti bi I tides =] &
ntimicrobial peptides \ deltsierel S > Ub
Macrophage survival ) “777 === Degradation of LDLR i
Mycobacteria :
L L
E. coli . Pro-inflammatory
B. anthracis C. pneumoniae signaling
S. Typhimurium
Cytosol L. monocytogenes
Nucleus c v ol
- T orepressor K
Transcriptional activation of LXR targets release < NCoR NF-kB
\_ AP-1
RXR LXR Cd38 CEceae e
r—’ Aim/Cd5I/ e @
Abcal rovira
Abcg1 LXR
Idol

Transrepression

Current Opinion in Pharmacology

LXR activation induces protective mechanisms that limit viral and bacterial infection.

LXR agonists upregulate the expression of LXR targets (in blue) that contribute in reducing the infection by several pathogens (names of
pathogens in green). AIM/CD5L confers resistance to apoptosis and induces the synthesis of antimicrobial peptides. CD38 reduces intracellular
NAD + levels and the infection by S. Typhimurium, ABCA1 promotes cholesterol efflux. As a consequence, reduced intracellular cholesterol limits
the growth of mycobacteria and, potentially, of other bacterial strains that depend on intracellular cholesterol. In addition, changes in the
cholesterol levels within lipid rafts may interfere with the entry of several viruses into host cells. IDOL, by virtue of its role in controling the turnover
of the LDLR, inhibits the capability of HCV to infect host cells. LXRs can also affect the intracellular replication of HIV-1 through mechanisms of
transrepression, which affect corepressor release or transcription factor recruitment to the proviral DNA. Ub, ubiquitin. Some elements in this

image have been downloaded from SMART - Servier Medical ART.

infection by L. monocytogenes, with increased bacterial
burden and neutrophilic abscesses in the liver and a lower
survival rate [30]. In studies comparing the relative con-
tribution of LXR isoforms, the lack of expression of
LXRa was responsible for the increased susceptibility
to L. monocytogenes.

Later on, a solid amount of evidence supported the
involvement of LXRs in the control of the infection by
Mycobacterium tuberculosis. In human macrophages and in a
murine model of mycobacterial infection, LXR agonists
reduced the intracellular bacterial burden [43°,44,45]. In
line with these observations, LXR-deficient mice had
higher bacterial burdens and increased granulomatous
lesions in the lungs and underwent more rapid progres-
sion to systemic infection than their wild-type counter-
parts [45]. The increased susceptibility of LXR-deficient

mice was associated with the impaired activities of the
innate and adaptive immune systems, including the infil-
tration of neutrophils to the lungs and the establishment
of local Th1 and Th17 responses. These observations are
in contrast with the general anti-inflammatory roles of the
LXR pathway in non-infectious inflammatory diseases
described in the previous section. Interestingly, whereas
both LXRa and LXR participated in limiting mycobac-
terial infection in human macrophages in vitro [43°],
LXRa was specifically required to control the course of
infection in mice [45], mirroring the selective contribu-
tion of this isoform in the protection against L. mono-
cytogenes [30].

In addition, LXR agonists increased the production of
antimicrobial peptides in M. tuberculosis-infected macro-
phages [43°], consistent with the capability of the LXRa
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target AIM/CDS5L to enhance this mechanism of defense
and to contribute to mycobacterial clearance [54]. There-
fore, it is plausible that activities regulated by AIM/CD5L
beyond the control of apoptotic cell death also contribute to
the protective effects of LXR agonists against bacterial
infection. On the other hand, in contrast to the pro-survival
actions described above, LXR agonists promoted apoptosis
in human macrophages infected with M. ruberculosis, which
may represent a mycobactericidal strategy [44]. Although
the mechanisms leading to increased cell death were not
determined, further investigation is required to better
understand the implications of the LXR-AIM axis in dif-
ferent types of infection and how this pathway integrates
with the other transcriptional effects of LXR agonists.

