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ABSTRACT/RESUMEN 



Abstract/Resumen 
 

 

The liver X receptors (LXRα and LXRβ) are members of the nuclear receptor superfamily of transcription factors. In 

macrophages, LXRs play essential roles in the coordination of both metabolic and immune responses, such as the 

transcriptional control of lipid metabolism or the modulation of innate and adaptive immune responses. Tissue resident 

macrophages are professional phagocytes that orchestrate innate immune responses, but also participate in the 

maintenance of tissue homeostasis by regulating different metabolic processes. Consequently, they acquire considerable 

genetic and phenotypic diversity at different anatomical locations. In the spleen, there are four different macrophage 

subpopulations, including white and red pulp macrophages (WPM and RPM), marginal metallophilic macrophages (MMM) 

and marginal zone macrophages (MZM), and all of them play specific roles in homeostasis and disease. Red pulp 

macrophages (RPMs, identified as CD45+CD11bloF4/80hiVCAMhi by flow cytometry) are specialized cells, important for the 

maintenance of iron homeostasis. They actively phagocytose injured and senescent red blood cells (RBCs), thus being 

critical for the recycling of hemoglobin iron. The iron recycled by these macrophages contributes to meet the iron 

requirements of the whole organism, like the generation of new erythrocytes in the bone marrow or the correct functioning 

of several enzymes in the cells. Previous reports established that LXRα is crucial for the differentiation of both splenic 

marginal zone macrophages. Here we now show the importance of this nuclear receptor in the correct development of the 

red pulp compartment of the spleen. 

LXR-null mice present a markedly reduced RPM population, despite elevated proportion of resident monocytes, and 

transcriptional profiling of isolated RPMs showed that these mice presented defective expression of many genes 

associated with the identity of RPMs, including CD163, the hemoglobin scavenger receptor. Further flow cytometry 

analysis revealed the existence of two resident macrophage subpopulations within the red pulp of the spleen, defined by 

their expression of CD163 receptor. Strikingly, the cell reduction observed in the RPM compartment of LXR-deficient mice 

corresponded with the absence of the CD163+ RPM subset. Presumably as a result of these alterations, iron handling is 

impaired in LXR-deficient mice, that accumulate RBCs and excessive iron in the splenic red pulp. Additionally, these mice 

presented a similar defect in the bone marrow resident macrophage population (BMMs), with a concomitant monocyte 

accumulation. Studies using LXRα-/- and LXRα-GFP mouse models revealed that the absence of LXRα, and not LXRβ, 

was the cause for the RPM and BMM deficiency and the malfunctioning of the iron machinery in the spleen of these mice. 

These results indicate a novel role for LXRα in the regulation of iron homeostasis, possibly in part through the generation 

of an appropriate splenic RPM compartment. 

 

 

 

 

 

 

 



Abstract/Resumen 
 

 

Los receptores X hepáticos (LXRα y LXRβ) son factores de transcripción, miembros de la familia de los receptores 

nucleares. En los macrófagos, estos receptores juegan papeles esenciales en la coordinación de procesos metabólicos 

como la regulación transcripcional del metabolismo lipídico, o inmunes, como la modulación de las respuestas inmunes 

innatas y adaptativas. Los macrófagos residentes en los tejidos, además de controlar estas respuestas inmunes mediante 

su extraordinaria capacidad de fagocitar y procesar agentes extraños, participan en el mantenimiento de la homeostasis 

de los tejidos que habitan, regulando diferentes procesos metabólicos. En consecuencia, adquieren una marcada 

diversidad tanto genética como fenotípica para adaptarse a diferentes localizaciones anatómicas. En el bazo hay 

descritas cuatro poblaciones diferentes de macrófagos tisulares, incluyendo los macrófagos de las pulpas blanca (WPM, 

white pulp macrophages) y roja (RPM, red pulp macrophages), y los macrófagos de la zona marginal (MMM, marginal 

metallophilic macrophages; MZM, marginal zone macrophages), con funciones muy específicas tanto en la homeostasis 

como durante el desarrollo de enfermedades. Los RPM (caracterizados por citometría de flujo como 

CD45+CD11bloF4/80hiVCAMhi) son células altamente especializadas, importantes en el mantenimiento de la homeostasis 

del hierro. Fagocitan activamente eritrocitos (RBC, red blood cells) dañados o envejecidos, siendo de esta forma 

imprescindibles para el reciclaje del hierro de la hemoglobina. El hierro reciclado por los macrófagos tisulares contribuye 

de manera importante a las necesidades de hierro generales del organismo, que son esenciales para la generación de 

nuevos eritrocitos en la medula ósea o para el funcionamiento de muchas enzimas de la célula. Estudios previos 

establecieron a LXRα como un factor de transcripción crucial en la formación de la zona marginal del bazo y la correcta 

diferenciación de sus dos subpoblaciones de macrófagos. En esta tesis, mostramos la importancia de este factor de 

transcripción en el correcto desarrollo de los macrófagos de la pulpa roja del bazo. 

Los ratones deficientes en LXR presentan una población de macrófagos muy reducida en la pulpa roja, pero un elevado 

número de monocitos, y el análisis del perfil transcripcional de estos macrófagos aislados reveló la existencia de defectos 

en la expresión de varios genes importantes para la identidad de los RPM, como el receptor de la hemoglobina, CD163. 

Los análisis de citometría de flujo revelaron la existencia de dos subpoblaciones de macrófagos dentro de la pulpa roja del 

bazo de ratones de genotipo salvaje, muy bien diferenciados por la expresión o ausencia de CD163. Sorprendentemente, 

la reducción del número de RPM que observado en ratones deficientes en LXR se correlaciona con el número de 

macrófagos CD163+ en el bazo de ratones WT control. Presumiblemente debido a este defecto, los ratones deficientes en 

LXR presentan fallos en el manejo y reciclaje del hierro en el bazo, y acumulan eritrocitos en la pulpa roja. Además, este 

defecto es también visible en la población de macrófagos residentes de la médula ósea de estos ratones (BMM, bone 

marrow macrophages), que también presentan un incremento en la población de monocitos medulares. Estudios 

realizados en ratones deficientes en LXRα, y en el modelo de ratón LXRα-GFP (con fluorescencia verde intrínseca en 

lugar de expresión de LXRα) revelaron que la ausencia de LXRα, y no de LXRβ, era la principal causante de los defectos 

en las poblaciones de RPM y BMM, así como del mal funcionamiento de la maquinaria de reciclaje de hierro en el bazo. 

Nuestros resultados indican un nuevo papel para LXRα en la regulación de la homeostasis del hierro, posiblemente 

mediante la generación apropiada de la población de macrófagos residentes de la pulpa roja.  
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1. THE MACROPHAGE  

1.1 Macrophages in the immune system 

The immune system is a sophisticated machinery constituted by different physical and biological components, that account 

for host defense against external threats. In order to do so, it has to be able to distinguish between self, and foreign agents, 

and coordinate an elaborated response that efficiently eliminates the threat without damaging own structures1.  

The innate immune response is the first line of defense, and provides immediate protection. It is present in the organism 

before the pathogen invasion. Innate immune cells recognize specific molecular patterns in the surface of microbial agents 

like lipopolysaccharide (LPS), flagellin or peptidoglicans, known as PAMPs (pathogen-associated molecular patterns) and 

tissue injury signals, called DAMPs (damage-associated molecular patterns) through specialized receptors, called PRRs 

(pathogen recognition receptors), like TLR (Toll-like receptors)2. This triggers an inflammatory reaction mediated by the 

secretion of different soluble factors (cytokines and chemokines) that recruit more immune cells, and ultimately cause the 

destruction of the pathogen2. The cellular components of the innate response include granulocyte lineage cells 

(neutrophils, basophils, eosinophils and mast cells), which contain cytotoxic granules filled with microbicidal substances, 

enzymes, and inflammatory mediators that expel to the extracellular medium; natural killer (NK) lymphocytes, whose high 

cytotoxicity drives the apoptosis of pathogen-infected cells; dendritic cells (DCs); and monocytes and macrophages1.  

The adaptive immune response is acquired during life and is the result of the continuous exposure to foreign antigens 

(Ag), which allows its components to develop immunological memory. This response is extremely specific, and guaranties 

the elimination of the infectious agent. More importantly, it endows the organism with the ability to recognize that particular 

pathogen in future infections, that way shortening the process of the immunological response1. It is mediated by the close 

interaction between B and T lymphocytes (CD4+ T helper cells, and CD8+ T cytotoxic cells), and small soluble molecules 

(antibodies, Ab). B cells circulate through the different lymphoid organs, acting as antigen presenting cells (APCs): they 

process foreign Ags and present them to T naïve cells through the major MHC-II (Major Histocompatibility Complex II) 

molecules in their surface, activating them, and initiating the response. Once the response is activated, B cells travel to the 

germinal centers in the lymph nodes and white pulp of the spleen, where they differentiate into plasmatic cells, specialized 

factories that produce enormous amounts of Abs, that recognize specific Ags, and remain in the organism at low amounts 

after the response is resolved, constituting the immunological memory1. 

Macrophages, along with circulating monocytes and DCs, are part of the mononuclear phagocytic system (MPS), and 

participate in both innate and adaptive immune responses1. Due to their professional phagocytic capacity, they are in 

charge of the scavenging of pathogens, toxic materials, or even cellular debris and abnormal host components from the 

tissues. In the context of immunity, macrophages and DCs orchestrate inflammatory processes by the secretion of 

cytokines and chemokines, which recruit other immune cells to the site of infection. They are also able to act as APCs, and 

activate T naïve lymphocytes1.  
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Macrophages are very heterogeneous and plastic cells, and express a wide range of surface, cytosolic, and vacuolar 

receptors that integrate different stimuli from the environment. Their different functions largely depend on the tissue they 

reside in, and the signals they receive. They can acquire two different states of activation, extensively described in vitro, 

based on the responses that they orchestrate: a ‘classical activation’ (also known for years as M1 state), has a pro-

inflammatory phenotype and promotes the development of the immune response, whereas an ‘alternative activation’ ( or 

M2 state) corresponds with a pro-repair, anti-inflammatory behavior and participates in wound healing and cellular debris 

clearance3,4. Each one has a characteristic cytokine secretion patterns. However, these two states are neither antagonistic 

nor static, but likely represent an oversimplification of the macrophage status. In vitro studies5 hardly reproduce the 

complexity of the context of an in vivo system, where macrophage activation states must be subject to constant and 

dynamic change. In fact, M1 and M2 activation states have been described to coexist in tissues3,4. 

Apart from their defensive role, macrophages have important homeostatic functions. They ensure self-tolerance and 

immune suppression by the removal of apoptotic or damaged cells, promote tissue repair, and have a key role in the 

regulation of different metabolic pathways, such as lipid metabolism, that way ensuring a proper balance in the organism.  

1.1.2.  Macrophages and tolerance: apoptotic clearance  

Under physiological conditions, a large amount of new born cells substitute the aged ones in every tissue on a daily basis. 

In order to maintain the homeostatic balance, the aged or defective cells suffer profound biochemical and physical 

changes that ultimately lead to cell-programmed death, apoptosis6. The clearance of apoptotic cells prevents abrupt 

rupture that would liberate a plethora of intracellular Ags to the external microenvironment, which could trigger an 

unnecessary immune response. Thus, macrophages effectively clear all this cellular debris by a process denominated 

efferocytosis, and ensure self-tolerance6.  

During apoptosis, cells lose membrane asymmetry, and display carbohydrates and lipids on the outer membrane that 

would normally be facing the cytosol, leading to their oxidation6. This is the case of phosphatidylserine (PtdSer), the more 

common marker for programmed cell death. These ‘eat-me’ signals will be recognized by specific receptors in the 

macrophage surface, including TIM4 (T-cell immunoglobulin and mucin domain containing 4), CD36, αvβ3-integrin, and 

the TAM family receptors (Tyro3, Axl and Mer)6–8, which will establish interactions with the apoptotic cell with the help of 

different bridging molecules (such as GAS6, Protein S, MFGE8 or C1q) that facilitate phagocytosis9–11. The engulfment of 

cellular remnants triggers different tolerogenic pathways inside the macrophages that limit self-reactivity by the 

suppression of pro-inflammatory cytokines production (TNFα, IFN-1), and the release of anti-inflammatory mediators 

(TGFβ, IL-10), preventing unwanted immune reactions12,13.  

A defective withdrawal of the apoptotic materials from the environment could have pathological consequences. Their 

accumulation in the tissues could activate the immune system causing an inflammatory reaction, and ultimately provoking 

autoimmunity6,14. Different macrophage populations perform the clearance of apoptotic cells throughout the body. Two 

good examples are liver Kupffer cells (KC) and several splenic macrophage subpopulations, given that these two organs 

are in charge of filtering the blood, and scavenging for cell debris and blood-born pathogens15.  
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1.2. Tissue resident macrophages  

Unlike other phagocytic cells, like neutrophils, many different macrophage populations naturally reside in the tissues, and 

help maintain homeostasis by both phenotypically and transcriptionally adapting to its physiological needs16. They interact 

with their surroundings and establish cell-cell communications, developing a complex network of information that detects 

environmental changes, and responds appropriately, ensuring tissue integrity. This way, macrophages are key mediators 

of important processes like wound healing17,18 and tissue development19, and participate in almost every metabolic 

pathway.  

1.2.1. Development of tissue resident macrophages  

One of the classic dogmas of developmental immunology has always placed the origin of adult tissue resident 

macrophages (TRM) in the bone marrow, with the adult hematopoietic stem cell (HSC) as their progenitor, and the 

circulating monocyte as their undifferentiated stage. Macrophages were attributed non-proliferative capacity whatsoever, 

being constantly replaced by their monocytic intermediates when needed20,21. Even though during inflammation or tissue 

injury, circulating monocytes can, in fact, be chemotactically recruited and differentiate into mature macrophages to the 

tissues22, the real contribution of these monocytes to the TRM pool at the steady state remained unclear.  

With the emergence of new technologies, a different understanding of the TRM ontology paradigm has been enlightened. 

Several studies have shown that adult macrophage populations are able to self-maintain independently from the bone 

marrow. Epidermal Langerhans cells have been shown to resist high doses of irradiation, and be able to self-repopulate 

with time23. Parabiosis experimental models (with surgically joined blood circuit) obtained similar results in microglia24,25 and 

alveolar macrophages26,27, where peripheral precursors after congenic bone marrow transplant displayed up to a 40% of 

chimerism, but tissue macrophages presented a negligible chimerism level after several months of parabiosis. Hashimoto 

et al. (2013)27 conditionally depleted the TRM pool using Cre-recombinase technology, and diphteria toxin (DT) directed 

depletion mouse models to confirm the intrinsic capacity of these cells to proliferate without any monocyte contribution at 

the steady state, or after a moderate inflammatory insult27,28. However, the infiltration of blood precursors is required in 

situations where the TRM compartment is severely affected and unable to recuperate, or when inflammation processes 

take place, in order to recover a normal cell count and overcome the inflammation23,27,29,30.  

The combination of all these data led to revisit the possibility of an alternative TRM ontology in mice. Even though the 

specifics of this complex process are still under meticulous scrutiny, today, the origin of the different TRM populations is 

strongly linked to early embryonic progenitors that seed the organs anlagen prior to birth31–33, through a succession of three 

waves that arise from both extra and intra-embryonic locations, and maintain themselves locally in a HSC-independent 

manner under homeostatic conditions34–36. 

- FIRST WAVE/PRIMITIVE WAVE  

At embryonic day E7,0-E7,25 progenitors arise from the extra-embryonic yolk sac blood islands, with potential to generate 

primitive megakaryocytes37, erythroblasts and macrophages38. This initial hematopoiesis is rapidly replaced, and its main 



Introduction 
 

36 
 

functions are the proper oxygenation of the developing embryo through newly produced red blood cell progenitors, and the 

completion of the first pool of primitive yolk sac macrophages, with no monocytic intermediate stage described32,39–41 

(Fig. 1).  

- SECOND WAVE/TRANSIENT DEFINITIVE WAVE  

Between E8,0-E8,25, from 

the yolk sac hemogenic 

endothelium, appear 

hematopoietic progenitors 

with both erythroid and 

myeloid potential, called 

erythro-myeloid 

precursors (EMPs)42 (Fig. 

1). This second wave has 

been divided into two 

sheds: an ‘early’ EMP 

wave that starts at E7,5 

with transient proliferative 

potential, and mostly 

produces primitive yolk sac 

macrophages and 

expresses CSF-1R (Colony stimulating factor 1 receptor) a signature of myeloid/macrophage commitment), and a second 

wave of ‘late’ EMPs, at E8,25, with expression of the transcription factor Myb43,44, required for HSC development45 (Fig. 1). 

Late EMPs are able to produce yolk sac macrophages locally, but the majority of them migrate to the fetal liver at E9,5, 

when blood circulation is established. In the fetal liver they expand, and generate CSF-1R+ myeloid progenitors of all 

lineages, including fetal liver monocytes around E12,5, initiating the first phase of intra-embryonic hematopoiesis35,46,47. 

From this stage on, the fetal liver will transiently be the main hematopoietic organ where definitive hematopoiesis occurs. 

Fetal liver monocytes then spread to the developing tissues of the embryo, and differentiate into definitive macrophages, 

eventually outnumbering the primitive macrophages of the first wave, and with self-renewal capacity that will last through 

adulthood with no contribution from the adult bone marrow in the steady state35 (Fig. 1). 

- THIRD WAVE/DEFINITIVE WAVE  

Concomitant with the formation of late EMPs at E8,5, another wave arises from the para-aortic splanchnopleura (P-Sp) of 

the yolk sac hemogenic endothelium, and generates immature HSCs. At E10,5 the aorta, gonads and mesonephros 

(AGM) region is formed from the P-Sp, and gives rise to fetal HSCs35 (Fig. 1). Through blood circulation, both immature 

and fetal HSCs reach the fetal liver, and progenitors of all hematopoietic lineages arise35. It is in the fetal liver where fetal 

Figure 1. Extracted from Hoeffel and Ginhoux, 2018. Schematic representation of embryonic 

hematopoietic tissues (top); u.a. (umbilical artery); v.a. (vitelline artery); AGM (aorta-gonad-

mesonephros). Three sequential waves of progenitors that give rise to TRMs (bottom).  
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HSCs acquire their long-term reconstitution (LTR) capacity in a final maturation step48. Eventually, fetal HSCs also seed 

the fetal bone marrow, where they will constitute adult bone marrow HSCs35 (Fig. 1). 

1.2.2. From embryonic progenitor to tissue resident macrophage: who is whom? 

The identification of the particular progenitor that gives rise to each different macrophage population continues to be a 

challenge. To address this issue, several fate mapping strategies have been designed in the past few years. Samokhvalov 

et al. (2007)49 used the Runt-related transcription factor 1 (RUNX1), whose expression is necessary for the sequential 

emergence of the EMPs and HSCs from the hemogenic endothelium of the yolk sac during embryonic hematopoiesis50, to 

develop a very useful fate mapping mouse model. Still, there are several theories about the contribution of each wave to 

the different macrophage compartments. 

- YOLK SAC MACROPHAGES 

Ginhoux et al. (2010) combined the RUNX1 fate mapping mouse model combined with the tamoxifen inducible CRE 

recombination technique (Runx-Mer-Cre-Mer) to trace the embryonic provenance of the different progenitors through the 

first days of development, and discriminate the two waves of EMPs that emerged from the hemogenic endothelium almost 

at the same time25. They were able to identify microglia, as the only adult macrophage population that arises exclusively 

from RUNX1+ yolk sac progenitors at day E7,2525. However, other groups propose that these yolk sac macrophages 

constitute in fact the precursors of many TRM population in the adult mice, not just microglia51. Schulz et al. (2012) used a 

Cx3cr1gfp/+ reporter mouse and Pu.1-/- and Myb-/- mouse models to describe two different macrophage lineages52. The first 

one, PU.1-dependent, that arose from the yolk sac at embryonic day E9,5 and seeded the cephalic area, colonizing the 

rest of the tissues by E10,5. The second one, Myb-dependent, appeared in the fetal liver at E12,552. Previous reports had 

established that PU.1 activity is required for the development of macrophages, but HSC develop normally in its absence53, 

whereas Myb, is known to be dispensable for yolk sac proper myelopoiesis, but necessary for HSC development45. These 

studies pointed to the yolk sac PU.1-dependent macrophage lineage as the precursors for most TRM populations in adult 

mice, and to the Myb-dependent lineage as the progenitors for the rest of hematopoietic cells, including monocytes52. 

However, this data reported a lower macrophage frequency than normal in Myb-deficient adult mice52. This led Hoeffel et 

al. (2015) to speculate whether a compensatory mechanism, set in place by a Myb-independent wave of EMPs (early 

EMPs), was attempting to occupy an empty niche, that, in homeostatic conditions, would be fulfilled by a Myb-dependent 

wave of progenitors (late EMPs)44. This could implicate that, even though the TRM compartment seems to develop in the 

absence of Myb, in homeostasis, late EMPs could depend on this transcription factor to lead the proliferation of fetal 

monocytes, and the establishment of definite TRM populations38,45,54. 

- FETAL MONOCYTES/LATE EMPs 

At E.8,5, late EMPs arise from the yolk sac and populate de fetal liver (E9,5) producing cells of many lineages, including 

fetal liver monocytes at E12,5. Eventually, these monocytes seed all the tissues, likely constituting the main precursors for 

the majority of the adult TRMs at E14,544, outcompeting the ‘early’ EMP macrophages everywhere but in the brain (Fig. 1).  
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It is unclear whether ‘early’ and ‘late’ EMPs are two different cell lineages, or rather one maturates into the other, but 

studies have shown different functionalities and phenotypes. For example, while early EMPs highly express CSF-1R, late 

EMPs do not express it at all44. The same observations have been made when comparing fetal and adult monocytes. 

Opposite to adult HSC-dependent monocytes, fetal monocytes do not require the expression of CSF-1R to properly 

differentiate into macrophages, and possess high proliferating capacity and low expression of immune-related genes44,55. 

- HEMATOPOIETIC STEM CELLS 

Despite the proved embryonic origin and self-renewal capacity of adult macrophages, a few studies have shown that 

HSCs actually supply certain tissues with monocytes that differentiate into macrophages in order to sustain the turnover 

rate. However, not every organ has the same requirements, and this contribution increases with age27. Gomez-Perdiguero 

et al. (2015) observed that the alveolar macrophage compartment, which is normally virtually inaccessible for HSC-derived 

monocytes, could be progressively repopulated by HSCs in elder mice51.  

The reason for this is that some macrophage populations have a higher turnover rate, due to the nature of the different 

functions they develop, and need help from bone marrow progenitors to maintain homeostasis in the adult tissues, as 

would be the case of the intestinal lamina propia56, the dermis57, and the heart58,59. In these tissues, parabiotic mouse 

models showed different degrees of mixing within the macrophage compartment. Thus, Hoeffel et al. (2015) classified 

adult mice tissues in ‘closed’, with no steady-state monocyte recruitment (like the brain or the epidermis), ‘open’ with slow 

steady-state recruitment (like the heart) and ‘open’ with fast steady-state recruitment (the gut or the dermis)44.  

1.2.3. Tissue macrophage transcriptional program 

Despite the newly established common embryonic origin for the different TRM populations, the observation of the wide 

variety and diversity that all these populations display in each location brought to light the question of whether these 

differentiated phenotypes were solely granted by their embryonic progenitors or rather by the tissue-specific environmental 

signals they are exposed to60. For example, both the proliferative potential and the survival advantage inherent to TRM 

have been proved to be linked to their embryonic provenance. Yolk sac-derived macrophages and fetal liver monocytes 

present high expression of proliferation genes, and thus adult macrophages that derived from them partially maintain that 

capacity44,55,61. In contrast, HSC-derived monocytes, whose transcriptional signature leans more towards inflammation and 

immune programs, are not normally able to engraft to the tissues they are recruited to after the inflammation resolves24,27. 

Mass et al. (2016) attempted to answer this issue, and conducted a comprehensive study of the expression of many 

different transcription factors in different progenitors and macrophage populations62. They proposed the existence of a 

macrophage immature progenitor, the pre-macrophage or ‘pMac’, that arises from EMPs and simultaneously populates 

the whole embryo at E9,5. This macrophage precursor would have an unspecialized transcriptional program (a core 

macrophage program) that would progressively be restricted upon tissue colonization at E10,5, thanks to tissue-specific 

cues and regulators, to meet the different homeostatic needs of each tissue62. For instance, other studies have reported 

that the deletion of a particular transcription factor severely affects a determined macrophage population, as is the case of 

Nr1h3 and marginal zone macrophages63, Spic and red pulp macrophages (RPMs)64, Pparg for alveolar macrophages65, 
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and Id3 for KCs62. Lavin et al. (2014) described the potential of macrophage plasticity through the ability of tissue-specific 

influence to reprogram differentiated macrophages when relocated to another microenvironment16. In summary, all these 

data seem to indicate that both embryonic origin and niche environmental signals define tissue resident macrophage 

phenotypes. While embryonic progenitor transcriptional core programs account for the ability to self-maintain, different 

transcriptional regulators in each tissue are responsible for the heterogeneity and specificity resident macrophages display. 

 

1.3. Spleen development and splenic tissue macrophages  

The spleen is a secondary lymphoid organ with highly organized compartmentalization66. In mammals, it constitutes the 

largest filter in the organism, thanks to its complex internal circulatory system, through which blood constantly percolates. 

Within this organ, multiple hematopoietic cell types, with different immune and homeostatic functions, coexist in perfectly 

shaped microenvironments that conform between the third and fourth week of postnatal development63,67,68. 

1.3.1 Splenic compartmentalizacion  

Four different tissue resident macrophages can be identified in the 

adult mice spleen, each one limited to a specific location66,69 (Fig. 2). 

But at the neonatal stage, before the white and red pulp segregation is 

final, the primary spleen is a homogenous mix of primitive 

macrophages. At the first week after birth, the developing organ is 

populated by one sole red pulp-like macrophage subset, with high 

expression of F4/80. At week 2, appear other macrophage populations, 

but they will not acquire their correspondent location until the internal 

architecture reorganizes. It is during 14-21 postnatal days that the 

lymphoid follicles arrange, and F4/80+ macrophages are confined to 

the red pulp, and the three other well differentiated macrophage 

subsets occupy their correspondent locations, and carry out very 

specific functions66,69. 

Red pulp macrophages reside exclusively in the red pulp, and have been phenotypically described by flow cytometry as 

CD11blo F4/80hiVCAM-1+ 69(Fig. 2). Their main function is the clearance of aged or damaged circulating red blood cells 

(RBC) that infiltrate through the sinusoids by a process known as erythrophagocytosis. These macrophages are in charge 

of the metabolization of hemoglobin (Hb), and actively participate in iron recycling66. As a consequence, they express a 

plethora of iron-related genes in order to ensure the correct regulation of the process. Immunological functions have also 

been attributed to RPMs in the defence against parasite infections (see 1.4.4.), as well as assistance on T cell 

differentiation70. As mentioned, F4/80 expressing cells are the first ones to appear in the spleen anlagen66. RPMs are 

described to arise during embryonic development, and are maintained during adult life with low contribution from adult 

HSC-derived monocytes at the steady state27,52. It is not clear whether they arise from yolk sac primitive macrophages52 or 

Figure 2. Adapted from Kurotaki et al. 2015. Adult 

murine splenic compartmentalization of TRM 

populations and their specific surface markers. 
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if they come from fetal liver monocytes58. However, RPM transcriptional master regulator has been identified as the PU.1-

related factor, SPI-C64. 

Tingible body macrophages (TBM) are located in the white pulp, within the germinal centers, and can be identified by 

the surface marker CD6869 (Fig. 2). Their main function is the phagocytosis of the apoptotic or auto-reactive B cells that 

generate in the germinal centers during the processes of proliferation and hyper-mutation of the adaptive immune 

response to avoid hyper-reactivity66. Hence, the genetic expression profile of these macrophages leans towards apoptotic 

cell recognition and phagocytosis71. 

In the interphase between the two pulps we can find two different populations of macrophages. As the blood is shed in the 

marginal zone before it reaches the red pulp, both marginal zone macrophage subsets specialize in the clearance and 

recognition of different agents and blood borne Ags present in the circulation66. Macrophages relocate to the marginal zone 

in the first weeks after birth, and their correct development requires LXRα (Nr1h3) transcriptional activity63. 

In the inner layer of the marginal zone, are the metallophilic macrophages (MMM). MMMs present high expression of 

CD169 surface marker, also known as Siglec-1 (Fig. 2), and their main function is the recognition and withdrawal of 

viruses, and the activation of CD8+ T cells through the presentation of viral Ags, thus triggering the adaptive response72. In 

the outer layer of the marginal zone, in contact with the red pulp, are the marginal zone macrophages (MZM) (Fig. 2), 

who phagocytose different Ags from the bloodstream, and communicate with specialized marginal zone B cells (MZ-B)66. 

This close interaction is crucial in the triggering of the adaptive response. MZ-B cells internalize these Ags and migrate to 

the white pulp, to the follicles, where they present them to DCs, and activate the germinal center66. MZM express different 

interaction molecules that serve as communication with MZ-B cells, such as SIGN-R1 and MARCO73, that ensure the 

correct positioning of these B cells in the marginal zone. Additionally, MZM also promote central tolerance by the 

engulfment of blood-borne apoptotic cells, in order to inhibit a possible immune reaction to self-antigens secreted by 

disrupted cells in the circulation74. 

 

1.4. Red pulp macrophages in iron metabolism 

Iron is an essential metabolite for many processes. It participates in the electron transport chain as part of the cytochromes 

and acts as a co-enzyme factor in different metabolic pathways, but most importantly, the highest demand of iron comes 

from erythropoiesis and the synthesis of Hb75. The majority of this demand is met thanks to endogenous iron recycling 

process, as dietary iron intake is not sufficient to cover it. In mice, iron requirements are proportionally a lot higher than in 

humans, and account for almost all the daily iron input (around 15-20 µg/day), as they lose a similar iron amount to cover 

their erythropoiesis needs75. 

Iron metabolism is a very well controlled global mechanism, and so there are many molecule regulators that ensure a 

correct equilibrium between processing, recycling and storage upon different conditions. Macrophages are the main cells 

in charge of iron handling throughout the organism. Depending on the tissue, different TRM populations carry out different 
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steps of the process: bone marrow macrophages (BMMs) support erythropoiesis; KCs process iron in the liver and 

together with hepatocytes, constitute the main iron store in the body76; RPMs behave as efficient iron-recycling factories 

that integrate many different signals to provide the whole organism with its specific iron requirements76. Still, the regulation 

is highly complex, and the specific role of each macrophage population is yet to be completely characterized.  

1.4.1. Elimination of unwanted red blood cells 

During their 40 day-lifespan in mice (120 days in humans), erythrocytes are in contact with RPMs in several occasions. 

The red pulp of the spleen is a highly efficient blood filter, and thus RBCs in circulation are under continuous scrutiny by 

RPMs76,77. After their useful life, RBC become senescent, and need to be removed from the circulation. This is often 

determined by changes in their membrane composition, loss of flexibility, and expression of proteins that alert RPMs to 

engulf them by a process called erythrophagocytosis67. There are different mechanisms described for macrophage 

recognition of aged or damaged RBC and their clearance. Oxidation and cluster formation of surface proteins such as 

BAND-3 proteins78,79, or the exposure of PtdSer in the outer-membrane of erythrocytes resembling an apoptotic-like event 

called eryptosis80–82, are two of the most common signals for erythrophagocytosis. Oxidative stress induced by different 

pathologies (β-thalassmia, chronic kidney disease, malaria)82–84 can over-induce these signals, increasing RBC clearance. 

The most studied macrophage-erythrocyte recognition mechanism is mediated by CD47 receptor in the surface of RBCs.  

Interaction with its counter-receptor, CD172α (SIRP1-α) in the macrophage membrane acts as a ‘don’t eat me’ signal and 

impedes erythrophagocytosis85,86. WT mice have been observed to rapidly phagocytose CD47-null transfused 

erythrocytes85. Pathological conditions, such as oxidative stress, can cause conformational changes in CD47 receptor, 

which reverses clearance inhibition, thus enabling erythrophagocytosis87.  

1.4.2. Iron recycling  

Dietary iron is absorbed by the enterocytes in the duodenum 

through a specific transporter in their luminal face, known as 

DMT-1 (Divalent metal transporter 1, encoded by Nramp-2 

gene) and liberated to circulation through its specific exporter, 

FPN-1 (ferroportin-1, encoded by Slc40a1 gene), in their 

basal face88. As ferric iron (Fe2+) cannot travel by itself, it 

binds to the soluble protein transferrin (Tf), which carries it to 

the different tissues, mainly to the bone marrow to be used in 

erythropoiesis. However, this absorption is highly inefficient, 

so the main source of iron in the organism comes from 

macrophage recycling of aged erythrocytes88 (Fig. 3). 

RPMs recognize and engulf aged or damaged erythrocytes, 

and inside the phagolysosome all cell components are 

processed, including Hb. The protein portion of Hb will be 

reused in the synthesis of other proteins, while heme will be enzymatically degraded. Heme exits the phagolysosome 

Figure 3. Adapted from Korolnek and Hamza, 2015. 

Possible pathways for heme and iron processing and 

recycling inside the RPM. 
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through the heme exporter HRG-1 (Heme response gene 1, encoded by Slc48a1 gene)89 and enters the cytosol. Finally, it 

can either be exported out of the macrophage through the FLVCR1a heme exporter (Feline leukemia virus subgroup C 

receptor-1, encoded by Slc49a1 gene), a pathway that has been suggested during macrophage contribution to erythroid 

cells maturation90,91, or it can be further catalyzed88 (Fig. 3). 

The cytoplasmatic heme catalytic enzyme heme oxigenase-1 (HO-1, Hmox1) degrades heme into biliverdin, CO, and 

Fe2+, which can rather be stored inside the macrophage thanks to iron storage protein ferritin (FTN), or be exported 

through FPN-1 into the plasma (Fig. 3), where it will be transported by Tf to where it might be needed88. It has also been 

proposed that HO-1 can reside inside the phagolysosome and therefore degrade heme before it is exported into the 

cytosol. In that scenario, free Fe2+ would be released through a different endosome exporter, NRAMP-1 (Natural 

resistance-associated macrophage protein-1, encoded by Slc11a1 gene), to be stored within FTN or exported by FPN-188 

(Fig. 3). 

Erythrophagocytosis is not the only way in which iron is internalized by macrophages92. Erythrocytes rupture outside the 

macrophage liberates all their cytoplasmatic material into the extracellular matrix. Hb is stable for a short period of time, 

and then it rapidly degrades, liberating its contained iron. Free iron in serum is highly toxic because of its huge oxidizing 

capacity, that leads to the formation of oxygen radicals, and scavenging of nitric oxide (NO). In order for the macrophages 

to internalize all the different forms of free iron, it expresses a variety of specific receptors92. CD163 is the Hb scavenger 

receptor, first described by Kristiansen et al. (2001)93. It is selectively expressed by the macrophage lineage. In humans, 

CD163 internalizes free Hb when it is bounded to haptoglobin (Hp), a serum protein mainly secreted by the liver, but in 

mice this interaction occurs without Hp, and free Hb is degraded in the phagolysosome92. CD91/LRP (Low density 

lipoprotein (LDL) receptor protein-1) is the macrophage receptor for free heme, when it binds to hemopexin (Hpx), another 

plasma protein in charge of the heme withdrawal. CD91 works in the same way CD163 does, internalizing the heme-Hpx 

combo92,94. 

The proper expression of all these enzymes, and scavenging and exporter proteins is crucial for an adequate iron 

handling, and the maintenance of homeostasis. Deregulations on just one of them can cause severe consequences, from 

anemia or iron overload, to tissue injury. For instance, FPN-1 constitutive deletion causes embryonic lethality in mice95. 

This iron exporter is most expressed in RPMs, enterocytes and hepatocytes. Studies in mice lacking Fpn1 expression only 

in the macrophage lineage, using Cre-recombinase technique (Fpn1LysM/LysM)96, showed that, at the steady state, mice 

suffered from mild anemia, and iron retention within splenic, hepatic and bone marrow macrophages, as well as disturbed 

iron handling in bone marrow derived macrophages (BMDM) in vitro.  

Similarly, HO-1 deficiency also causes serious impairments in iron homeostasis97. There are two isoforms of heme 

oxygenase enzyme: HO-2, constitutively expressed in most tissues, and HO-1, whose expression is induced by the 

presence of heme in the macrophage. Lack of both HO isoforms together is embryonically lethal, and Hmox1-/- mice, 

although viable, suffer from severe anemia97. In addition, the accumulation of unprocessed heme inside the macrophages, 

caused the ferroptosis (death form iron toxicity) of the RPM, KC and BMM populations, and thus all iron excess had been 

relocated to the kidneys to be processed by HO-2, were Hmox1-/- mice displayed great accumulations. In addition, Hpx 
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mRNA levels were significantly increased in Hmox1-/- mice, probably in an attempt to scavenge all the free heme and avoid 

its toxicity97.  

Parallel to FPN-1, NRAMP-1 is the phagolysosome Fe2+ exporter, exclusively expressed in phagocytic cells98. While 

Nramp2 (DMT-1) is ubiquitously expressed and its mutations cause severe microcytic anemia in mice, Nramp1-/- mice did 

not present serious defects in iron homeostasis, but displayed a mild anemia. The symptoms aggravated after induced 

hemolytic anemia by phenylhydrazine (PHZ) treatment, with iron retention inside the phagolysosomes, and impaired 

erythropoiesis99. 

1.4.3. Regulation of iron metabolism 

Iron metabolism is under tight regulation, and interference in that intricate regulation has been extensively related with 

different metabolic disorders. The main regulator of this complex mechanism is the increase or decrease of iron in the 

system, in any of its forms (Hb, heme, free Fe+2), which triggers different signals and metabolic pathways77,100.  

Indeed, the expression of HO-1, FPN-1 and SPI-C is induced by heme accumulation. At the steady state, their 

transcription is constitutively inhibited by the transcriptional repressor BACH1 (BTB and CNC homology 1). Haldar et al. 

(2014) established heme as the main mediator for BACH1 degradation101, and thus the inductor of Spic, Hmox1 and 

Slc40a1 expression both in vivo and in vitro. In this study, they used a Spicigfp/igfp reporter mouse model to track SPI-C 

expression in different macrophage populations, and found similar levels both in RPM and BMM, two macrophage 

populations deeply implicated in iron handling101. In the same way, increased free heme, or increased erythrophagocytosis 

in cultured macrophages promotes Nramp1 expression, but not Nramp2 (DMT-1)98. Parallel, HRG1 expression is also 

higher when the macrophage is exposed to hemin, or erythropagocytosis augments in BMDM, and its deletion impairs 

heme transport from the phagolysosome to the cytosol89.  

Hormonal regulation of iron metabolism is mediated by hepcidin75. As it has been mentioned before, hepatocytes are the 

major iron storage in the organism, although RPMs and KCs have also the capacity of storing iron in specific situations, 

such as infection (see 1.4.4.). Hepatocytes are able to sense the iron serum concentrations in the organism, perhaps 

thanks to their privileged location in contact with the portal venous system, and regulate iron homeostasis accordingly. 

They are the predominant producers of hepcidin75. 

Hepcidin modulates iron availability in plasma by provoking the internalization and consequent degradation of FPN-1 in 

macrophages, thus impeding iron release and promoting its storage75,102. As a hormone, it travels through circulation from 

the liver affecting enterocytes in the duodenum, which would then stop dietary iron absorption, RPMs in the spleen, and 

KCs and hepatocytes in the liver. Hepcidin production is at the same time regulated by iron75. When Tf-bound iron levels 

are high in plasma, due for example to excessive iron absorption in the intestine, or high erythrophagocytosis rate, 

hepatocytes detect this excess and secrete hepcidin. Conversely, low iron levels in plasma, an increased demand in 

erythropoiesis or hypoxia, rapidly block hepcidin secretion, thus promoting an increase in iron recycling and liberation75. 