In this regard, the upregulation of the LXR targets
ABCA1 and ABCG1, which mediate intracellular choles-
terol efflux, may also represent an important host mecha-
nism for inhibiting mycobacterial growth [44]. Indeed,
interference with ABCA1 expression facilitated the
growth of the vaccine strain Bacille Calmette—Guérin
in human macrophages [55], probably because mycobac-
teria have a preference for intracellular fatty acids and
cholesterol as carbon sources (reviewed in [56]). The
obligate intracellular bacterium Chlamydia pneumoniae
also relies heavily on intracellular cholesterol and uses
the TIR domain-containing adapter inducing IFN-3
(TRIF)-IRF3 signaling pathway to promote the conver-
sion of infected macrophages into cholesterol-loaded
foam cells [57]. Although this study did not evaluate
the effects on cholesterol transporters, the results are
consistent with the capability of IRF3 to inhibit ABCA1
expression [53]. Interestingly, LXR activation interfered
with IRF3 activity and inhibited foam cell formation
during C. pneumoniae infection [57]. Therefore, it is pos-
sible that LXR agonists use cooperative mechanisms
based on the induction of ABCA1/G1 and the repressive
actions on IRF3 to limit the accumulation of cholesterol
and control the infection by bacterial species that benefit
from intracellular lipid storages.

Accumulated data support that alterations in the mem-
brane cholesterol as a consequence of increased ABCA1
expression may also affect other critical steps in the
infection cycle of several pathogens. Lipid rafts are mem-
brane microdomains enriched in cholesterol and glyco-
sphingolipids that concentrate molecules specifically tar-
geted by a number of microorganisms for host cell
binding, invasion, or dissemination, as well as receptors
that initiate signaling pathways in host cells in response to
environmental stimuli [58]. Indeed, a number of patho-
gens disrupt cellular cholesterol homeostasis either to
promote lipid raft formation and gain entry into host cells
or to hijack host cell signaling pathways that facilitate
intracellular  survival/replication [59]. For example,
human immunodeficiency virus (HIV)-1, via its protein
Nef, diminished cholesterol efflux from macrophages by

modulating the post-transcriptional expression of
ABCA1 and its redistribution, thus facilitating viral
infectivity [60]. Reciprocally, the activation of the
LXR-ABCAL1 axis resulted in antiviral effects against
HIV-1, including inhibitory effects on viral entry into
human CD4" T cells [61], on virus production and the
fusion activity of the virions [62], and on the capability
of human dendritic cells to capture HIV-1 and trans-
infect T cells [63]. Furthermore, pharmacological treat-
ment with an LXR agonist reduced the viral load in
humanized models of HIV infection in mice [62,64].
The antiviral effects were not exclusive for HIV infec-
tion, as the control of cholesterol homeostasis by the
LXR-ABCA1 pathway also impacted the capability of
hepatitis C virus (HCV) to establish virus-host cell
fusions and consequently enter the liver cells [65],
as well as both the entry and replication capacity of
Newcastle disease virus (NDV) [66].

In addition to mechanisms for cholesterol efflux, LXRs
control cholesterol uptake through the transcriptional
upregulation of IDOL,, an E3 ubiquitin ligase that triggers
the ubiquitination and degradation of several members of
the low-density lipoprotein receptor (LDLR) family [67].
Therefore, the role of IDOL in lowering intracellular
cholesterol could help, in combination with the activity of
ABCA1/G1, reduce the infectivity and/or growth of some
pathogens. Moreover, HCV associates with lipoproteins
and benefits from the surface expression of the LDLR to
infect hepatocytes (reviewed in [68]). As the overexpres-
sion of IDOL inhibited the infection of human hepato-
cytes with HCV [69], it is plausible that a reduction in the
LDLR levels represents an additional mechanism medi-
ating the inhibitory actions of LXR agonists on HCV
entry into host cells.

Most studies exploring the role of synthetic LXR agonists
in viral infection have not addressed the exact contribu-
tion of LXR isoforms. However, the expression of at least
LXRa (in the absence of pharmacological treatment) was
required to restrict the reactivation of gammaherpesvirus
in chronically infected mice [70]. LXRa-deficiency
resulted in viral reactivation in peritoneal cells, but not
in splenocytes, despite intact virus-specific T cell
responses.