This feedback ensures a correct iron balance in the organism. There are many intermediate molecules that act as iron 

sensors and modulate hepcidin production, but the specific mechanisms of this modulation are still unknown.  
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In the context of post-transcriptional regulation, the IRE/IRP axis controls the expression of many different iron-related 

genes, acting as iron sensors103. IRP-1/2 (iron regulatory proteins 1/2) recognize IREs (iron-responsive elements) in the 

mRNA strands of transcribed iron proteins and bind to them. As orthologous proteins, their functions often overlap. In mice, 

they areknown as Aconitases, encoded by Aco1, and Ireb2 respectively103. Upon IRP-IRE binding, the translation of a 

specific mRNA can rather be blocked, or stabilized, depending on the protein and the iron homeostatic conditions104. This 

way, IRE/IRP regulation conforms a highly adaptive response to the changes in the cellular iron status. Some of the iron 

proteins regulated by this mechanism are DMT-1 in the intestine; FPN-1; the iron storage protein FTN; the Tf receptor 

(TfR); ALAS (5-aminolevulinate synthase, the first enzyme of heme synthesis); and HIF2α (hypoxia-inducible transcription 

factor)103,104. Genetic ablation of both IRP1 and IRP2 results in embryonic lethality in mice.  

1.4.4. Iron and inflammation 

Iron homeostasis is closely linked to inflammation and immunity. It has been well documented that elevated iron serum 

levels tend to worsen inflammation and infection situations, while iron deficiency relatively ameliorates the symptoms of 

many of these pathologies (tuberculosis, malaria)75. Iron constitutes an important nutrient for every metabolism, and that 

includes microbes and pathogens. Macrophages, specifically RPMs and KCs, are able to regulate iron availability thanks 

to its storage in ferropoteins in their cytoplasm, thus limiting microbial proliferation and survival105. High iron loading is 

frequently associated with inflammatory pathologies, such as atherosclerosis106, chronic liver disease107 and 

neurodegeneration108. Therefore, inflammation constitutes a great trigger for iron retention, normally mediated by the 

hepcidin secretion induced by pro-inflammatory cytokines signaling (like IL-6 and IL-1β)109, which lead to iron 

compartmentalization in macrophages, although the process depends on the kind of pathology110. The production of pro-

inflammatory cytokines also promotes the production of a number of extracellular iron-scavenging proteins, such as 

lactoferrin, FTN, Hp and Hpx, which sequestrate iron from the plasma77. Conversely, hypoxia conditions after inflammation 

inhibit hepcidin secretion and restores iron trafficking. If the inflammation or infection conditions persist, the most common 

consequence is the development of the anemia of inflammation (AI), where a prolonged iron arrest causes the 

development of hypoferremia, erythropoiesis delay, and ultimately, anemia77,109,110. 

 

1.5. Bone marrow and spleen resident macrophages in erythropoiesis 

The bone marrow hosts the scenario for most of the erythrocyte proliferation and maturation process in adults. From the 

HSC to the reticulocyte, different stages of differentiation develop in a very controlled microenvironment, in a highly 

specialized niche known as the erythroblastic island (EBI)111 (Fig. 4). It consists on a central or nurse macrophage 

(CD11bloF4/80hiCD163+CD169+ER-HR3+) surrounded by erythrocyte progenitors at different maturation stages: colony-

forming unit, erythroid (CFU-e), pro-erythroblast, basophilic erythroblast (Ery A), poly erythroblast (Ery B), and ortho 

erythroblast (Ery C)111 (Fig. 4). The last cell division occurs at this last stage. It is asymmetrical, and produces a pyrenocyte 

(composed by the nuclei and several other organelles) and a reticulocyte (the rest of the cell). The pyrenocyte is engulfed 

by the central macrophage on a process called enucleation111,112 (Fig. 4). After 48 hours, the reticulocyte enters the 
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bloodstream, where it will continue to maturate for another 24 hours111. Their membrane suffers drastic composition 

modifications, which will confer high elasticity, and become biconcave. Their lifespam in humans, is approximately 120 

days, while in mice they live around 40 days112.  

The EBI can be found in every tissue that supports 

erythropoiesis in vivo, from the the fetal liver, to the 

adult bone marrow, and the spleen in case of 

emergency extramedullary hematopoiesis 

(EMH)113. However, at the earliest stages of 

embryonic development the first erythroblasts are 

thought to arise from the yolk sac blood islands 

independently from EBIs, and mature in the 

primitive circulation, but to still need to attach to a 

macrophage in order to enucleate114,115. In adult 

mammals, EBIs are distributed throughout the 

bone marrow with lo specific location. It has been 

suggested that EBIs are motile, and move within 

the marrow as their attached erythroblasts 

differentiate thanks to the central macrophage and 

its ability to interact and modify the extracellular 

matrix. A study that compared EBIs based on their 

proximity to the marrow sinusoids showed that those islands in close proximity to the sinusoids presented more 

differentiated erythroblasts than those localized far from them, which presented more immature erythroid cells116.  

1.5.1. Functions of the central ‘ nursing’ macrophage 

The specific contribution of the central macrophage to adult erythropoiesis is not entirely clear. Studies in vitro have shown 

that free erythroblasts are able to divide, mature and enucleate by themselves, but experience far fewer divisions 

compared to those attached to a central macrophage and the process is, in comparison, highly inefficient117,118, while the 

co-culture of erythroid progenitors with macrophages enhances their proliferation and differentiation119. One central 

macrophage handles around 30 developing erythroid cells in humans, but roughly 10 in rodents, attached through a high 

number of cell-cell interactions mediated by a myriad of adhesion molecules88,120,121. Macrophages have been probed to 

use these interactions to retain the erythrocyte progenitors in the bone marrow niche in order to ensure and promote their 

sequential divisions and differentiation, as well as the transmission of nutrients and molecular signals76. In fact, 

mouse models that lack integrins, the main interaction molecules, fail to potentiate erythropoiesis under stress 

conditions122. However, these interactions are not static. They undergo numerous changes during the differentiation of 

erythroblasts, and they need to allow the detachment of erythroid cells in order for them to enter circulation when they are 

mature113.  

Figure 4. Adapted from Hom et al, 2015.  Erythroblastic island 

representation. The central macrophage promotes the differentiation of 

the erythroid progenitors, maintaining cell-cell interactions through several 

adhesion molecules. 
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Studies supporting the interaction between macrophage and RBC described the importance of Emp (erythroblast 

macrophage protein, also known as MAEA), the first adhesion molecule identified for the EBI123. Emp is expressed both by 

the central macrophage and the erythroblast, and they interact with each other, being this a prerequisite for efficient 

erythropoiesis. Emp-null mice die perinatally and fetuses show severe alterations in the hematopoietic department117, and 

inability to form EBIs in the fetal liver124. Integrins are great interaction molecules in every context: α4β1 integrin in 

erythroblasts binds to VCAM-1 (vascular cell adhesion molecule 1) in macrophages. Interruption of this interaction using 

blocking antibodies causes the disruption of the island, and mutants in these molecules exhibit lethal embryonic anemia, 

caused by embryonic definitive hematopoietic failure125,126. Parallel, ICAM-4 (intercellular adhesion molecule 4) in 

erythroblasts, binds to αV integrins in central macrophages. Upon blockade of this interaction, there is a drastic reduction 

of EBIs. Furthermore, ICAM-4-null mice display a marked decrease of EBIs both in vivo and in vitro127. The Hb scavenger 

receptor CD163 is highly expressed by BMMs128, but the counter receptor is yet to be identified. Nonetheless, this 

interaction is important in the early stages of development, promoting expansion rather than differentiation in vitro, and is 

quickly lost past the pro-erythroblast stage129. CD169 (sialoadhesin), also expressed by BMMs, participates in these 

interactions too. Its counter receptor is also unknown130. CD169+ macrophages ensure the retention of HSCs in the bone 

marrow mesenchymal niche131, and have a pivotal role in later stages of erythropoiesis, enabling rapid proliferation by 

establishing loose interactions with erythroid precursors. Conversely, tight interactions between erythroblasts and CD169- 

macrophages interrupt proliferation and promote erythrophagocytosis132. 

Another proposed function for the central macrophage is the delivery of iron to the developing erythroblast, but is not 

clear under what circumstances this inter-cellular transfer takes place88. The main iron source for the developing 

erythroblasts in the EBI is Tf, which binds to the TfR (also known as CD71) in the membrane of the erythroblast133, and is 

internalized and directed to the mitochondrion to synthesize heme, and later, Hb100. However, central macrophages might 

also supply iron for the process in the absence of Tf, by the transfer of their FTN storage through an unknown 

mechanism134. FTN molecules have been discovered in the inter-cellular space between macrophages and 

erythroblasts133–135. Additionally, heme might also be transferred from the macrophage to the erythroblast through the 

macrophage heme exporter FLVCR1a91,136,137 and internalized by the heme transporter HRG1 in the erythroblast138. These 

two pathways are clearly not predominant in normal conditions, but they are believed to assist during stress erythropoiesis.   

Finally, the one well described and established function of the central macrophage is the phagocytosis of the expelled 

nuclei (enucleation) at the end of the differentiation of the reticulocyte. Studies performed in embryos, showed that Emp 

receptor interacts with different cytoskeleton proteins in both ends, mediating the process124,139. At the embryonic stage, 

erythroblasts have been described to enucleate in the fetal liver, while in adults it takes place in the bone marrow EBIs115. 

Fetal liver erythroblasts display apoptosis signals on the surface of their expelled pyrenocytes, in order to promote 

engulfment by fetal liver macrophages, such as the exposure of PtdSer140. Other studies reported that Emp-null embryos 

presented a significantly higher number of nucleated erythroid cells in circulation, and predominantly immature pro-

erythroblasts in the fetal liver compared to their WT counterparts124.  
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1.5.2. Erythropoiesis regulation 

Erythropoiesis is a meticulously controlled process. Transcriptional regulation is key in the differentiation from HSC to 

erythroblast. The transcription factor GATA-1 is necessary for erythroblasts survival, and its absence causes apoptosis141. 

Consequently, GATA-1-deficiency is embryonically lethal. Soluble factors, secreted by both macrophages and 

erythroblasts are also of great importance in correct progression of erythropoiesis, in order to properly respond to different 

signals in the organism and maintain homeostasis (IL-6, TNFα, TGFβ, IFNγ, TRAIL)76.  

But the main factor in the regulation of erythropoiesis is erythropoietin (EPO)142. This hormone, mostly secreted by the 

kidney in adults and by the fetal liver during embryonic development, responds to changes in tissue oxygenation. It travels 

through circulation and binds to EPO receptor (EPOR), which is expressed by erythroid precursors from CFU-e to the 

basophilic erythroblast, and by the central macrophage142. EPO signalling directly promotes erythroid survival, proliferation 

and differentiation, thus increasing the RBC count and promoting oxygen transport. Consequently, the main stimulus for 

the production of EPO is hypoxia142. In macrophages, EPO signalling contributes to the resolution of inflammation induced 

by hypoxia stress. In fact, EPOR levels increase in the membrane of macrophages, as does EPO serum levels143. Driven 

deletion of EPOR in peritoneal macrophages impairs their phagocytic ability towards apoptotic clearance144. Many studies 

have shown that EPO stimulation promotes an anti-inflammatory phenotype and phagocytosis in microglia during 

inflammation145, and KCs proliferation in the liver. Finally, an in vitro study showed that EPO administration to a human 

EPOR over-expressing mouse model, significantly increased F4/80+MHC-II+ macrophages in the spleen146. 

 

1.6. Red pulp macrophages in extramedullary hematopoiesis 

A lot of studies have shown that, under steady state conditions, the absence of BMMs does not cause serious 

complications in mice131. When bone marrow erythropoiesis is compromised, due to bone marrow abnormalities, hypoxic 

stress, chronic inflammation, infection or massive bleeding147,148, the process is displaced to other organs, being 

denominated extramedullary hematopoiesis (EMH). When this happens, central macrophages of the EBIs become an 

essential asset to the development of new RBCs. The main organ in charge of EMH is the spleen, more specifically, 

RPMs113,131,146,149. 

In homeostasis, RPMs have very specific roles in the maturation of RBC. Mature RBC infiltrate the spleen several times in 

order be checked for correct membrane integrity and flexibility88. During these checks, RPMs have the ability to remove 

cytoplasmatic inclusions from them (excessive iron deposits, proteins and oxidative damage accumulations) while 

maintaining their integrity and returning them to circulation, by a process called ‘pitting’150, although the molecular 

mechanism for this phenomenon is still unknown. But during EMH, RPMs also play the role of nursing macrophages in 

extra medullar EBIs to assist erythroblasts in their maturation. In order to study the mechanism of EMH, different 

approaches have been addressed. G-CSF (Granulocyte colony stimulating factor) stimulation in mice leads to the 

depletion of BMMs151, causing an erythropietic defect and promoting EMH in the spleen149,152. Chow et al. (2013) showed 

that WT mice with a complete deletion of monocytes and tissue macrophages caused by clodronate liposomes infusion, 



Introduction 
 

48 
 

Figure 5. Adapted from Olefski, 2001. Classification of the 

different nuclear receptors depending on their ligands. 

could not overcome the anemia after PHZ treatment. Conversely, BMMs directed ablation in a CD169DTR/+ mouse model 

combined with a PHZ treatment only caused delayed hematocrit recovery131.  

 

2. LIVER X RECEPTORS  

2.1. Nuclear receptor superfamily  

The superfamily of nuclear receptors (NRs) contains up 

to 48 different transcription factors in humans, and 49 in 

mice, being one of the largest groups of receptors in 

vertebrates153. They participate in every transcriptional 

program that takes place in the cell in homeostatic 

conditions, regulating a plethora of physiological 

functions, including metabolic processes, development 

and cell differentiation153. These transcription factors are 

typically ligand-dependent, and have a very conserved 

and highly organized protein structure, consisting of 6 

domains (Fig. 5): a N-terminal region, which contains a 

ligand-independent activation domain (AF-1, Activation 

Function 1, A/B), a DNA binding domain (DBD, C), a 

ligand binding domain (LBD, E), and a C-terminal region containing another activation domain (AF-2, Activation Function 2, 

F), in this case ligand-dependent, that enables the interaction between the nuclear receptor and the different co-activators 

and repressors that modulate their activity. Between the DBD and the LBD there is an intermediate region, of variable 

length, that acts as a hinge (D) when the protein folds154. There are three subfamilies, regarding the nature of their specific 

ligands155 (Fig. 5). Steroid receptors, bind to steroid hormones and translocate from the cytoplasm to the nucleus as 

homodimers; orphan receptors, whose ligands had not been identified by the time of their discovery. They can either act 

as homodimers, or as monomers; adopted orphan receptors, originally classified as orphan receptors, until the discovery 

of their specific thanks to genomic experimental methods. These receptors are constitutively nuclear, and need to 

heterodimerize with the retinoic acid receptor (RXR) in order to bind to the DNA and function. Their activation can occur in 

three ways: through the binding with the specific ligand of the partner of RXR (RXR acts as a silent companion); through 

the synergic binding of the specific ligands of both receptors; through the conditional modulation of the RXR ligand, which 

functions as an activator only if the other ligand is present. This group includes many different possible partners for RXR, 

such as the Liver X Receptors (LXR), and the Farnesoid X Receptors (FXR)155. 

Nuclear receptors bind to specific DNA sequences known as Hormone Response Elements (HRE), localized in the 

regulatory regions of their target genes. For the non-steroid members of this family, they consist on two direct repetitions 
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Figure 6. Data extracted and analyzed from public 

repository by Lavin et al. (2014). LXRα and LXRβ 

expression pattern in different TRM populations.  

 

(DR) of a hexamer with an indeterminate number of random nucleotides in the middle, with prototype repetition 

(NGKKYA), where, ‘K’ is guanine or thymine and ‘Y’ is cytosine or thymine. The particular sequence and the number of 

nucleotides in the middle is what determines the binding of one or other receptor156. For example, the pair RXR/PPAR will 

preferably bind to DR with only one nucleotide in the middle (DR1), while RXR/LXR will bind to sequences with four 

nucleotides in the middle (DR4)155. The regulation executed by these nuclear receptors can follow three different 

mechanisms:  

Transactivation: the recognition of the specific ligand promotes structural changes in the conformation of the nuclear 

receptor, which will displace the co-repressor complex, facilitating the activity of the co-activator complexes, and the 

transcription154. 

Repression: in the absence of their ligand, the heterodimers are bound to the HRE of their target genes, and recruit co-

repressor complexes that impede the transcription. These complexes are often conformed by several co-regulator 

molecules, such as SMRT (Silencing Mediator of Retinoid acid and Thyroid-hormone Receptors) and NCoR (Nuclear-

receptor Co-Repressor)154. 

Trans-repression: the heterodimers are able to inhibit the transcriptional activity of another transcription factors without 

binding to the DNA, through a protein-protein interaction157. This mechanism has been described for LXR158 and PPARγ159, 

and entails the recognition of each nuclear receptor’s ligand and a post-translational SUMOylation-mediated modification 

of their LBD. This process allows LXR and PPARγ to inhibit the expression of pro-inflammatory genes through the 

stabilization of co-repressor complexes such as NCoR, and SMRT, which are located in the binding site of the promotor 

region of said genes158,159.  

 

2.2. Liver X Receptors 

Liver X Receptors (LXR) α and β, are two nuclear receptors 

encoded by the genes Nr1h3 and Nr1h2 respectively, located in 

two different chromosomes (11 and 19 in human, 2 and 7 in 

mice)155,160,161. LXRs function as lipid and cholesterol sensors in 

the cells, and their typical ligands are intermediate metabolites 

from the cholesterol metabolism, such as oxysterols (oxidized 

forms of cholesterol)162. LXRs heterodimerize with the RXR 

receptor. Very potent synthetic agonists for LXR activity have 

been developed (T0901317 and GW3965) as well as an 

antagonist (GSK1440233A)163. 

Genetically, LXRα and LXRβ share up to 75% of sequence 

homology in their DBD and LBD domains, both in human and 
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rodents, with a high degree of overlap in their target genes164. This means that, in most contexts, one receptor is able to 

compensate the other in case of necessity. However, their expression distribution throughout the organism is quite 

different. While LXRβ is ubiquitously expressed in every tissue, LXRα can only be detected in tissues with high metabolic 

activity, such as liver, kidney, intestine, adipose tissue, adrenal glands and some tissue macrophages165. Likewise, 

different TRMs present different levels of LXRα expression16, being KCs and RPMs the populations with the highest 

expression (Fig. 6). 

 

2.3. LXRs in lipid metabolism 

Cholesterol is one of the essential components of cellular membranes, and is the precursor of bile acids, vitamins and 

steroid hormones. LXRs participate in its regulation at three levels, synthesis, absorption and catabolism166,167. Cyp7a1 

(Cytochrome =450, family 7, subfamily A, polypeptide 1), a limiting enzyme for bile acids synthesis, is a direct target of 

LXRα, and LXRα-/- mice fed with a high cholesterol diet, showed inability to metabolize cholesterol into bile acids. These 

mice accumulated cholesterol esters and ultimately, developed hepatic failure168. LXR-deficient mice and in vitro studies 

have described the effects of these nuclear receptors in the reverse cholesterol transport (RCT), the process by which the 

excess of peripheral tissue cholesterol and fatty acids stored inside macrophages and enterocytes is carried back to the 

liver by HDL (high density lipoproteins) for their elimination in form of bile acids and other catabolites169. Many different 

cholesterol metabolism related enzymes and proteins are direct targets of LXR regulation, like cholesterol transporter 

proteins, such as the ATP binding cassette family, ABCA1165, ABCG1170, ABCG5 and ABCG8171, in charge of the correct 

cholesterol flow from the inside to the outside of the storage cells; extracellular cholesterol acceptor proteins, like APOE 

and APOC (apolipoproteins E and C)172,173, which are part of the HDL molecules that deliver cholesterol to the liver for their 

elimination; and lipoprotein remodeling enzymes, like PLTP (phospholipid transfer protein) or LPL (lipoprotein lipase)167,174. 

Recent studies described the regulation by LXR of the transcription of the enzyme IDOL (inducible degrader of the LDL 

receptor) in peripheral tissues and macrophages175. IDOL is an E3 ubiquitin ligase, and degrades de LDL receptor (LDLR) 

by ubiquitination, stopping the uptake of LDL cholesterol, that way regulating the storage176.  