The recent discovery of the multifunctional protein
CD38 as an additional LXR transcriptional target pro-
vided new insights to the way LLXR agonists control
bacterial infection [6°,71°]. Indeed, CD38 exerts multiple
roles in the regulation of the immune response to patho-
gens [72]. Its expression in cells originating at the bone
marrow was required for LXR agonists to ameliorate the
clinical severity of §. Typhimurium infection in mice [71°
]. These effects were consistent with the reduced inter-
nalization of §. Typhimurium by macrophages [71°] and
may be influenced by an enhanced migratory potential of
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dendritic cells [6°] upon activation of the LXR-CD38 axis.
CD38 displays strong NADase activity, being able to
modulate cellular NAD™ homeostasis while generating
calcium-mobilizing second messengers [73]. It also exerts
important receptorial and accessory functions in immune
cells. Interestingly, the effects of LXR agonists on bacterial
cell internalization were overcome with exogenous supple-
mentation of NAD™ [71°], highlighting the potential sig-
nificance of intracellular NAD* levels in host cell-pathogen
interaction. Whether the effects in NAD™ metabolism
cooperate with other LXR-mediated metabolic changes
in the control of infection has not been determined. In
addition, the contribution of the LXR-CI38 axis in con-
trolling the progression of other types of infection requires
investigation.

The LLXR pathway can also impact the course of infection
through mechanisms based on transcriptional repression.
As an example, LXR agonists repressed the basal tran-
scription of HIV-1 in infected macrophages and counter-
acted HIV-1 replication in response to TLR signaling.
These effects were mediated by preventing the release of
the corepressor NCoR and inhibiting the recruitment of
NF-kB, AP1 components, and CBP to the proviral DNA
[74]. Additionally, the repression of pro-inflammatory
genes was also proposed as a potential mechanism to
downregulate the activation of HIV-1 expression in
infected cells.

In line with anti-inflammatory effects in the context of
endotoxemia [75], LXR agonists reduced organ dysfunc-
tion and mortality associated with sepsis in rodent models
[51,52]. The functional expression of silent mating type
information regulation 2 homolog (SIRT)-1 was required
for the protective effects of LXR agonists on myocardial
function in septic mice, which coincided with a reduction
in NF-kB activity, oxidative stress, and myocardial cell
apoptosis, although the mechanism leading to increased
SIRT-1 transcription/activation was not defined [51]. In
addition, evidence was provided for a selective role of
LXRa, but not of LXR}, in the protection against liver
injury during sepsis [52], which contrasts with the role of
LXRR in ameliorating the hepatic acute response [22]. In
general, these observations argue that the LXR pathway
plays a role in limiting exacerbated tissue damage due to
infection. However, in a different study, LXR agonism
increased sepsis-induced mortality in mice due to an
impairment of neutrophil infiltration to the infection site
[5], raising the possibility that the outcome of LXR
activation in sepsis depends on additional factors, which
warrants further investigation.

In contrast to the predominant protective effects of the
LXR pathway on bacterial and viral infections, the anti-
inflammatory environment potentiated by LXR agonists
may be a favorable scenario for certain pathogens. In this

regard, LXR deficiency conferred resistance to the para-
site Leishmania chagasifinfantum [76], despite the fact that
Leishmania spp. are NAD" auxotrophs and highly sensi-
tive to the host cell membrane cholesterol for infection
[77]. Resistance to infection was associated with
increased production of nitric oxide and IL.-1B and aug-
mented parasite killing by LXR-deficient macrophages
[76]. Similarly, LXR agonists enhanced mortality during
Klebsiella pneumoniae infection in mice, which correlated
with the changes in the course of infiltration of neutro-
phils to the infected lungs [78]. The inhibition of chemo-
kine-induced RhoA activation was proposed as a potential
underlying mechanism.

Putting together all of the pieces of evidence obtained
from the different models of infection, the modulation of
inflammatory and metabolic responses by LXRs has
different consequences depending on the pathogen.
Therefore, targeting the LLXR pathway as a strategy
against infection must take into account the multiple
mechanisms contributing to the effects of LXRs in host
cell-pathogen interaction.

Conclusions and future perspectives

Because of the emergence of antimicrobial resistances
and the absence of effective vaccines for a large number
of pathogens, one of the major necessities in public health
is the development of innovative host-directed therapies
(HD'T's) against infection. LXRs, by virtue of their con-
dition as druggable targets and their multiple roles at the
intersection between metabolism and inflammation, are
promising candidates for HD'T.