LXR also directly regulates the expression of genes that encode proteins with important functions in fatty acid synthesis, 

such as SREBP-1c (sterol regulatory element binding protein)177, FAS (fatty acid synthase)178 and ACC (acetyl CoA 

carboxylase)168. Activation of LXR activity using synthetic ligands induces the hepatic lipogenic pathway and thus elevates 

the plasma triglyceride levels in mice174. 
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3. LXR IN MACROPHAGES 

3.1. LXR in atherosclerosis 

During atherosclerosis, excess of lipid material accumulates in the lumen of medium and large arteries forming the 

atherosclerotic plaque. As a consequence, arteries narrow causing various severe circulatory affections. Macrophages are 

implicated in all stages of the development of the plaques, as they are the ones that store the lipid material (cholesterol and 

fatty acids, primarily oxidized LDL molecules), turning into foam cells. Several studies have stated that LXR activation in 

these macrophages antagonizes atherogenesis, via the up-regulation of genes related to cholesterol metabolism and 

efflux (RCT), from cholesterol transporters (ABC family) to cholesterol acceptors (apoe and apoc), and lipoprotein 

remodeling enzymes (PLTP and LPL), ensuring a correct regulation of the cholesterol metabolic pathways and lipid 

synthesis, and preventing the disease179,180.  

The transcriptional activity of LXRs prevents the formation of the atherosclerotic plaque during the progression of 

atherosclerosis in mouse models with propensity to develop the disease181, and is able to revert it even after it has been 

formed. Chronic treatment with LXR synthetic agonists is able to induce the remodeling and regression of pre-existing 

plaques182. Interestingly, studies have shown that only the global absence of LXRα, and not LXRβ, associates with 

massive cholesterol accumulation and the acceleration of the disease in different atherosclerosis mouse models (Apoe-/- 

and Ldlr-/-)183–185.  

 

3.2. LXR in immunity and inflammation 

Both LXRs (α and β) are able to modulate the immune response through the repression of inflammatory genes, primarily in 

macrophages. Upon stimulation with LPS, TNFα, or IL-1β, they inhibit the transcription of other pro-inflammatory 

transcription factors, such as NF-κB, STAT and AP-1186, and other pro-inflammatory genes, like IL-6, iNOS, COX-2 in 

vitro169,187. 

In vivo, LPS intraperitoneal injection triggered an exacerbated systemic response in LXRαβ-/- mice186, whereas LXR 

synthetic agonist administration in mouse models with chronic atherogenic inflammation and hypercholesterolemia (Apoe-/-

, Ldlr-/-) drastically reduced the expression of pro-inflammatory genes186,188. The same outcome has been observed in mice 

with skin inflammation189, and Alzheimer disease190. LXR activity has also an important role in the defence against 

microorganisms. LXR-deficient mice are susceptible to infection by Listeria monocytogenes191. LXRα-/- mice were also 

prone to infection with Mycobacterium tuberculosis192. Pathogen infections have been demonstrated to interfere with the 

correct LXR regulation of cholesterol metabolism in macrophages, establishing a link between these two facets of LXR 

activity. In another study, in vitro infection of macrophages with Escherichia Coli or influenza A virus caused an impairment 

in cholesterol efflux by the inhibition of different cholesterol carriers, such as ABCA1, ABCG1 or APOE lipoprotein193.  
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3.3. LXR in apoptosis 

The clearance of apoptotic material by macrophages is one of the most common mechanisms of ensuring homeostasis in 

the tissues, by preventing unnecessary immune reactions triggered by the accumulation of potential immunogenic Ags, 

which could culminate in tissue necrosis and autoimmunity194. This process highly affects the transcriptional program of 

macrophages, promoting differential genetic signatures between phagocytic and non-phagocytic cells within the same 

tissue195. 

In phagocytic macrophages, the engulfment of dying cells entails a considerable increase of the intracellular lipids, so they 

present a very active lipid metabolism that allows them to digest the ingested cellular components. This activates LXR 

transcriptional program, more specifically LXRα, which as was mentioned before, is most expressed in TRM. Studies by A-

Gonzalez et al. (2009) demonstrated that the clearance of apoptotic thymocytes is severely impaired in the absence of 

LXR signaling in vitro, and LXR-null mice presented a large amount of accumulated unengulfed apoptotic cells in the 

thymus, spleen, lungs and testis, resulting in the loss of tissue homeostasis196. Phagocytosis of apoptotic cells was 

significantly enhanced when in vitro macrophages were stimulated with an LXR agonist196. Additionally, in vitro expression 

assays and transcriptional profiling, identified apoptotic mediator Mer receptor as an LXR direct target gene197. LXR-

deficient mice often present age-dependent chronic inflammation and maintained systemic auto-immune reactions, 

derived from the presence of auto-antibodies and immune cells infiltrations in several tissues, which can ultimately drive to 

the development of a number of auto-immune diseases. However, chronic administration of synthetic LXR agonists 

ameliorates the progression of auto-immunity in a lupus-like disease mouse model196. 

 

3.4. LXRα in splenic macrophages  

As was mentioned before, among the different TRM populations, splenic RPMs and hepatic KCs are the ones that present 

the highest levels of LXRα expression16 (Fig. 6) compared to others, such as microglia or resident peritoneal 

macrophages36.  A-Gonzalez et al. (2013) reported the implication of the expression of LXR in hematopoietic cells in the 

development of the macrophages of the MZ of the spleen (MZM)63. Immunofluorescence analysis showed that both 

LXRαβ-/- and LXRα-/- mice completely lacked the MZ region of the spleen, and thus presented an abnormal response to 

blood-borne Ags. Upon WT and LXRβ-/- bone marrow transplantation, the MZ was reconstituted in these two mouse 

models, revealing the genuine implication of LXRα in the development of the MZM compartment in the spleen63.  

This data enlightens the important role of LXRα, above LXRβ, in the correct hematopoietic development of the different 

macrophage subpopulations of the spleen, and raises the question of whether LXRα expression also affects the 

development of the RPM compartment, along with its functionality, both immunologically and metabolically.   
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1. Generation of new mouse models suitable for the analysis of LXRα expression and function in different 

types of tissue resident macrophage populations.  

2. Study of the role of LXRα nuclear receptor in the differentiation and functioning of tissue resident 

macrophages and their relation with iron homeostasis 

3. Comparison between the transcriptional profiles of red pulp macrophage population in WT mice and 

LXR-deficient mice. Identification of new LXR target genes, and description of the possible metabolic 

pathways regulated by these nuclear receptors in this macrophage population.   

4. Analysis of the possible physiopathological consequences in vivo due to defects in splenic and bone 

marrow macrophages in LXR-deficient mice. 

5. Defining a complete transcriptional signature of iron-handling macrophages in mice and its 

dependence of LXRα signaling. 

6. Design of a molecular model that describes the role of LXRs in the correct development and 

functioning of red pulp macrophages.  
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Animals 
 
LXRα deficient and LXR double deficient (Nr1h3-/-;Nr1h2-/-) mice on pure C57BL/6 background were originally provided by 

David Mangelsdorf and have been described in our previous publications (UTSW)63,195,196. Mice with conditional ablation of 

LXRα in macrophages were generated by crossing LXRαfl/fl mice (previously reported in A-Gonzalez et al. 2013)63 with 

transgenic mice expressing Cre-recombinase under the Fcgr1 (encoding CD64) promoter198. These mice were harbored 

at the VIB Research Institute, Ghent Belgium under a collaboration with Dr. Martin Guilliams (Fig. 7E). The generation of 

the other two new mouse models was performed as follows: Constitutive Knockin mouse models LXRα -DTR/DsRed (Fig. 

7A, B) and LXRα-GFP mice (Fig. 7C, D) were generated by classical targeted homologous recombination performed in 

murine ES cells, through electroporation of DNA target constructs generated by Red/ET recombination at the 

EMBL spin-off “GeneBridges” at Heidelberg, Germany. Briefly, the LXRα -DTR/DsRed target vector was created with 

a DNA cassette encoding for the human HB-EGF (Diphteria toxin) receptor as a fusion with the DNA encoding for 

the Red fluorescent protein (DsRed) from Discosoma sp. This strategy aimed to generate the LXRα DTR and the 

reporter expression together as an indicator of LXRα expression, and as a means to specifically deplete LXRα-

expressing cells in the same mouse model. DsRed fluorescence, however, was not observed with any of the 

available techniques. At present, the reason/s for the failure to detect DsRed protein expression are unknown, but 

similar examples in recent literature have been also experienced199. Failure to see reporter expression in these 

mice was the reason to create the second mouse model with a targeting vector harbouring the DNA encoding the 

enhanced GFP (EGFP) protein. In both mouse models, DNA was inserted in frame within the first coding exon of 

the Nr1h3 gene. Generation of recombinant ES cells and chimeric mice was performed at the transgenic core 

facilities of CNB CSIC-UAM, campus Cantoblanco and Centro Nacional de Investigaciones Cardiovasculares 

(CNIC) with the help of Dr. Andrés Hidalgo, Giovanna Giovinazzo and Luis M. Criado (CNIC), and Belen Pintado 

and Verónica Dominguez from CNB-UAM. We thank all these collaborators for their tireless efforts in the 

generation of these mice. All mice were maintained under pathogen-free conditions in a temperature-controlled room 

and a 12-hour light-dark cycle in the animal facilities of IIBM-CSIC vivarium. Experiments to specifically deplete LXRα-

expressing cells using the LXRα-DTR mouse model were conducted at the CNIC animal facility under the 

supervision and ethical procedure of our collaborator Dr. Andrés Hidalgo. All other animal studies were conducted in 

accordance with institutional CSIC-UAM animal research committees.  

Flow Cytometry 
 
To characterize macrophage populations by flow cytometry, single cell suspensions from spleens and bone marrow were 

obtained from mice and processed by different methods. Spleen processing was performed with a Spleen Dissociator Kit 

(Miltenyi Biotec, 130-095-926) and gentleMACS Dissociator (Miltenyi Biotec); cell suspensions of bone marrow were 

obtained by gentle flux of femurs with cold PBS and centrifugation. Red blood cells (RBCs) were lysated using Versalyse 

lysing solution (Beckman Coulter, 2 mL for spleen and 600 µL for femur samples) for 2 minutes, washed with 10 mL of 

FACS buffer (PBS, 2% FBS and 5mM EDTA), and centrifuged for 300 xg for 5 minutes. After resuspension, 5x106 cells 

were incubated in 70 µL with fluorescence-labeled antibodies for 20 min at room temperature (see gating strategy in Fig. 
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8). After incubation cells were washed with 1 mL of FACS buffer, centrifuged for 5 minutes at 300 xg, and cell pellets were 

resuspended in 200 µL of FACS buffer. Samples were analyzed in FACS Canto II Flow Cytometer (Becton-Dickinson) 

and data was represented using FlowJo software (Treestar, Inc.).  

Cell sorting 
 
Spleen cell suspension was obtained as described above. After RBC lysis, cells were dissolved at a concentration 

suggested by the Miltenyi magnetic enrichment protocol; that is 90 µL /107 cells of FACS Buffer (PBS, 2% FBS and 5mM 

EDTA) for F4/80+ enrichment protocol: 

- Cell purification for genome-wide transcriptional analysis: after resuspension, cells were incubated with 10 µL/107 

cells of FcR Blocking Reagent mouse (Miltenyi Biotec, 130-092-575) for 15 minutes at 2-8°C. Next, cells were 

incubated with F4/80-Biotin antibody (Biorad MCA497G) at a concentration of 5 µg/mL for 20 minutes at 2-8ºC. 

Cell suspensions were then washed with FACS Buffer (1 mL per 107 cells) and centrifuged at 300 xg for 5 

minutes. Pellets were resuspended in 90 µL /107 cells and incubated with 20 µL/107 cells of Anti-Biotin 

Microbeads (Miltenyi Biotec, 130-090-485) for 15-20 minutes at 2-8°C. Cells were washed again with 1 mL/107 

cells of FACS Buffer and centrifuged at 300 xg for 5 minutes to eliminate the excess of Anti-Biotin Microbeads. 

Pellets were resuspended up to 108 cells in 500 µL of FACS Buffer, and applied onto MS Columns (Miltenyi 

Biotec 130-042-201) placed in OctoMACS™ Separator Miltenyi Biotec (130-042-109) device for magnetic 

separation of F4/80+ cells. After collection of the positive fraction, cells were incubated with fluorescent antibodies 

for 20 min and sorted in a FACS-Vantage SE (Becton-Dickinson) (see sorting strategy in Fig. 9). Purified cells 

were directly sorted into RNA lysis buffer and RNA was purified with an RNeasy® Plus micro-kit (Qiagen, 74034) 

according to the instructions of the manufacturer.  

- Cell purification for targeted qPCR: To analyze RPM gene expression, FACS-sorted cells were directly incubated 

with Cells Direct One-Step mRNA qRT-PCR Kit (Invitrogen, 46-7200) following Kit instructions. Single cell 

suspensions of splenocytes were obtained as indicated above in Flow Cytometry protocol. 5x106 cells (diluted in 

70 µL) were incubated with fluorescent antibodies (see sorting strategy, Fig. 9) for 20 minutes at room 

temperature. Biological replicates of 500 cells were collected after sorting in 0,2 mL Eppendorf tubes containing 

10 µL of 2X Reaction Mix buffer, and flash freezed in dry ice prior to RNA analysis.   

Transcriptional profiling and Biological pathway analysis  
 
Transcriptional profiling of RNA expression was studied using Affymetrix Clariom S microarrays (Applied Biosystems 

catalog #902930). Data from raw expression values was obtained as Log2 signals and normalized to reference genes. 

Data was processed by the Genomic Unit of the Complutense University of Madrid (https:ucm.es/gyp/genomica-3). 

Heatmap representations were performed according to logarithmic-transformed values (Log2) of fold change expression 

(Z-score= ± 2) and arranged in decreasing order of magnitude. Gene Ontology Biological Process Analysis (GO BP 

terms) was performed on transcripts classified in the three heatmap categories, under program default settings. Only 

significant terms (p-value>10-2) are shown. 
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Real-time qPCR analysis 
 
For total tissue expression, mRNA was isolated from spleens using TRI Reagent Solution (Invitrogen cat#AM9738) and 

reverse transcribed to cDNA using iScript cDNA Synthesis kit (Bio-Rad 170-8891) on 2720 Thermal Cycler (Applied 

Biosystems).  

For sorted cells, mRNA extraction kit Cells Direct One-Step qRT-PCR Kit (Invitrogen, cat#46-7200) was used following Kit 

instructions. Samples were flash-freezed immediately on dry ice. For pre-amplification and reverse transcription to cDNA 

same Thermal Cycler was used. Real-time quantitative PCR analysis was performed with Mx3005P Thermal Cycler 

apparatus (Stratagene) and Power SYBR Green PCR Master Mix (Applied Biosystems cat#4309155). PCR primers are 

listed on Table 2. The amplification of cDNA was carried out with an initial denaturation of 95°C for 10 minutes, followed by 

40 cycles of 95°C for 30 seconds, 55°C for 1 minute and then 72°C for 1 minute. The relative mRNA expression of target 

genes was normalized to 36B4 mRNA expression.  

Immunofluorescence analysis 
 
Spleens were harvested and fixed with 4% paraformaldehyde for 24 h at 4°C and were further incubated 24 h in PBS 

supplemented with 30% sucrose. Tissues were embedded in optimal cutting temperature (OCT) preservation liquid and 

cryopreserved in dry-ice. Spleens were sectioned (4-8 µm) and stained with fluorescent conjugated antibodies (see Table 

3) for 1 hour, and washed three times with cold PBS. Stained sections were fixed over night with ProLong Diamond 

Antifade Mountant (cat#P36961) and observed under confocal microscope (espectral Zeiss LSM710). For visual analysis 

of the images, ImageJ (1.51 J8) software was used.  

Citospin and tissue iron staining 
 
For single-cell staining, 2x105 RPM were FACS-sorted (see sorting strategy, Fig. 9) into RPMI medium (10% FBS), placed 

on a citospin slide-chamber and citocentrifuged in a Cyto-Chamber (Hettich Zentrifugen) at 600 xg for 2 minutes. Cells 

were then fixed with PFA and prepared for further staining. For tissue staining, paraffin embedded spleen sections (4-8 

µm) were collected, deparaffined in xylene and washed with PBS. In both cases, Prussian Blue staining (Iron Stain 

ab156674, ABCAM) was used to visualize iron deposits. Slides were observed under Axiophot Zeiss microscope and 

pictures were analyzed using ImageJ (1.51 J8) software.  

Iron (Fe2+) and Hemoglobin quantification  
 
Spleen and bone marrow tissue extracts were obtained by mechanical homogenization, and Iron assay kit (ABCAM 

ab83366) was used to quantify Fe2+ content according to manufacturer instructions. For hemoglobin analysis, blood 

samples (10 µL) were extracted from the mouse facial vein, diluted into 1 mL of water and centrifuged at 14.000 rpm for 5 

minutes. Supernatant was collected, and 100 µL were mixed with another 100 µL of water and measured absorbance in a 

spectrophotometer at 540 O.D. For spleen hemoglobin analysis, tissue was collected and weighted. Hemoglobin 

measurement was performed by mechanical homogenization of spleen (40 mg of tissue approximately) in 500 µL of water 

and centrifuged at 14.000 rpm for 5 minutes. Supernatant was collected, and 200 µL were used for absorbance analysis in 
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a spectrophotometer at 540 O.D. Bone marrow was extracted by gentle collection of tibia content and diluted into 200 µL 

of water. After bone marrow extraction from the bone, samples were centrifuged at 14.000 rpm for 5 minutes. 

Supernatants were collected and measured absorbance in a spectrophotometer at 540 O.D. 

Statistical analysis  
 
Data was expressed as mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. 

Values of P<0.05 (*) or P<0.01 (**), were considered to be significant, and values of P<0.001 (***) were considered to be 

very significant. 
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Figure 7. A) Genetic strategy for the creation of LXRα-DTR-DsRed mutant mice. B) Quantitative expression of DsRed and hHB-EGF 

of both WT and LXRα-DsRed-hH-EGF mice in basal conditions (Ctrl) and 48 hours after LPS intraperitoneal injection (1 mg/kg, 200 

µl) (left); PCR genotyping of WT and LXRα-DsRed-hHB-EGF+/- mice (right). C) Genetic strategy for the creation of LXRα-GFP 

reporter mutant mice. D) RNA expression analysis by qRT-PCR of EGFP (enhanced GFP) and LXRα in total spleen samples from 

WT/WT, WT/GFP and GFP/GFP mice (left); PCR expression of E-GFP on WT/WT, WT/GFP and GFP/GFP mice (right). E) 

LXRαfl/flCD64-CRE+ mice genetic construct. 
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Figure 8. Flow Cytometry gating strategy for the identification of resident macrophages in the spleen (A) and bone marrow (B). 
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Figure 9. A) Cell Sorting strategy for CD11bhiF4/80loSSClo monocyte and CD11bloF4/80hi RPM purification. Pre-sort (left panels): 

percentages correspond to magnetic enrichment of F4/80+ splenocytes and subsequent analysis using expression of CD11b and 

VCAM-1 markers. Post-sort: Corroboration of cell purity after cell sorting (Plots on the right).   

 

Table 1. Genotyping primer 5´ 3´ sequences for LXRα-hHB-EGF;DsRed, LXRα –GFP and LXRα-/- and LXRαβ-/- mouse models.  
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Table 1. 
 

 
Genot yping 
 

 
DTR-DsRed 

 

 
 
 
5'  3' 

Nr1h3 fwd   AAGAGATGTCCTTGTGGCT GGAG 

Nr1h3 rev  GAGCGGACAGAACT CTCAAAGC 

hH-EGF fwd    GTTGGGCATGACTAATTCCCAC 

DsRed rev  GATTGACT TGAACT CCACCAGG 

GFP 

GFP : Nr1h3fwd  CAGT CGATCCT GTGAGGACA 

GFP : Nr1h3rev KI  TCTTGTAGT TGCCGT CGT CC  

GFP : Nr1h3rev W T  GGT AGCTAACGGACAGCTCAT 

LXRαβ-/-
 

Nr1h3 fwd  TTGTGCCCAGTCATAGCCGAAT 
 

Nr1h3 rev  TCAGTGGAGGGAAGGAAATG 

Nr1h3 rev   TTCCTGCCCTGGACACTTAC 

Nr1h2 fwd  AGGTGAGATGACAGGAGATC 

Nr1h2 rev    CCTTTTCTCCCGACACCG 

Nr1h2 rev    GCATCCATCTGGCAGGT TC 
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Table 2. Quantitative PCR analysis primer 5´ 3´ sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. 
 

 
rt -qPCR 

 

 
 
 
5'  3' 

Vcam1 fwd  TGCGAGTCACCATTGTTCTCAT 

Vcam1 rev   CATGGTCAGAACGGACTTGGA 

36b4  fwd  GGCCCTGCACTCTCGCTTTC 

36b4  rev  TGCCAGGACGCGCTTGT 

Spic  fwd   TCCGCAACCCAAGACTCTTCAA    

Spic  rev  GGGTTCTCTGTGGGTGACATTCCAT 

Hmox1 fwd   CACAGATGGCGT CACTTCGTC 

Hmox1 rev     GTGAGGACCCACTGGAGGAG 

Nr1h3 fwd  CCTTCCTCAAGGACTTCAGTTACA 

Nr1h3 rev  CATGGCTCTGGAGAACTCAAAGAT     

Timd4  fwd    AAAGGGTCCGCCTTCACTAC 

Timd4  rev    TGCTTCTTTGAGAGTGATTGGA      

Cd5l  fwd  TTTGTTGGATCGTGTTTTTCAGA      

Cd5l  rev   CTTCACAGCGGTGGGCA 

Mertk fwd     ACACGGGGAATGACTCCCTA  

Mertk rev   TGTCATACAGTTCATCCAAGCAGT 

Abca1 fwd    GCAGATCAAGCATCCCAACT 

Abca1 rev   CCAGAGAATGTTTCATTGTCCA 

Slc40a1 fwd     GGGTGGATAAGAATGCCAGACT 

Slc40a1 rev    AT GACGGACACAT T CT GAACCA 

Cd163 fwd     TCTCAGTGCCTCTGCTGTCA      

Cd163 rev     CGCCAGTCTCAGTTCCTTCT       

Sirpα fwd   CTGAAGGTGACTCAGCCT GAGAAA 

Sirpα rev  ACTGATACGGATGGAAAAGTCCAT 

Marco fwd       GGCACCAAGGGAGACAAA 

Marco rev     TCCCTTCATGCCCATGTC      

EGFP fwd       CGACGGCAACTACAAGAC  

EGFP rev   TAGTTGTACTCCAGCTTGTGC    

DsRed fwd     GAAGGGCGAGATCCACAAG 

DsRed rev  TGACTTGAACTCCACCAGGTAGT 

Slc11a1 fwd       GCAGGCCCAGTTATGGCTC 

Slc11a1 rev    CAGGCTGAATGTACCCTGGTC 
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Table 3. Antibody specification for flow cytometry analysis. Fluorophores, clones and titles used for every marker are indicated. 
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1. LXRα is highly expressed in macrophages from the marginal zone and red pulp 

splenic compartments 

 

In order to explore the in vivo regulation of RPMs through manipulation of the LXRα pathway, we created a knockin mouse 

model in which we introduced a cDNA encoding human DTR into the first coding exon of LXRα (LXRα-DTR). By targeting the 

DTR sequence into the LXRα coding exon, we disrupted the structure of the LXRα locus and the endogenous mechanisms 

that regulate LXRα expression, control the expression of DTR at physiological levels (see Fig. 7A, Materials and methods).  

DTR was expressed as a fusion protein with DsRed using a T2A peptide linker. Thus, our initial goal was to generate a mouse 

model with a dual purpose. First, the DTR expression would allow us to specifically deplete cells that normally express LXRα 

in tissues upon DT stimulation in vivo. Second, the DsRed protein would ideally allow us to visualize cells that normally 

express LXRα by observing DsRed fluorescence. However, even though the presence of DsRed transcript was verified by 

quantitative real-time PCR in the spleen (Fig 7B, Materials and methods), red fluorescence could not be detected by flow 

cytometry or immunofluorescence (data not shown). This experimental problem did not preclude us from continuing exploring 

the utility of the DTR expression in this mouse model. Since LXRα is highly expressed in liver hepatocytes, direct injection of 

DT into LXRα-DTR mice causes severe liver damage and acute death200. Therefore, to explore the effectiveness of DTR 

stimulation to deplete LXRα-expressing cells, avoiding the toxicity of DTR expression in hepatocytes, we used a protocol of 

bone marrow transplantation (Fig. 10A).    

WT mice who received bone marrow from LXRα-DTR mice (LXRα-DTR→C57BL6) survived an acute DT injection after 10 

weeks post-transplant (Fig. 10A). To test which bone marrow-derived cells are targeted within the splenic myeloid 

compartment by DTR stimulation, we analyzed the frequency of myeloid cells in the spleen. We tested whether LXRα 

expressing myeloid cells could be depleted by DT administration. CD11bloF4/80hi (RPM) compartment almost completely 

disappeared at 24h post DT injection (Fig. 10B). Also, CD11bhiF4/80lo monocyte population was severely impaired, indicating 

that a portion of this population expresses LXRα too, to a lesser extent (Fig. 10B). These results were confirmed by 

immunofluorescence using CD169 and F4/80 conjugated antibodies as markers for marginal zone and red pulp myeloid cells 

respectively (Fig. 10C). DT injection effectively suppressed the immunofluorescence signal of both antibodies, indicating that 

cells expressing these markers were depleted. Thus, these functional studies using our LXRα-DTR mouse model illustrate 

how LXRα is highly represented in macrophages from the MZ and red pulp in the spleen and a portion of resident monocytes 

in the splenic red pulp compartment. 
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Figure 10. A) Bone marrow transplant diagram. WT recipient mice were irradiated and transplanted with LXRα-

hHB-EGF bone marrow. After 10 weeks, they were injected intraperitoneally with DT (10 ηg/mouse) or PBS, and 

euthanized 24 hours later to analyze by flow cytometry. B) Flow cytometry analysis of CD11bloF4/80hi RPMs and 

CD11bhiF4/80lo monocyte population in spleens of injected WT mice. Representative plots from 3 independent 

experiments with n=3, and quantifications. C) Immunofluorescence analysis of representative spleen sections 

from WT mice transplanted with LXRα-DTR bone marrow and stained with F4/80 and CD169 antibodies. Images 

show DT-dependent ablation of both F4/80+ RPM and CD169+ macrophages in DT injected mice. Scale bars = 

100 μm. Data was expressed as mean ± SEM. Statistical analysis was performed using Student’s t test for 

significant differences. Values of P < 0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 

0.001 (***) were considered to be very significant. 
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2. LXRs control the frequency of CD11bloF4/80hi splenic resident macrophages 
 

Prior studies from our group suggested that the presence of F4/80+ cells in the splenic red pulp was similar between WT and 

LXR-null mice63. These results were based on an immunohistochemistry (IHC) screen on multiple tissues (including the 

spleen) using F4/80 antibody as the sole probe for the analysis. Since F4/80 antigen is present in RPMs and monocytes 

within the splenic red pulp compartment, such IHC screen did not properly discriminate between these two cell types. With the 

advances of multicolor flow cytometry, however, we were able to make this discrimination. RPMs have been extensively 

characterized by the expression of surface markers as CD11bloF4/80hiVCAM-1hi. We also used CD11c to design a gating 

strategy to phenotipically define this population, as well as resident monocytes, in the spleens of LXRαβ-/- mice compared to 

WT controls. 

Surprisingly, in addition to present defects in the marginal zone macrophage (F4/80loCD169+) population as previously 

reported63, the RPM compartment was also affected in LXRαβ-/- mice. These mice presented a marked reduction in 

CD11bloF4/80hiVCAM-1hi cells compared to their WT counterparts (Fig. 11A, C). In contrast, the frequency of 

CD11bhiF4/80loSSClo monocyte population (see gating strategy in Fig. 8A and B, Materials and methods) appeared to be 

clearly increased in LXRαβ-/- mice (Fig. 11A, C). We next analyzed the levels of expression of each one of these surface 

markers on the RPM population, using fluorescence mean intensity (FMI) comparison. The small fraction of CD11bloF4/80hi 

macrophages that remains in LXRαβ-/- spleens presented lower levels of F4/80 and VCAM-1, whereas CD11b and CD11c 

levels appeared to be higher in these mice compared to their WT controls (Fig. 11B). 

These results indicate that, not only the percentage of RPMs is reduced in LXRαβ-/- mice, but they also have a different 

phenotype compared to WT RPM, displaying reduce expression of F4/80 or VCAM-1 antigens. In contrast, LXR-deficient 

mice exhibit a higher representation of splenic monocytes. 

As has been explained in the introduction of this work, BMMs display phenotypical and functional similarities to RPMs, and 

have been suggested to share a common origin with them101. Indeed, RPMs and BMMs share a common panel of expression 

markers, and they both require the transcription factor SPI-C for their development. The levels of macrophage-associated 

markers analyzed for RPMs above were also tested in BMMs, including F4/80 and CD11b, and the results showed that the 

percentage and number of CD11bloF4/80hi BMMs was markedly reduced in LXR-deficient mice compared to WT controls 

(Fig. 12A, B). Similar to the red pulp of the spleen, LXRαβ-/- mice also presented an increase in CD11bhiF4/80loSSClo 

monocyte population (Fig. 12A. B). These results indicate that the two related populations of resident macrophages in the 

spleen and the bone marrow require an intact LXR activity for their correct distribution in the steady state.  

Next, we wonder whether the CD11bhiF4/80loSSClo monocytes accumulation that we appreciated in the spleens and bone 

marrow of LXR-deficient mice could constitute and attempt of the bone marrow HSC-derived progenitors to fill the impaired 

RPM niche in these mice. Further flow cytometry analysis of the blood using the monocyte markers CD11b and CD115, 

showed a clear increase of the BM-derived circulating monocytes in LXR-deficient mice compared to WT controls (Fig. 12C). 
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Figure 11. A) Flow cytometry analysis from WT and LXRαβ-/- spleens. Red pulp macrophages were identified as 

CD11bloF4/80hiVCAM-1hi. Myeloid population containing monocytes was distinguished as CD11bhiF4/80lo. 

Representative plots of three different experiments, with n=3 mice or more. B) Mean Fluorescence Intensity (MFI) 

signal of F4/80, CD11b, VCAM-1 and CD11c was analyzed in CD11bloF4/80hi cells both in WT and LXRαβ-/- RPM 

population using flow cytometry. Representative of n=3 experiments. C) Quantification of CD11bloF4/80hi and 

CD11bhiF4/80lo populations in spleen samples of WT and LXRαβ-/- mice. CD11bhiF4/80lo population was further 

gated to distinguish monocytes as SSClo within the CD11hiF4/80lo gate (see gating strategy in Fig. 8A and B, 

Materials and methods). N=12. Data was expressed as mean ± SEM. Statistical analysis was performed using 

Student’s t test for significant differences. Values of P < 0.05 (*) or P < 0.01 (**), were considered to be significant, 

and values of P < 0.001 (***) were considered to be very significant. 
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It is possible that the reduction in CD11bloF4/80hi RPMs and BMMs observed in LXR-deficient mice could be the result of 

defects in the stromal microenvironment of each affected tissue, or it could be due to an intrinsic cellular defect. As has 

been previously described, RPMs are known to be derived from primitive embryonic precursors, and they need minimal 

contribution from BM-derived cells for their replacement or proliferation27,52 under homeostasis. However, Hashimoto et al. 

(2013) described that RPM and monocytes in the spleen are effectively replaced over time by BM transplant approaches 

after genotoxic insults, such as ionizing radiation27. To explore if replacement of bone marrow-derived cells in LXR-deficient 

mice could rescue the defects in macrophage differentiation, we performed BM transplantation experiments.  

Figure 12. A) Flow cytometry analysis of resident bone marrow macrophage (BMM) and bone marrow monocyte 

populations in WT and LXRαβ-/- mice. Representative plots from three different experiments, n=3 mice or more. B) 

Quantifications of BMMs and monocyte populations. N=12. (see gating strategy Fig. 8A and B, Materials and 

methods). C) Flow cytometry analysis (left) and quantifications (right) from blood CD11bhiCD115hi monocytes in 

WT and LXRαβ-/- mice. Representative plot from two different experiments, n=3. Total N=6. Data was expressed 

as mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. Values of P < 

0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were considered to be very 

significant. 
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LXRαβ-/- BM was injected into irradiated WT mice (LXRαβ-/-WT), and the reciprocal combination was also performed 

with WT BM and LXRαβ-/- mice as recipients (WTLXRαβ-/-). Monocyte and macrophage populations were analyzed 10 

weeks post-transplant. Transplanted WT bone marrow into LXRαβ-/- mice was able to reconstitute the RPM compartment 

to WT levels (0,8%), whereas the reverse phenotype was observed in LXRαβ-/-WT mice, where RPM frequency was 

reduced to LXRαβ-/- mice levels (0,4%) (Fig. 13A). However, while the CD11bhiF4/80loSSClo monocyte population was 

comparable in percentage to LXRαβ-/- mice (2%) in LXRαβ-/-WT mice, LXRαβ-/- mice who received WT bone marrow 

experimented an excessive increase (3%) (Fig. 13A). Regarding the bone marrow compartment, the frequency of BMM 

populations of transplanted mice also correlated with the original values of the donor BM in each case (2,5% for 

WTLXRαβ-/- mice and 1% for LXRαβ-/-WT mice), but the CD11bhiF4/80loSSClo monocyte populations once again 

showed a surprising increase in both cases (Fig. 13B). These results indicate that the frequency of RP and BM resident 

macrophage populations, is controlled by the LXR pathway in cells derived from the bone marrow. Also, data concerning 

the conformation of the monocyte compartment in these tissues was not conclusively supported by these bone marrow 

transplant experiments. Nevertheless, we could appreciate a tendency towards monocyte overproduction after irradiation-

mediated depletion.  

Therefore, to better understand the contribution of LXR to the development of splenic and BM macrophage and monocyte 

populations, we generated BM chimeras with congenically marked donor cells. We used WT mice as recipients, and a 

combination of LXRαβ-/- and WT-DsRed bone marrow in a 1:1 proportion as donor cells (Fig. 14A). At 4 weeks post-

transplant, we confirmed that the ratio of DsRed+ vs DsRed- (WT/LXRαβ-/-) cells in peripheral blood was similar, indicating 

correct grafting of both donor genotypes (Fig. 14B). After 10 weeks, mice were euthanized and analyzed by flow 

cytometry. Remarkably, the percentage of CD11bloF4/80hi RPM and BMM that were also DsRed+ was roughly 2/3 higher 

than the one for DsRed- negative cells in both the spleen and the bone marrow, indicating a profound defect of LXR-

deficient donor cells to differentiate into RPM or BMM (Fig. 14C). The reciprocal scenario was observed for 

CD11bhiF4/80loSSClo spleen and bone marrow monocytes. The proportion of monocytes that were DsRed-  resulted in 70 

to 75 percent in spleen and bone marrow respectively, compared to DsRed+ cells (Fig. 14C). These results indicate that 

LXR-deficient BM-derived hematopoietic cells present an intrinsic defect to develop into RPM and BMM within their target 

tissues, while being predisposed to a CD11bhiF4/80loSSClo monocyte accumulation in spleen and BM, and that his 

accumulation exacerbates in BM transplanted mice. 



Results 

77 
 

 

Figure 13. Flow cytometry analysis and quantifications from bone marrow transplanted mice. Splenic (A) and 

bone marrow (B) resident macrophage and monocyte population replenishment 10 weeks after irradiation and 

correspondent bone marrow transplantation. Representative plots from one experiment of n=6 or more. Green 

lines represent normal WT frequencies for each population, and red lines represent LXRαβ-/- levels. Data was 

expressed as mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. 

Values of P < 0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were 

considered to be very significant. 
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Figure 14. A) Transplant experimental design to generate bone marrow chimeras. WT-DsRed and LXRαβ-/- bone 

marrow were mixed (1:1) to obtain a chimeric donor cell pool, and recipient WT mice were euthanized 10 weeks 

after transplant. B) Representative flow cytometry blood comprobation of the correct grafting of the chimeric bone 

marrow in recipient mice 4 weeks after the transplantation. Blood samples were collected from the submandibular 

vein. C) Representative density plots (left) and quantifications (right) from two independent experiments (n=4 or 

more mice per group), showing DsRed positive or negative cell proportions, gated in macrophage and monocyte 

populations in spleen (top panels) and bone marrow (lower panels) of recipient mice. Data was expressed as 

mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. Values of P < 

0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were considered to be 

very significant. 
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3. LXRαβ-/- mice present iron accumulation in the spleen and deregulation of iron 

related gene expression 
 

As mentioned before, one of the main functions of resident RPM, and also BMM and liver Kupffer macrophages, is the 

uptake of senescent or damaged erythrocytes to degrade heme and recycle their iron content76,77. We therefore analyzed 

whether the defects observed in RPM and BMM compartment in LXR-null mice could correlate with an impairment of the 

correct iron handling/recycling metabolism in the spleens and BM of LXRαβ-/- mice. To test this premise, spleen sections 

were stained with an established histological dye that detects iron accumulation within tissues. Prussian-Blue staining of 

spleen sections revealed an intense iron accumulation that was mostly confined in the red pulp of the spleen in LXRαβ-/- 

mice compared to WT spleens (Fig. 15A). Quantification of iron content in spleen homogenates showed a ~2 fold 

accumulation in LXRαβ-/- mice compared to WT spleens (Fig. 15B), and this accumulation was maintained in elder mice 

(data not shown). In contrast, the amount of iron per tibia in LXR-deficient BM was reduced compared to WT BM (Fig. 

15B). Parallel differences were observed between WT and LXRαβ-/- mice when hemoglobin concentration was quantified 

in spleens and BM (Fig. 15B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. A) Paraffin-embedded spleen sections (4-6 μm) were stained with Prussian-Blue and counterstained 

with hematoxilin. Scale bar=1mm in original size, 50 µm in inset images. Images show representative 

micrographs from four different mice. B) (Left) Ferric iron quantifications (µg/mg spleen, and µg/tibia), (rigth) total 

tissue hemoglobin content, from spleen and BM of 12 week-old WT and LXRαβ-/- mice, n=3 or more. Data was 

expressed as mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. 

Values of P < 0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were 

considered to be very significant. 
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Because the main hematopoietic organ in adult mice is the BM, most of the recycled iron travels through blood circulation 

from the spleen to this tissue to complete erythropoiesis88. That is why, together, the iron accumulation in the red pulp of 

the spleen and the reduction of iron content in the tibias of LXR-deficient mice, could entail an erythropoiesis defect.  

To test this theory, we tried to assess whether the iron accumulation in the red pulp corresponded with an accumulation of 

unengulfed RBCs. Flow cytometry analysis of the splenic RBC compartment using the surfaces markers CD45 and 

TER119 in 8 weeks-old mice showed a clear accumulation in LXR-deficient mice compared to WT mice (Fig. 16A, B). 

CD45-TER119+ cells are described to be mature RBCs, while CD45+TER119+ cells would correspond to erythroid cells in 

development. When we analyzed the bone marrow RBC compartment of these mice, the results correlated with the iron 

and hemoglobin quantifications: LXR-deficient mice displayed lower frequencies of TER119+ total cells compared to their 

WT counterparts (Fig. 16A, B). As the bone marrow is the prime site for erythropoiesis in adult mice111, we then expanded 

the analysis attempting to identify the different maturation stages of erythroid cells and their frequencies in WT and LXR-

null mice. TER119+ cells were further gated using CD44 surface marker, and FSC-size parameter201, and divided into six 

different populations, where I-IV represent nucleated erythroblasts, and V and VI represent enucleated erythrocytes. LXR-

deficient mice presented erythroblast accumulation from stages I to IV, but the frequencies of V and VI were lower 

compared to WT mice (Fig. 16A, B). We hypothesized that this could be due to an impaired systemic iron balance. During 

the last stages of erythroblasts maturation, hemoglobin levels rise and the iron demand is higher120,123. A defective 

recycling in the spleens of LXR-deficient mice could affect the termination of erythropoiesis in the bone marrow, causing 

accumulation of immature erythroblasts. Additionally, macroscopic examination of dissected femurs revealed that LXRαβ-/- 

bones appear paler than WT controls at 40 weeks of age, which further supports the obtained data of diminished erythroid 

constituents in the marrow of old LXR-deficient mice (Fig. 16C). 

Next, we quantified the number of peripheral blood erythrocytes, the hematocrit and the hemoglobin concentration of 8 and 

40-week old WT and LXRαβ-/- mice. As shown in Fig. 16D, even though there are no differences between genotypes in 

young mice, there is a noticeable reduction in erythroid parameters in older LXRαβ-/- mice compared to WT controls, 

suggesting that iron recycling impairment caused by LXR absence aggravates with age. Together, these results indicate 

that LXR is important for normal iron homeostasis and the maintenance of proper erythropoiesis in mice. 