As summarized in this review, LXR activation exerts a
protective role in many pre-clinical models of viral and
bacterial infection. Different studies have focused on at
least one molecular mechanism to explain these protective
effects, but it is likely that several mechanisms cooperate
simultaneously to reduce the capacity of infection of patho-
gens and the inflammatory response. As discussed here,
some commonalities exist in relation to the metabolic
resources hijacked by different pathogens. Accumulated
evidence points toward the LXR pathway as part of the host
response to modulate the metabolism of the infected cell
and limit the infectivity and/or growth of intracellular
pathogens, a role that can be boosted upon pharmacological
LXR activation. In this regard, cholesterol metabolism is
targeted by LXR agonists in a manner that is beneficial to
limiting the infection, at least in animal and 7z vitro studies.
Reciprocally, pathogens that are able to interfere with the
capacity of LXRs to alter the host cell metabolism may
benefit from a more favorable environment. In fact, there is
significant evidence of the LXR pathway itself being mod-
ulated at the level of both expression and activity by signals
derived from pathogen recognition or from cytokines pro-
duced at the infection site.
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Table 1

Specific contributions of LXR isoforms to the control of inflammation and infection

Disease/cellular Trigger Species  LXR isoform  Effects Ref.

model

Macrophages (in vitro) LPS; IFN-vy Mouse LXRa/LXRB Repression of inflammatory genes [12,14]

Astrocytes (in vitro) IFN-vy Mouse LXRa/LXRB Repression of inflammatory genes [10]

Lupus-like autoimmunity Aging Mouse LXRa/LXRB Protection from autoimmunity [17]
(in vivo)

Hepatic acute phase response  LPS Mouse LXRB Repression of acute phase response [22]
(in vivo)

Ear inflammation (in vivo) TPA Mouse LXRB Inhibition of inflammation [11]

Mast cells (in vitro) LPS; FceRI crosslinking Mouse LXRB Repression of inflammatory [24]

cytokine production

T cells (in vivo; in vitro) Aging; mitogens Mouse LXRpB Inhibition of proliferation [3]

Antigen presenting cells Cholesterol accumulation  Mouse LXRB Limitation of B cell expansion [39]
(in vivo)

B cell lines (in vitro) Basal conditions Human LXRa Repression of BAFF production [40]

Macrophages (in vitro) M. tuberculosis Human LXRa/LXRB Limitation of mycobacterial infection [43°]

M. tuberculosis infection in M. tuberculosis Mouse LXRa Increased resistance to infection [45]
vivo

L. monocytogenes infection in L. monocytogenes Mouse LXRa Increased resistance to infection [30]
vivo

GHYV infection in vivo GHV Mouse LXRa Restriction of viral reactivation in peritoneal  [70]

cells
Cecal ligation and puncture Sepsis Mouse LXRa Protection against liver injury [52]

(in vivo)

Ref., reference. TPA, phorbol 12-myristate-13-acetate.

In addition, excessive tissue damage due to an exacer-
bated immune response is a common feature in infec-
tion and in inflammatory disorders. Beyond its role in
limiting the extent of infection, activated LXRs trigger
mechanisms to keep the inflammatory response under
control and to avoid excessive organ injury in pre-
clinical studies.

Given their role at the intersection of lipid metabolism
and immune responses, the effects of LXR activation in
the context of infection have been studied in depth in
macrophages. Indeed, despite their relevance in micro-
bial killing and in the recruitment of immune cells to the
site of infection, macrophages are commonly targeted by
intracellular pathogens for their replication and dissemi-
nation [79]. Therefore, LXRs limit the extent of infection
and restrict excessive inflammatory responses in a cell
type that represents a selective niche for intracellular
infection and, at the same time, is crucial for the preser-
vation of tissue integrity. Despite the importance of
LXRs in macrophage biology, this review also integrates
data showing the beneficial effects of LXR agonists in
other host cells that are targets of the infection, especially
in the context of viral infection.

A major limitation in the use of LXR agonistsis theiradverse
effects in pre-clinical models of disease due to the activation
of a lipogenic program [80]. Based on hepatic LXRa as the
main isoform involved in agonist-induced lipogenesis,
attempts have been made to develop LXRp-specific
ligands to circumvent this problem (reviewed in Ref.

[1]). However, this kind of approach would probably
have limitations as a HD'T" against infection. Whereas the
anti-inflammatory effects of LXR agonists depend on LXR
in a number of disease models in mice, LXRa activity is
essential for the development of protective immune
responses against several types of infection (Table 1).
Therefore, the development of more sophisticated agonists
thatare capable of promoting selective LXR functions while
inhibiting specific targets [81°°] and/or new routes of admin-
istration targeting specific immune compartments [82°]
deserves further attention in the context of infection.
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