To explore whether the cause/s of defective iron homeostasis in LXRαβ-/- mice were connected to defects in iron handling 

by splenic macrophages, we isolated RPM of both WT and LXRαβ-/- mice and stained them with Prussian Blue. Many 

purified LXRαβ-/- RPM accumulated excessive iron in their cytoplasm (Fig. 17A). The quantifications of this iron correlated 

with the increment observed in total iron in LXRαβ-/- spleens (Fig. 17A). These data indicate that LXRαβ-/- RPM are unable 

to properly control intracellular iron contents, which results in excessive iron accumulation in the splenic red pulp.  
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Figure 16. A) Flow cytometry analysis of TER119+ RBC accumulation in spleens and bone marrows of WT and 

LXRαβ-/- mice. Different erythroblast maturation stages are also analyzed in the bone marrows of these mice. 

Representative plot from n=3 or 4 mice. B) Quantifications from RBC accumulation in spleens and bone 

marrows (left) and from bone marrow erythroblasts stages (right) in WT and LXRαβ-/- mice. N=3 or 4. C) 

Photographic comparison of WT and LXRαβ-/- mice femurs coloration. D) Blood measurements of hemoglobin 

concentration (g/dL, left), hematocrit percentage (middle) and total number of erythrocytes (106/µL), from 8 and 

40 weeks old WT and LXRαβ-/- mice. N= 6 or more. Data was expressed as mean ± SEM. Statistical analysis 

was performed using Student’s t test for significant differences. Values of P < 0.05 (*) or P < 0.01 (**), were 

considered to be significant, and values of P < 0.001 (***) were considered to be very significant. 
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The inability of the remaining LXRαβ-/- RPM to properly handle intracellular iron, could be a consequence of an iron 

overload due to the macrophage population deficiency these mice present. But, since LXRs are transcription factors, we 

inferred that this defect could also be explained by a loss of regulation of key genes involved in iron metabolism in the 

macrophage. We analyzed the expression of several iron-related genes in the spleen, such as Spic, Slc40a1 (FPN-1), and 

Hmox1 (HO-1). Expression of these genes was decreased in LXRαβ-/- spleens compared to WT controls, suggesting that 

intracellular iron metabolism might be compromised (Fig. 17B). Reduced expression of these iron-metabolic genes in 

whole spleen RNA could be anticipated because LXRαβ-/- spleens contain fewer RPM expressing these genes. 

Interestingly, however, the expression of Sirpa (encoding SIRP1α), the key receptor involved in senescent RBC clearance, 

was higher in LXRαβ-/- spleens (Fig. 17B). As expected, the expression of Marco (MARCO) and the LXR target Cd5l (also 

known as AIM) used as controls, was absent in LXRαβ-/- mice (Fig. 17B).  

These results indicate that loss of LXRα and LXRβ results in abnormal accumulation of iron in the splenic red pulp, which 

is largely due to iron overload in resident RPM. This deregulation of iron metabolism in the spleen and bone marrow in 

LXRαβ-/- mice, could originate a pathological scenario that results in reduced iron availability for erythropoiesis in the bone 

marrow of LXRαβ-/- old mice and development of anemia over time.  
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Figure 17. A) Prussian Blue iron staining of purified RPM (scale bar = 10 µm) and iron quantifications expressed 

in ng Fe2+/µL normalized to 1x106 sorted cells. N=4. B) Total spleen gene expression from different iron-related 

genes, and LXR targets. Representative from two different experiments, with n=3. RNA expression was graphed 

as relative to 36B4 expression.  Data was expressed as mean ± SEM. Statistical analysis was performed using 

Student’s t test for significant differences. Values of P < 0.05 (*) or P < 0.01 (**), were considered to be 

significant, and values of P < 0.001 (***) were considered to be very significant. 
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4. LXRs are essential for the regulation of red pulp macrophage transcriptional 

phenotype. 
 

The results presented above indicate that loss of LXRα and LXRβ causes several pathophysiological consequences in the 

red pulp of the spleen and the bone marrow. This led us to speculate whether severe decline in RPM was the solely cause 

for the iron mishandling in these mice, or if, on the other hand, LXRα and LXRβ could also have a role in the regulation of 

other genes implicated in iron metabolism. 

In order to identify LXR-regulated genes that might play a role in iron metabolism, and to explore the reason/s for reduced 

quantity of resident RPM in LXRαβ-/- mice, we performed transcriptional profiling of FACS sorted CD11bloF4/80hi RPM from 

WT and LXRαβ-/- mice (see sorting strategy in Fig. 9, Materials and Methods). In addition to RPM, we also performed 

microarray analysis of isolated CD11bhiF4/80loSSClo monocytes from both genotypes. We reasoned that, to identify the 

core transcripts that clearly define LXR activity in RPM, the most interesting genes set for our study would be those genes 

highly represented in RPM over monocytes. We cross-referenced genes whose expression was higher in WT RPM than in 

WT monocytes, and at the same time presented impaired transcription in LXRαβ-/- RPM. A gene cluster of approximately 

180 genes highly represented in WT RPM showed aberrant expression in LXR-deficient RPM. For the validation of our 

strategy we confirmed that, among the top regulated genes of this analysis, appeared several LXR known targets, 

including Cd5l, Abca1, Apoc1 and Cd38 (Fig. 18A). 

Using gene ontology (GO) tools, we found various biological functions associated with LXR-dependent genes in RPM, 

including lipoprotein and cholesterol metabolism genes, as expected (Fig. 18B). Interestingly, other functions that clearly 

correlate with LXR activity in these cells are linked to activation of the immune response (Fig. 18B). Although these genes 

are likely not directly implicated in the regulation of iron metabolism, they could possibly contribute to the transcriptional 

signature of RPM identity. The analysis also highlighted the importance of LXRα, which appeared to be one of the top 

genes whose expression is predominant in RPM compared to monocytes (Fig. 18A).  

Remarkably, several genes that belong to the specific core of gene expression that defines the RPM identity compared to 

other tissue macrophages65 were also greatly downregulated in LXR-deficient mice, including Cd55, Clec9a, C6, C2 and 

Cd163 (Fig. 18A). Indeed, Principal Component Analysis (PCA) of this data revealed that LXRαβ-/- RPM clustered 

separately from WT RPM, indicating that LXR activity is important for the establishment of RPM identity by means of 

transcriptional regulation. However, WT and LXRαβ-/- CD11bhiF4/80loSSClo monocytes showed more closely related 

transcriptional profiles (Fig. 18C). This data indicates that the influence of LXRαβ activity in splenic myeloid cells is more 

pronounced in mature RPM than in monocytes. 
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We continued the survey of our gene list to find other LXR-regulated genes in purified RPM that might play a role in iron 

homeostasis under steady-state conditions. One particular gene that concentrated our attention was Cd163 (Fig. 18A), a 

member of the scavenger receptor cysteine-rich (SRCR) superfamily of proteins. CD163 mediates the uptake of 

hemoglobin-haptoglobin (Hb-Hp) complexes by macrophages and has also been reported to play important roles in the 

clearance of free hemoglobin released after RBC extracellular in order to avoid the oxidation of substrates by iron 

molecules100. Also expression of Timd4, a marker of tissue resident macrophages, was critically downregulated in LXRαβ-/- 

RPM (Fig. 18A). We confirmed Cd163, Timd4, Cd5l and Abca1 transcriptional downregulation in sorted RPM by 

quantitative PCR (Fig. 19). We also found that expression of key iron metabolic genes, such as Hmox1 (HO-1) and 

Slc40a1 (FPN-1), was also impaired in LXRαβ-/- RPM (Fig. 19). These proteins act in concert during the process of 

intracellular heme metabolization, and the transition for iron recycling. However, the expression of Spic, which is crucial for 

the RPM survival, was intact in LXRαβ-/- RPM compared to WT (Fig. 19). These results indicate that LXR activity controls 

Figure 18. A) Hierarchical clustering heatmap analysis of RNA expression from WT and LXRαβ-/- purified 

CD11bloF4/80hi RPM and CD11bhiF4/80lo monocytes. B) GO annotation pathways for Cluster I differentially 

expressed genes. C) Principal Component Analysis (PCA) of RPM and monocyte gene expression profile both in 

WT and LXRαβ-/- purified cells. 
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the expression of several groups of genes in RPMs that can be categorized by their biological functions, including 

cholesterol metabolism, the immune response and the regulation of the complement cascade. Also, they revealed that 

expression of selected genes important for the metabolization of heme and iron are severely affected in LXRαβ-/- RPM, 

including Cd163, Hmox1 and Slc40a1.  

 

 

 

We corroborated by flow cytometry analysis that the expression differences observed in several transcripts in our RNA 

analysis were also maintained at the protein level. Strikingly, we observed that not all RPM express CD163 under 

homeostasis. Consistently, roughly 30-35% of total RPM were CD11bloF4/80hiCD163+ in WT mice, and this subpopulation 

was completely absent in LXRαβ-/- mice (Fig. 20A, C). TIM4, whose expression was observed in the majority of WT RPM, 

also showed defective expression in LXRαβ-/- RPM (Fig. 20A, C). Conversely, other established tissue macrophage 

surface markers such as CD64, MERTK or VCAM-1, reached normal levels in the remaining RPM that reside in LXRαβ-/- 

spleens, as did erythrocyte-CD47-receptor SIRP1α (Fig. 20A). Analysis of dual expression of CD163 and TIM4 markers 

showed that double positive WT CD11bloF4/80hi RPM represented around 25% of the total population, and that virtually all 

CD11bloF4/80hiCD163+ RPM in WT mice are TIM4+ (Fig. 20B). Consistent with the individual analysis, we did not find any 

subpopulation of cells in LXRαβ-/- mice characterized as CD11bloF4/80hiCD163+TIM4+ (Fig. 20B). Partial/total absence of 

TIM4+ and CD163+ RPM respectively, in LXRαβ-/- mice, might indicate that their expression could be transcriptionally 

controlled by LXR activity or rather that the cells expressing these proteins might be lost in LXRαβ-/- spleens.  

Flow cytometry analysis of bone marrow macrophages showed similar results as the spleen. In WT mice, 

CD11bloF4/80hiCD163+ cells correspond to approximately 50% of the BMM compartment, and this subpopulation was 

Figure 19. Real-time qPCR analysis of different iron related and LXR target genes in RNA samples from purified 

WT and LXRαβ-/- RPM. N=6. Data was expressed as mean ± SEM. Statistical analysis was performed using 

Student’s t test for significant differences. Values of P < 0.05 (*) or P < 0.01 (**), were considered to be 

significant, and values of P < 0.001 (***) were considered to be very significant. 
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almost completely absent in LXRαβ-/-BM. CD11bloF4/80hiTIM4+ macrophages were also diminished from 80% in WT BM, 

to 30% in LXRαβ-/- BM, and the rest of macrophage surface markers tested remained at normal levels (Fig. 21A, B).  

 

 

 

LXR could be responsible for the regulation of the transcription of Cd163 gene, and thus its absence results in the absence 

of CD163 receptor in RPM. But our previous data consistently established that LXR-null mice present a RPM deficiency 

(Fig. 11A-C) and the remaining macrophages are now characterized as CD11bloF4/80hi CD163- (Fig. 20A, B), so the 

possibility for LXR to be responsible for the development of a CD11bloF4/80hiCD163+ RPM subpopulation in the spleen 

could exist. To answer this question, we analyzed the absolute cell numbers of CD163+ and CD163-, and TIM4+ and TIM4- 

RPM subpopulations in WT and LXRαβ-/- spleens. The results showed that the numbers of CD163+ RPM in WT spleens 

correlated with the RPM deficiency that LXRαβ-/- mice displayed (Fig. 20C). CD163- RPM counts in LXRαβ-/- mice matched 
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Figure 20. A) Spleen flow cytometry countour plots showing expression of surface marker receptors in 

CD11bloF4/80hi WT and LXRαβ-/- RPMs. Representative from two different experiments of n=3 or more. B) Flow 

cytometry double panel of TIM4 and CD163 of WT and LXRαβ-/- RPM. C) Quantification of CD163+ and TIM4+ 

RPM percentages (top) and number of cells (bottom) in WT and LXRαβ-/- mice spleens. N=6 or more. Data was 

expressed as mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. 

Values of P < 0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were 

considered to be very significant. 
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with those in WT controls (Fig. 20C). In addition, TIM4+ cells were absent in LXRαβ-/- spleens in favor of TIM4- subsets, 

once again suggesting that all CD163+ RPM highly expressed TIM4, and this expression decreased in the absence of LXR 

(Fig. 20C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Collectively, our transcriptional analysis, together with flow cytometry data of the RPM compartment in WT mice revealed 

the existence of two different CD11bloF4/80hi RPM subsets within the spleen, CD11bloF4/80hiCD163+TIM4+ and 

CD11bloF4/80hiCD163-TIM4+, being the first one completely absent in the red pulp of LXRαβ-/- mice.  
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Figure 21. A) Bone marrow flow cytometry analysis of CD163, TIM4, VCAM-1, MERTK, SIRP-1α and CD64 

expression in BMMs from WT and LXRαβ-/- mice. Contour plots gated on CD11bloF4/80hi BMM. Representative 

from 2 independent experiments with n=5 or more. B) Quantification analysis of CD163+/CD163- and 

TIM4+/TIM4- percentage and number of BMMs in WT and LXRαβ-/- mice, n=5 or more. Data was expressed as 

mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. Values of P < 

0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were considered to be 

very significant. 
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5. LXRα transcriptional program is required for the correct development of the red 

pulp macrophage compartment 

 

Our results so far indicate that LXRαβ-/- mice exhibit an important reduction of splenic CD11bloF4/80hi RPM compared to 

WT controls, apparently associated with the absence of a specific subset characterized as CD11bloF4/80hiCD163+TIM4+ 

RPM. Our previous reports63 established that LXRα, but not LXRβ, is required for the development of MZ macrophages in 

the spleen. Since LXRα is one of the top transcription factors expressed in splenic RPM (Fig. 6, Introduction), we 

speculated that LXRα might as well predominate defining the RPM transcriptional regulation. To investigate the in vivo role 

of LXRα within the myeloid compartment of TRMs, we generated a mutant reporter mouse. Our strategy, similar to the 

LXRα-DTR, was to replace the first coding exon of the murine LXRα gene with a cDNA cassette of the enhanced green 

fluorescent protein (EGFP), that would be expressed whenever LXRα transcription was active (Fig. 7C and D, Materials 

and methods). For simplicity, we named this mutant reporter line LXRα-GFP. Mice carrying one or two EGFP alleles, 

WT/GFP or GFP/GFP, were heterozygous or homozygous for LXRα, respectively. This method permitted not only the 

generation of an LXRα-deficient locus but also the analysis of LXRα expression within the specific cell subsets of interest. 

Whereas WT/WT mice showed no green fluorescence when analyzed by flow cytometry, WT/GFP mice presented a 

proportion of CD11bloGFPhi cells that mirrored the physiological frequency of CD11bloF4/80hi RPM population, indicating 

that virtually all CD11bloF4/80hi RPM are in fact LXRα+ (Fig. 22A). Remarkably, GFP/GFP mice (LXRα-/-) exhibited a 

significant reduction of CD11bloGFPhi RPM, comparable to that observed in LXRαβ-/- mice, suggesting that LXRα activity is 

a dominant factor determining the presence of CD11bloF4/80hi RPM (Fig. 22A). Fluorescence Intensity Analysis showed 

that the GFP fluorescence mean of the CD11bloF4/80hi RPM population was higher in LXRαGFP/GFP cells when compared to 

LXRαWT/GFP RPM, indicating that cells containing two copies of EGFP exhibited higher fluorescence. LXRαWT/WT control 

littermates showed residual fluorescence, corresponding to the autofluorescence of these cells (Fig. 22A).  

A modest proportion of CD11bhi cells gained GFP expression in LXRαWT/GFP and LXRαGFP/GFP mice under steady-state 

conditions (Fig. 22A). Haldar et al. (2014) described a subset of SPI-C+ monocytes that expanded in the spleen of SPI-

CGFP/GFP mice after RPM depletion caused by ferroptosis, that could possibly constitute the RPM precursor cells 

(denominated ‘‘pre-RPM’’) upon stress situations101. This CD11bhiGFPlo cell population, which expresses low levels of 

LXRα compared to CD11bloF4/80hi RPM, could resemble that pre-RPM subset. We explored the use of commercially 

available Heme (Hemin) to mimic an experimental heme/iron overload in vivo. We then performed an intraperitoneal 

injection of heme to stimulate the iron recycling machinery in the spleens of WT/GFP and GFP/GFP mice, and observed a 

mild expansion of the CD11bhiGFP+ population in LXRαWT/GFP and LXRαGFP/GFP mice, which was more accentuated in the 

last case (Fig. 22B). To reproduce the experiments by Haldar et al. (2014), we depleted the RPM compartment using PHZ 

treatment to cause massive RBCs hemolysis, and subsequent RPMs ferroptosis. The total absence of RPMs forced a 

more acute expansion of the CD11bhiGFP+ population than heme stimulation did, far more so in the case of GFP/GFP 

mice compared to WT/GFP mice (Fig. 22B). This supports the possibility of the existence of a novel subset of resident 

myeloid cells in the spleen, that might be up-regulated under special conditions upon tissue requirements. 
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Figure 22. A) (Left) Flow cytometry analysis of 

GFP expression in WT/WT, WT/GFP and 

GFP/GFP mice. CD11b vs GFP panel dot plots 

identify the RPM population (CD11bloGFPhi) and 

CD11bhiGFPlo monocyte population. (Right) 

Histogram representation of GFP Mean 

Fluorescence Intensity (MFI) signal in WT/WT, 

WT/GFP and GFP/GFP macrophages. 

Representative plots from three different 

experiments (n=3). B) Flow cytometry analysis 

of GFP expression in CD11bhiF4/80lo splenic 

monocytes in WWT/GFP and GFP/GFP mice 

after PBS, HEMIN and PHZ injection. C and D) 

Contour plots showing the expression of GFP 

compared to expression of receptors highly 

represented in RPMs, including CD163, VCAM-

1, TIM4 and SIRP1α, in CD11bloF4/80hi (RPM) 

population both in WT/GFP and GFP/GFP mice. 

Representative plots of two experiments (n=3 or 

4). 
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CD11bloGFPhiCD163+ and CD11bloGFPhiTIM4+ RPM subpopulations reached approximately 30% and 95% respectively in 

LXRαWT/GFP mice, correlating well with the proportions of subsets of RPM observed in LXRαWT/WT control mice (Fig. 22C, 

D). Surprisingly, GFP+ cells in the spleens of LXRαWT/GFP mice include both the CD163hi and CD163lo subpopulations (Fig. 

22C). LXRαGFP/GFP mice exhibit a dramatic reduction of CD163hi (but not CD163lo cells) and TIM4+ cells, which 

corresponded with the ratio observed in LXRα-/- mice in both cases (Fig. 22C, D). VCAM-1 and SIRP1α markers were 

expressed in most of the CD11bloGFPhi RPM population, consistent with the phenotype described for LXRα-/- mice (Fig. 

22C). These results procured by flow cytometry analysis revealed that, in the spleen, LXRα is expressed in F4/80hi, 

CD163hi/lo, and TIM4+ cells in LXRαWT/GFP mice, whereas upon LXRα deficiency in LXRαGFP/GFP mice, CD163hi and TIM4+ 

cells disappeared.  

We reached the same conclusions using a different gating approach, and analysing the GFPhi cell compartment in the 

whole spleens of both LXRαWT/GFP and LXRαGFP/GFP mice. GFPhi cells in the spleen of LXRαWT/GFP mice expressed high 

levels of F4/80, CD163 and TIM4, and low levels of CD11b, consistent of LXRα being highly represented in mature 

CD11bloF4/80hiCD163+TIM4+ RPM (Fig. 23). Conversely, in GFPhi cells of LXRαGFP/GFP spleens, we noticed the absence of 

CD163 expression, and a considerably lower TIM4 expression (Fig. 23).  

 

 

These observations were also confirmed using our previously reported C57/Bl6 LXRα-/- (single deficient) mouse line. We 

found a consistent reduction in the frequency of CD11bloF4/80hi RPM, and the subpopulations of macrophages expressing 

CD163 and TIM4 were absent in LXRα-/- mice, concluding that two different LXRα mouse mutant lines produce the same 

phenotype within the splenic myeloid cell compartment (Fig. 24A-E).  

 

Figure 23. (Left) Macrophage surface expression from GFP+ (green) versus GFP- (blue) total spleen cells. 

(Right) Mean Fluorescence Intensity (MFI) analysis expression profile of F4/80, CD11b, CD163 and TIM4 

macrophage receptors in WT/GFP and GFP/GFP mice. Representative plots of two experiments (n=3 or 4). 
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Moreover, in order to place our new data in the context of our previous findings of LXRα and the MZ macrophages63, we 

perform confocal microscopy employing fluorescence conjugated antibodies and the LXRα reporter mice to determine the 

localization of GFP+ cells in the spleen architecture. Using CD169 as a marker of inner MZ macrophages, we observed 

CD169+ (red fluorescence) cells in the appropriate MZ location in both LXRαWT/WT and LXRαWT/GFP mice (Fig. 25A). Merged 

fluorescence analysis identified double positive CD169/GFP cells (yellow signal) that were observed in the splenic MZ in 

LXRαWT/GFP mice. LXRαGFP/GFP mice presented very few CD169+ cells, that do not appear in the inner splenic MZ nor 

express GFP signal either (Fig. 25A). These results are consistent with the idea that LXRα expressed in MZ macrophages 

determines their development and localization63. In addition to the MZ, we also focused our attention to the red pulp of the 

spleen. Using F4/80 as a marker (red) to localize red pulp myeloid populations, we did not find any specific location of 

GFP+ cells within the red pulp, which were homogenously distributed, in either LXRαWT/GFP or LXRαGFP/GFP mice (Fig. 25B). 

The reduction in CD11bloF4/80hi RPM observed in LXRα-/- mice was hardly noticeable in LXRαGFP/GFP as these mice 
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Figure 24. A) Flow cytometry analysis of CD11bloF4/80hi RPM and CD11bhiF4/80loSSClo monocyte populations 

in spleens from WT and LXRα-/- mice. Representative dot plots of two experiments, n=3. B) Quantifications from 

n=6 (WT) or 5 (LXRα-/-) RPM populations. C and D) WT and LXRα-/- RPM expression of CD163, TIM4 and 

VCAM-1 macrophage receptors. Representative contour plots of two experiments, n=3. E) CD163+ and TIM4+ 

RPM quantification in spleens from WT and LXRα-/- mice. N=3 or more. Data was expressed as mean ± SEM. 

Statistical analysis was performed using Student’s t test for significant differences. Values of P < 0.05 (*) or P < 

0.01 (**), were considered to be significant, and values of P < 0.001 (***) were considered to be very significant. 
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present increased numbers of F4/80+ red fluorescence due to accumulation of CD11bhiF4/80loSSClo monocytes, as 

described above in this work (Fig. 25A). Thus, studies performed in this reporter mouse model allowed us to identify GFPhi 

cells in the spleen, as the CD11bloF4/80hi RPM pool, and to link the development of this population with LXRα activation.  
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Figure 25. Spleen immunofluorescence analysis from WT/WT, WT/GFP and GFP/GFP mice using GFP (A and 

B), CD169 (A) and F4/80 (B) as markers of LXRα, red pulp myeloid cells and marginal zone macrophages 

respectively. GFP/GFP mice lack CD169+ (red) macrophage population in the marginal zone. F4/80+ (red) signal 

in these mice corresponds with an increased F4/80lo monocyte population. Merged red+green fluorescence 

corresponds to GFP and F4/80 expression overlaping in the cell. Scale bar = 1mm in 20X images (left) and 10 

µm in 63X zoom (right). 
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Figure 26. A) Flow Cytometry analysis of CD163 and TIM4 expression in WT and Spic-/- RPMs. Representative plots 

from n=2. B) Quantitative expression of Spic and LXRα in isolated RPM and pre-RPM, in WT and Spic-/- mice (n=2). 

Data was expressed as mean ± SEM. Statistical analysis was performed using Student’s t test for significant 

differences. Values of P < 0.05 (*) or P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) 

were considered to be very significant. 
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6. Study of LXRα deficiency in macrophages in vivo in CD64CRE;LXRαfl/fl mice 

  
As was mentioned before, previous studies have established Spic transcription factor as the key regulator of RPM 

development, thus being absolutely necessary for the correct functioning of the iron recycling machinery64,101. Heme 

accumulation in RPM promotes the targeted degradation of the SPI-C constitutive inhibitor, BACH1, that way allowing SPI-

C induction and its transcriptional activity. Spic-/- mice exhibit a highly compromised CD11bloF4/80hi RPM compartment64, 

as well as lack of CD163+ and TIM4+ cells (Fig. 26A), indicating that it is required for the development of the entire RPM 

program in the spleen. To test whether SPI-C was required for LXRα expression within CD11bloF4/80hi RPM and 

CD11bhiF4/80loSSClo monocytes, we collected the remaining RPM and the monocytes present in Spic-/- mice and 

compared their expression of LXRα compared to WT cells.  Surprisingly, levels of LXRα expression were comparable 

between WT and Spic-/- mice in both myeloid populations (Fig. 26B).  

 

 

 

 

 

 

 

 

 

 

 

 

In order to better understand the influence of LXRα activity in CD163 and TIM4 expression in RPM, we employed a 

recently created macrophage-restricted conditional knock out mouse model that used CRE-recombinase technology to 

delete LXRα expression in all the myeloid cells that express Fcgr1 (encoding CD64), which are mostly mature 

macrophages198 (Fig. 7E, Materials and methods).  

As a control for these experiments, we used LXRαfl/fl mice that phenotypically behaved as WT mice, and compared the 

analysis in parallel with our WT and full LXRα-/- mice. While WT and LXRαfl/fl mice displayed a comparable 30% of 



Results 

94 
 

CD11bloF4/80hiCD163+ macrophage subset, both CD64CRE-LXRαfl/fl and LXRα-/- mice presented a similar reduction in 

CD11bloF4/80hiCD163+ RPM (Fig. 27A-C). The same decrease was detected in CD64CRE;LXRαfl/fl mice for TIM4 

expression employing MFI analysis (Fig. 27A-C). To our surprise, we found no differences between the total cell number of 

CD11bloF4/80hi RPM in LXRαfl/fl and CD64CRE;LXRαfl/fl mice (Fig. 27D). Meanwhile, these cell counts showed a 

diminished CD11bloF4/80hiCD163+ RPM subset, but an increased CD11bloF4/80hiCD163- RPM subset in 

CD64CRE;LXRαfl/fl mice compared to their LXRαfl/f controls (Fig. 27D). These results suggest that, even though LXRα is 

required for CD163 and TIM4 expression, the loss of this transcription factor has a major impact in the frequency of total 

RPM population only when it is absent in germline. When LXRα is depleted within a restricted Fcgr1-expressing cells 

frame, the expression of CD163 and TIM4 are the major abnormalities observed when compared to a full deletion of LXRα 

in other mutant mice. Immunofluorescence analysis using a CD163 monoclonal antibody confirmed the absence of 

CD163-expressing cells in CD64CRE;LXRαfl/fl and LXRα-/- spleens (Fig. 27E).  
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Figure 27. A) (Left) Quantification from flow cytometry analysis of the expression of CD163 in WT, LXRαfl/fl, LXRα-/- and 

CD64CRE;LXRαfl/fl RPMs (n=3 or 4). (Right) Quantification of MFI analysis of TIM4 expression in LXRαfl/fl and 

CD64CRE;LXRαfl/fl RPMs (n=4). B) Histogram representation of TIM4 and CD163 fluorescence intensity in LXRαfl/fl (top, 

red) and CD64CRE;LXRαfl/fl (bottom, blue) RPMs. Representative of two experiments, n=3 or more. C) Contour plot 

showing CD163+/TIM4+ cell population in spleens of LXRαfl/fl (red) and CD64CRE;LXRαfl/fl (blue) mice. Representative 

plots of two experiments, n=3 or more. D) Absolute cell number quantifications from total RPM population (left), CD163+ 

RPMs (middle) and CD163- RPMs (right), in LXRαfl/fl (n=9) and CD64CRE;LXRαfl/fl (n=14) mice. Data was expressed as 

mean ± SEM. Statistical analysis was performed using Student’s t test for significant differences. Values of P < 0.05 (*) or 

P < 0.01 (**), were considered to be significant, and values of P < 0.001 (***) were considered to be very significant. 
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7. Transcriptional regulation by LXRα determinates the identity of 

CD11bloF4/80hiCD163+TIM4+ macrophages in the spleen that are critical for iron 

handling.  
 

Our results presented above enlightened the possibility of the existence of at least two different subpopulations within the 

RPM compartment in the spleen: a population identified by surface expression of CD11bloF4/80hiCD163+TIM4+, that is 

dependent on high LXRα expression, and another one, CD11bloF4/80hiCD163-TIM4+, that remains in the spleen in the 

absence of LXRα.  

 

 

 

To further characterize them, we performed transcriptional profiling analysis by cell sorting these two subpopulations from 

WT and LXRα-/- mice. Volcano plot representation from this data showed that, in WT mice at the steady state, these two 

subsets had very different gene expression profiles. CD11bloF4/80hiCD163+TIM4+ macrophages displayed higher 

expression of Nr1h3 gene (LXRα) and several LXRα direct target genes (Cd5l, Abca1 among others) than 

CD11bhiF4/80loCD163-TIM4+ macrophages (Fig. 28A). Comparing the whole data set through a Principal Component 

Analysis (PCA), we found that WT and LXRα-/- CD11bloF4/80hiCD163-TIM4+ macrophages clustered together, but they 

showed a distant pattern of expression compared to WT CD11bloF4/80hiCD163+TIM4+ subset (Fig. 28B).  

Closer analysis using a heatmap representation revealed two perfectly marked clusters of genes with differential 

transcription between CD163 expressing and non-expressing macrophages in WT mice (Fig. 29A, B). CD163 expressing 

WT macrophages upregulated the transcription of 2220 genes, whose expression was very low in CD11bloF4/80hiCD163-

TIM4+ WT macrophages (Fig. 29B). Gene ontology (GO) terms showed that, among the biological functions related to 

these clusters, were immune system process, phagocytosis and lipid and iron metabolism (Fig. 29A).  
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Figure 28. A) Volcano Plot gene expression profile representation of purified WT CD163+ vs CD163- RPM. Up-

regulated genes are depicted in red, and down-regulated genes in blue. B) Principal Component Analysis shows 

the clustering pattern of global gene expression differences between WT CD163- (green), CD163+ (black) and 

LXRα-/- CD163- (red) RPM. 
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The opposite situation was observed in the case of the other cluster. Remarkably, LXRα-/- CD11bloF4/80hiCD163-TIM4+ 

macrophages perfectly mirrored the transcriptional program that exhibit their WT CD163- counterparts, therefore indicating 

that the major transcriptional pathways expressed in CD163- cells do not rely greatly on LXRα activity (Fig. 29A, B). 

Several iron metabolic genes had high expression values in WT CD11bloF4/80hiCD163+TIM4+ RPM, such as specific iron 

and hemoglobine transporters (Slc11a1 and Hebp1 respectively) or heme catabolic enzymes (Blvra, Hmox1, Alas1, 

Ncoa1), the iron exporter FPN-1 (Slc40a1) and other iron regulating proteins (Aco1, Hfe) (Fig. 29B). Several genes 

encoding for complement proteins were also highly expressed in CD11bloF4/80hiCD163+TIM4+ macrophages (C1qa, and 

C6) (Fig. 29B). Together, this transcriptional analysis of CD163+ and CD163- RPM revealed that LXRα activity determines 

the appearance of a specific subset of red pulp resident macrophages, specialized in iron recycling and metabolization. 
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Figure 29. A) Gene ontology analysis and (B) Heatmap representation of top-regulated iron and haemoglobin 

related genes in WT CD163+, WT CD163- and LXRα-/- CD163- RPM. GO Terms correspond to main functions of 

Cluster I genes.   
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1. LXRα and LXRβ present differential roles in macrophages 

 

LXRα and LXRβ are nuclear receptors that play a crucial role in the transcriptional regulation of whole body cholesterol 

metabolism169. In addition, a growing body of literature has implicated LXRs in many different metabolic and homeostatic 

processes in the organism, beyond cholesterol pathways202. Previous studies from our group and others have 

demonstrated that LXRs also participate in diverse aspects of macrophage transcriptional machinery, including 

inflammation and host defense195,196. Although both receptors are expressed in a variety of cell types, their importance in 

metabolic and inflammatory processes in peripheral tissues rely greatly on their expression in macrophages16,179,184. 

Regarding the relative importance of each LXR isoform, studies in vitro over the last 10-15 years have reported that many 

of the functions of LXRα and LXRβ are virtually overlapping. However, the notable differences on their expression pattern 

in tissues suggested that, in different contexts, LXRα and LXRβ should have individual, non-redundant functions in vivo165. 

Indications that LXRα and LXRβ exhibit distinct transctriptional roles are slowly emerging, some of them have been 

uncovered by our group. For example, Ramon-Vázquez et al. (2019) used bone marrow derived immortalized LXRα or 

LXRβ-expressing macrophage lines to identify a whole set of genes differentially regulated by each receptor, and 

described that LXRα regulated a higher number of ligand-dependent genes than LXRβ203. Also, other in vivo studies 

support a higher implication of LXRα in specific processes. During atherogenesis, regulation of macrophage biological 

actions mediated by LXRα, over LXRβ has shown beneficial effects by reducing atherogenic lesion formation in mice183,204. 

In addition, the individual absence of LXRα causes severe problems in the differentiation of two macrophage populations 

that reside in the splenic marginal zone, MMM and MZM63. Therefore, given the long-standing interest of our group in LXR 

biology in macrophages, we decided to explore additional individual functions for LXRs in macrophages with newly created 

mouse models. In particular, our group generated new mouse models suitable for the analysis of LXRα expression and 

function in different types of tissue resident macrophage populations.  

 

2. The identity of tissue resident macrophages is determined by a combination of 

origin and microenvironment 

 

Tissue resident macrophages have critical roles in immunity, inflammation and tissue homeostasis36. However, their 

maintenance, origin and fate are not entirely clear. Initially proposed to be derived from circulating monocytes205, we now 

know that adult macrophages originate from several successive waves of embryonic, neonatal and adult hematopoiesis35. 

The net contribution of embryonic precursors versus adult hematopoiesis to the complex network of tissue resident 

macrophages is an area of intense research. Several studies have demonstrated that different TRMs throughout the 

organism have different turnover rates and rely differently on HSCs progenitors to maintain themselves51,57,58, so it would 

not be unprecedented to speculate with the possibility that the microenvironment plays an important role in shaping the 

identity of a particular macrophage population. It is likely that the balance between genetic programs determined by their 
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ontogeny, versus plasticity induced by local signals is crucial for this identity. Growing evidence supports the idea that the 

tissues, and the signals they produce, are key promoters of macrophage specification and diversity62. In this scenario, 

embryonic progenitors would seed different tissues as ‘unprogrammed’ cells, and then receive different cues that would 

shape their transcriptional activity60. This differentiating mechanism goes hand in hand with the idea that, when for some 

reason a macrophage niche empties, new adult HSCs-derived monocytes are able to fulfill that niche, and differentiate into 

the correspondent TRMs60. Recent studies by the Ido Amit and Martin Guilliams labs demonstrated this concept with 

elegant articles16,206.  One of these, described this phenomenon by using engineered mouse models in which depletion of 

hepatic KCs (in a KC-DTR mouse model) promoted the infiltration of BM-derived Ly6Chi monocytes, that seeded the 

empty niche in the liver within 14 days, and reconstituted the resident macrophage population. These monocyte-derived 

KCs were able to self-maintain independently and perfectly developed the functions of embryonic KCs. Analysis of their 

transcriptional profile showed that these monocyte-derived KCs were highly homologous to embryonic KCs206. The 

mechanisms that govern these renewal patterns are not completely understood and may well be controlled by several 

parameters, including local-specific microenvironment, inflammation and perhaps other cues yet to be defined.  

 

3. LXRs in the context of tissue macrophage differentiation 

 

The notion that a discrete transcription factor drives the generation of a specific TRM population from the early stages or 

embryonic development, by molding the progenitor transcriptional core program, has been described by other groups in 

other contexts. This is the case for Id3 and KCs62, Runx3 and Langerhans cells207, Gata6 and large peritoneal 

macrophages208, or Pparg for alveolar macrophages65,209. For the RPM and the BMM compartments, Murphy and 

colleagues identified SPI-C as their master regulator, controlling the generation of these macrophage populations64,101. 

Indeed, Spic-/- mice lack most of the CD11bloF4/80hiVCAMhi macrophages in the spleen and bone marrow, suggesting that 

these two TRM populations share a common origin, due to their strikingly similar surface markers expression and their 

SPI-C dependency for their appearance and maintenance101. The study by Lavin et al. (2014) deposited a compelling 

reservoir of datasets from mRNA transcripts expressed in purified isolated tissue macrophages16. This study complements 

and expands the colossal public repository generated by the IMMGEN consortium on tissue macrophages65. Data 

extracted and analyzed from the Lavin study highlighted the prominent expression of LXRα in liver and spleen 

macrophages16 (Fig. 6, Introduction). We were interested in such prominent expression of LXRα in red pulp macrophages, 

since our previous study on LXRα and the cellular biology of spleen macrophages, revealed no gross differences in the 

frequency of F4/80+ cells present in the red pulp between WT and LXR-deficient mice. Such conclusion was based on an 

IHC screen using F4/80 antibody as the pan-macrophage marker63. However, red pulp resident monocytes 

(CD11bhiF4/80loSSClo) also express detectable levels of F4/80 on their surface. Looking at that data in retrospect, it is 

conceivable that our original immunohistochemical analysis could have missed any existing differences in the number of 

“true” RPMs located in the red pulp of the spleen of WT and LXR-deficient mice. Importantly, our LXRα-hHB-EGF-DsRed 

mouse model allowed us to corroborate and definitively establish that LXRα is highly expressed in RPMs (CD11bloF4/80hi) 
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(Fig. 10B, C). After LXRα-DTR bone marrow transplant into WT recipient mice, DT injection specifically depleted the 

spleen resident RPMs and both marginal zone populations, proving that LXRα is in fact functionally expressed in these two 

macrophage subsets (Fig. 10C). Unexpectedly, the administration of the toxin also caused a significant decrease of the 

CD11bhiF4/80lo monocyte population in the spleens of transplanted mice. LXRα is not normally expressed (or very poorly 

expressed, compared to RPMs or KCs) by classic monocytes16,210, but this partial depletion exposed the existence of a 

monocyte intermediate subset within the CD11bhiF4/80lo monocyte population that expressed LXRα. These results may 

imply that a subset of monocytes in the spleen could have functional implications that are dependent on LXRα, perhaps 

involved in the differentiation towards RPMs. 

 

4. LXRs and the proper maintenance of the red pulp macrophage compartment in 

the spleen 

 

Our studies using LXR double deficient and LXRα single deficient mice add a new layer of complexity to the transcriptional 

regulation of macrophage heterogeneity in tissues. Using flow cytometry analysis, we were able to establish that both 

LXRαβ-/- and LXRα-/- mice present defects in the proper establishment of the RPM population in the spleen, and the 

resident macrophage population in the bone marrow (Fig. 11A-C, 12A, B). In the absence of LXRα, not only marginal zone 

macrophages are affected, but also the two resident macrophage populations in the red pulp of the spleen and the bone 

marrow are notably compromised compared to WT controls. However, the profound defect in the total number of RPMs 

and BMMs observed in Spic-/- mice clearly indicates a more dominant role for SPI-C in their development. In LXR-deficient 

mice, we consistently observed a range between 30-50% defect in the percentage of resident RPMs and BMMs, 

compared to WT mice. Conversely, the CD11bhiF4/80loSSClo resident monocyte populations were markedly increased in 

these two tissues in our LXR-deficient  mice (Fig. 11A-C and 12A, B). Murphy and colleagues (2014) elegantly described, 

using a SpiciGFP/iGFP reporter mouse, that macrophage precursors expressing SPI-C (what they called “pre-RPMs”) within 

the monocyte compartment in the spleen, were able to locally replenish the resident macrophage pool under stress 

situations, such as PHZ-induced hemolysis. The absence of RPMs, together with the accumulation of free iron liberated 

from ruptured erythrocytes, promoted the expansion of a SPI-C-expressing population of monocytes for the replenishment 

of the empty macrophage niche101. Therefore, monocytes exposed to excess heme increased SPI-C expression under 

hemolytic stress conditions and constituted a functional precursor of resident RPMs. These studies suggested that 

embryonic-derived resident macrophage populations self-maintain under homeostasis, independently from HSCs 

progenitors, and only receive help from monocytes when they are unable to perpetuate, or under stress conditions that 

compromise resident macrophage viability211. 

We found a possible correlation between these results, and our observations on CD11bhiF4/80loSSClo monocyte 

accumulation in the spleens and bone marrows of our LXR-deficient mice (Fig. 11A, C and 12 A, B). We speculate that this 

accumulation in LXR-deficient spleens might respond to signals aiming to replenish the partially empty RPM compartment 
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in these mice. After transplantation of WT or LXRαβ-/- bone marrows into LXR-deficient and WT mice respectively, RPM 

and BMM frequencies resembled the phenotype of the donor mice after 10 weeks, but the resident monocyte 

compartment showed elevated levels in all cases, both in spleen and bone marrow (Fig. 13A, B). Even though the results 

were not conclusive in this regard, we could discern a tendency of CD11bhiF4/80loSSClo monocyte over-proliferation in both 

tissues. The transplantation of a chimeric bone marrow (WT-DsRed;LXRαβ-/-) into WT recipients shed valuable light into 

this matter. Not only were we able to detect an intrinsic defect within LXRαβ-/- BM-derived progenitors to repopulate the 

RPM compartment, thus confirming the importance of the LXR transcriptional program in the development of this 

population, but also determined their predisposition towards a monocyte accumulation (Fig. 14A-C).  

The integration of this data with the current knowledge, further supported our hypothesis that LXR absence could in fact 

induce a partial niche availability in the red pulp and the bone marrow macrophage compartments, and thus the 

CD11bhiF4/80loSSClo monocyte accumulation in those tissues could constitute an attempt to repopulate that niche. The 

mechanisms that govern this monocyte accumulation in LXR-deficient mice are currently unknown and more studies are 

needed to depict the exact signals that promote the monocyte expansion. One additional parameter in this equation is the 

tendency towards pro-inflammation observed in LXR deficient mice. Inflammatory signals per se could be involved in the 

monocyte expansion independently of their role in RPM differentiation. Future experiments analyzing proliferation of ex 

vivo transferred monocytes could shed some light on these issues. Collectively, integrating our new conclusions with 

previous data regarding LXR signaling, and its activity in tissue macrophages, we concluded that LXRα is a key 

determinant for the correct development of the RPM and BMM compartments.  

Another important aspect to discuss is the possible interdependency between LXRα and SPI-C. Given the important role 

of SPI-C in the development of RPM and BMM populations, we hypothesized that SPI-C activity might be the dominant 

factor and would operate upstream of LXRα in the transcriptional pathway that controls the development of RPMs and 

BMMs. To our surprise, quantitative PCR analysis showed similar levels of LXRα (Nr1h3) expression in WT RPMs and the 

few RPMs remaining in Spic-/- spleens, and this was also the case for the resident monocyte population (Fig. 26B). Our 

transcriptional profiling analysis, and quantitative PCR, showed that LXR-deficient RPMs and CD11bhiF4/80loSSClo 

monocytes also presented similar levels of Spic expression compared to WT controls (Fig. 19). However, upon iron stress 

by heme administration of PHZ-induced hemolysis, CD11bhiF4/80loSSClo monocytes also activate the LXRα transcriptional 

program (Fig. 22B), in the same way they do with SPI-C expression101, suggesting a similar pathway for both transcription 

factors. These observations eliminated the possibility that either SPI-C or LXRα expression could be dependent on one 

another, and suggested that both transcription factors control separate (perhaps parallel signaling) pathways in the RPM 

development process. Similar results could be expected for the BMM population, but further analyzes are required to 

ascertain this fact.  
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5. Loss of LXR alters the red pulp macrophage transcriptome  

 

Our study uncovered that LXR signaling controls a part of the RPM transcriptional program. This conclusion was clearly 

extracted from our transcriptional profile analysis. While LXR-deficient CD11bhiF4/80loSSClo splenic monocytes present a 

very similar genetic footprint to their WT counterparts, the transcriptional program of LXR-deficient RPMs appears to be far 

from that of WT RPMs (see PCA analysis, Fig. 18C). In conjunction with the previous observations, this supports the idea 

that LXR expression is necessary for de acquisition of a full RPM program, while being dispensable for splenic monocyte 

development. We clustered our gene analysis by comparing the expression of genes highly represented in RPM over 

monocytes. A set of 181 genes were identified to be highly up-regulated in WT RPMs compared to monocytes, which 

resulted in very low expression in LXR-deficient RPMs (Fig. 18A). Conversely, another set of 79 genes displayed the 

opposite situation, and were highly expressed by LXR-deficient RPMs but presented very low levels of expression in WT 

RPMs (Fig. 18A). The genes that LXR activity controls, are involved in a wide array of biological actions. Some of the top 

enriched cellular functions that appear regulated in our profile by LXR in RPMs were related to immune regulation and 

inflammatory signaling (see Gene Ontology terms, Fig. 18B). LXR activation in macrophages has been historically 

associated to anti-inflammatory phenotypes, including work done by our group169. It should be pointed out that most of 

those studies were conducted in vitro under conditions of pre-stimulation with potent synthetic agonists and bacterial LPS 

in thioglycollate macrophages186,193,212. However, our current study shows that loss of LXR in RPMs under homeostatic 

conditions results in lower expression of innate immune related genes, including complement factors, cytokines and cell 

adhesion molecules (Fig. 18A). Although our current results could be considered contradictory to previous studies that 

reported LXR-dependent anti-inflammatory actions, we conclude that they fit well with the susceptibility of LXR-deficient 

mice to blood-borne pathogen infections191. Loss of regulation of cytokines and complement factors in LXR deficient mice 

may compromise the monitoring function of splenic macrophages and may possibly affect the initiation of adaptive 

immunity against pathogens. Since the spleen is the primary site for blood filtration in mammals, this organ is in charge of 

the clearance of aged, infected or dysfunctional red blood cells from circulation to avoid harmful effects. Then, as part of 

this filtration task, the red pulp scans blood for pathogens66.  If the RPM compartment is not fully functional in LXR-deficient 

mice and stressed or infected RBC are not properly cleared, disease situations such as anemia or malaria infection could 

be exacerbated in these mice. More studies along these lines are planned for the near future. Thus, this distinctive 

transcriptional regulation observed in LXR-deficient RPMs demonstrates that not only LXR controls a part of the RPM 

genetic program, but also the number and functions of macrophages present in the splenic red pulp.  

 

6. LXR activity in red pulp macrophages and the implications for iron metabolism 

 

The splenic red pulp traps senescent, dead or opsonized cells, mostly RBCs66. Thus, one of the important tasks of resident 

RPMs is the recycling of their iron content76,88. Iron is an essential element in the organism, and the correct balance in its 
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metabolism is crucial for the maintenance of global homeostasis. As a fundamental component of hemoglobin, it 

constitutes a limiting compound in the generation of new erythrocytes, and deregulations in its normal cycle could directly 

affect erythropoiesis, being often the cause for different kinds of pathologies77,88,120,142 (see Introduction, sections 1.4-1.6). 

But mostly, impairment of iron recycling constitutes an immediate cause of anemia75,100. Our results in LXR-deficient mice 

discovered significant iron depositions within the red pulp of the spleen, notably appreciated both by histological staining 

(Fig.15A, B) and at the cellular level (Fig.17A). In addition to the iron overload within the resident macrophages, the red 

pulp of LXR-deficient mice presented RBC accumulation combined with a notable decrease in the percentage of total 

RBCs in the bone marrow (Fig. 16A, B). This combination suggested a defective RBC clearance in the spleen, and a 

possible subsequent defect in erythropoiesis in the bone marrow. In addition, in circulating blood, hematocrit levels 

appeared normal in 8-weeks old mice, but were clearly diminished in 40-weeks old LXRαβ-/- mice, who displayed aged-

dependent anemia, and lower concentrations of serum Hb (Fig. 16D). When we studied the bone marrow erythroid 

compartment in detail we found that LXR-deficient mice displayed an accumulation of the first differentiation stages of 

erythroblasts, but suffered a significant decrease in the percentage of erythroblasts in the late maturation stages 

(reticulocyte)111,201 (Fig. 16B). During these late phases of erythroblast maturation, iron is required for the synthesis of Hb88. 

It is possible that the accumulation of iron in the spleen of LXR-deficient mice causes the reduction of iron availability in the 

bone marrow, needed for the completion of erythropoiesis, thus causing anemia in the long term.  

LXR activity has been previously shown to participate in apoptotic cell clearance196, so it is conceivable to suspect that 

accumulation of excessive RBCs in the spleen of LXR-deficient mice might be due to defects in the clearance process. 

Although the expression of CD172α, the key receptor for CD47-altered senescent RBCs, presented similar levels in WT 

and LXR deficient mice, it is possible that the overall reduced RPM population may compromise senescent RBCs 

engulfment. In addition, given the many similarities between apoptosis and eryptosis213, the possibility exists for LXRα to 

regulate a common mechanism for the two processes. RBCs engulfment, like apoptotic clearance, raises the lipid content 

inside the macrophage, thus enhancing the expression and activity of LXRs195, so it seems logical that the absence of this 

transcription factor could affect erythrophagocytosis. The possible clearance failure in the spleen of LXR-deficient mice, 

and the transcriptional dysregulation in iron handling by their RPMs may affect Hb synthesis, thus hampering 

erythropoiesis. It would be interesting to study the implications of this impairment in the context of infectious diseases like 

malaria, where the stimulation of LXR activity could promote and accelerate the digestion of infected erythrocytes, or 

pathologies with defective erythropoiesis, like β-thalassemia, where defective erythrocytes accumulate in the circulation 

and organs84.  

Our RNA study (Fig. 18A) was obtained from purified bulk RPM samples. This initial approach assumed that all RPMs 

belonged to just one subset of similar cells with similar functions that reside in the red pulp of the spleen. The observed 

defects in iron metabolism in the spleen and bone marrow prompted us to look for genes whose transcription might be 

defective in our mouse mutants. In this regard, one of the top regulated genes whose RNA transcription was LXR-

dependent was the hemoglobin scavenger receptor, CD163. Further flow cytometry analysis allowed us to discover the 

existence of two very well defined RPM populations in WT mice, differentially identified by the expression of CD163 

receptor. As a member of the scavenger receptor cysteine-rich (SRCR) superfamily, CD163 was found to act as a high-
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affinity hemoglobin receptor93. In humans, where it has been extensively studied, CD163 is expressed by almost all tissue 

resident macrophage populations, and their monocyte intermediates. The two main functions attributed to CD163 are the 

hemoglobin scavenging, and its activity as an adhesion molecule in erythroblastic islands129. CD163 expression has been 

described to significantly increase in human macrophages during the acute inflammatory phase, thus suggesting a role for 

this receptor in the modulation and resolution of inflammation in the tissues214. Additionally, a soluble form of CD163 has 

been also described in human patients215, with important functions in inflammation resolution, atherosclerosis216, and 

control of infectious diseases217. 

In mice however, the expression pattern of CD163 in the macrophage lineage has not been completely defined, although it 

is known that monocytes do not present the CD163 surface marker218,219. In another study, this receptor has been 

described to sequestrate Hb without the participation of Hp219. Our data shows that approximately 30% of the RPM 

population in mice is CD163+, and that this proportion increases up to 50% in the bone marrow (Figs. 20 and 21) in WT 

mice, describing for the first time the expression pattern for this receptor in TRM in the spleen, and its dependency on 

LXRs transcriptional regulation.  

 

7. LXRs control the generation of a specific subset of CD163+ resident 

macrophages 

 

Our data shows that LXR-deficient mice present an almost complete absence of CD163-expressing macrophages in the 

red pulp of the spleen, and the bone marrow (Figs 20 and 21). We confirmed, by cell number quantification, that the 

frequency of CD163-expressing macrophages in WT spleens and bone marrows correlated with the number of absent 

RPMs and BMMs in LXR-deficient mice (Figs. 20C, and 21B), therefore establishing that CD11bloF4/80hiCD163+ RPMs 

and BMMs constitute a different subpopulation, whose development and/or survival is under the control of LXRα 

regulation. Our GFP reporter mouse supported these results; both WT/WT and WT/GFP mice presented a 

CD11bloGFPhiCD163+ subpopulation within a complete RPM compartment, but this subset was absent in GFP/GFP 

(LXRα-null) mice (Figs. 22A, C, D and 23).   

The question remained of whether LXRα additionally controlled the expression of CD163 receptor as a transcription factor. 

In all these mouse models, the expression of LXRα was constitutively impaired since the embryonic development, so we 

next analyzed the splenic RPM population in a CD64CRE;LXRfl/fl mouse model (Fig. 7E, Materials and methods), that only 

lost LXRα expression when CD64 expression was activated (this is, mostly in mature macrophages198). These mice 

completely lacked CD163 expression, however presenting a full RPM compartment, whose total cell numbers were 

equivalent to their controls (LXRfl/fl) (Fig. 27A-E). This probed that, additionally to the correct development of the full RPM 

compartment, LXRα transcriptional activity also controlled the expression of CD163 receptor. Given the parallelism 

described between the red pulp and the bone marrow resident macrophage populations, it seems reasonable to speculate 
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that LXRα nuclear receptor could control both the cell development and the surface receptor expression in both 

macrophage subsets, but further analysis is necessary to establish this idea.  

 

8. CD11bloF4/80hiCD163+ red pulp macrophages constitute a subpopulation with 

iron-recycling functions 

 

Proper iron absorption, processing and recycling are ensured by a complex and intricate mechanism, where different cells 

and proteins are implicated77. It is therefore conceivable that defects in transcriptional regulation in cells implicated in iron 

recycling would in fact affect iron metabolism at a wider level, and have pathological consequences75,100. Transcriptional 

analysis of sorted WT RPMs showed that many of these key genes involved in iron recycling are significantly up-regulated 

in CD163+ macrophages, compared to the CD163- macrophage subset (Fig. 29A, B). Importantly, a great portion of the 

transcriptional regulation in CD163+ macrophages (~2,000 genes) is under the regulation of LXRα activity. These genes 

include the heme catabolic enzyme Hmox1 (HO-1), iron cell exporter Slc40a1 (FPN-1) and iron endosomic exporter 

Slc11a1 (NRAMP-1) (Fig. 29B), three of the most important genes involved in iron metabolism (see Introduction, 1.4.2.). 

Knockout mouse models for all these genes suffer from some level of anemia, among other symptoms, such as 

macrophage ferroptosis and tissue fibrosis95,97,99, so their regulation becomes of great importance to maintain iron 

homeostasis.  

HO-1 activity is essential for iron processing77. As was previously mentioned (see Introduction 1.4.2.) HO-1-deficient mice 

suffer from severe anemia, as they are not able to catabolize heme into biliverdin, CO and Fe2+. Excessive heme 

accumulation within macrophages causes ferroptosis in RPMs, KCs and BMMs, so excess of free iron needs to be 

cleared by kidney macrophages97. Surprisingly, Hmox1-/- mice have been described to present higher CD163 mRNA 

transcription levels in the kidneys than WT mice, presumably as an attempt to withdraw free Hb from the 

microenvironment97. Additionally, ferroportin deficiency in macrophages in Fpn1LysM/LysM mice affects different iron 

parameters, including diminished RBC counts, Hb concentration and Tf saturation, derived from their iron recycling 

impairment. Even though these mice presented only a mild form of anemia under homeostasis, stress conditions such as 

PHZ treatment, or iron-deficient diet aggravated their anemic phenotype and ultimately led to increased inflammatory 

responses95. NRAMP-1 (known as Scl11a1) expression in macrophages has been described to increase 

erythrophagocytosis efficiency in vitro. In fact, NRAMP1-expressing macrophages were found to phagocytose almost 

double RBCs than their Nramp1-/- counterparts98,99. Consequently, NRAMP-1 over-expression is linked to a great up-

regulation of HO-1 (in order to process all the ingested heme) and FPN-1 (to allow its liberation from the cell)98,99. 

Importantly, the expression of these three genes has been described to be driven by the presence of heme in the cells by 

different studies96,97,99. Macrophages adjust to stress conditions in order to be able to withdraw the different free iron forms 

(Fe2+, heme or Hb) from the environment, and they store it within their cytoplasm bounded to ferroproteins (like FTN) that 

protect cell integrity. Free iron is highly toxic for the tissues, due to its potent oxidative activity, which can affect different 
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substrates (like LDL molecules) and promote the generation of reactive oxygen species (ROS)220. In our LXR-deficient 

mice, despite the significant iron accumulation, the aforementioned genes, and many others, continue to be markedly 

down-regulated, meaning that LXR must play an important role in the regulation of iron metabolism. 

In addition, the expression of several other heme metabolic enzymes is also highly modulated by the absence of LXRα, 

such as Blvra, which encodes the Biliverdin reductase A, in charge of the reduction of the biliverdin derived from heme 

degradation, into bilirrubin, in the cytosol221,222; Alas1, encoding 5'-Aminolevulinate Synthase 1, one of the key enzymes in 

the de novo synthesis of heme in the mitochondrion221,222; other solute carriers like Slc48a1, encoding the phagolysosome 

heme exporter HRG-189; Hebp1, Heme binding protein 1, which can bind to free porphyrinogens or heme with high affinity 

in order to avoid their toxicity and ensure cell integrity77; the transferrin receptor gene, Trf76; the hereditary 

hemochromatosis protein (HFE)75, a described regulator of hepcidin transcription (Fig. 29B). All these genes are 

significantly up-regulated in WT CD163-expressing RPMs, meaning that their expression is somehow stimulated by LXRα 

transcriptional activity. However, LXRα-/- CD163- RPMs express these genes to the same extent as their WT counterparts 

(Fig. 29B). In fact, for some of them, their expression is potentiated in LXRα-/- CD163- RPMs, probably in an attempt to 

over-compensate for the lack of a CD163+ RPM subpopulation. This suggests that the down-regulation of this myriad of 

iron-related genes could be linked to the absence of the whole CD163-expressing macrophage subset, rather than be 

directly regulated by LXRα. In the search of new LXRα specific targets among all these iron-related genes, we were able 

to distinguish two, Ncoa4 and Aco1 (Aconitase-1, or IRP1), whose expression was also impaired in LXRα-/- CD163- RPMs 

compared to their WT CD163- RPM counterparts, suggesting that they might be under a more close LXRα regulation (Fig. 

29B). Future studies employing LXR ChIP-seq (Chromatin Immunoprecipitation Sequencing) approaches would help us 

discern between direct or indirect regulated genes by LXR.  

NCOA4 protein is a key regulator of iron metabolism, as it mediates the degradation of ferritin (ferritinophagy)223,224. In other 

words, NCOA4 promotes iron release upon demand for heme synthesis in the mitochondrion, thus having a key role in 

erythropoiesis224. Ncoa4-/- mice display iron accumulation in the spleen and the liver, increased serum ferritin levels and a 

mild microcytic hypochromic anemia, derived from inefficient erythropoiesis due to insufficient iron release225. The 

expression of Ncoa4 gene in WT mice is significantly higher in CD163-expressing RPMs than in the CD163- RPM subset, 

but, unlike the iron-related genes mentioned above, LXRα-/- CD163- RPMs present a reduced expression compared to 

their WT counterparts (Fig. 29B).  

In addition, as was previously described (see Introduction 1.4.2.), the IRP/IRE mechanism modulates the transcription of 

many different iron-related genes, like TfR, FPN-1 or ALAS-1103,226. Thus, a transcriptional regulation of IRP1 expression 

mediated by LXRα could offer a plausible explanation to the general down-regulation of the transcription of the iron 

metabolic machinery.  
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9. Possible implications of LXRα deficiency in bone marrow erythropoiesis  

 

On the other hand, it is reasonable to evaluate the possibility that the absence of LXRα could imply the reduction of the 

number of erythroblastic islands (EBIs) in the bone marrow and the spleen. EBIs in the red pulp of the spleen become of 

great importance during stress, or when erythropoiesis in the bone marrow is compromised111. In that scenario, 

extramedullary hematopoiesis (EMH) takes place148. At the steady state, adult splenic erythropoiesis in mice has a minimal 

contribution to the total RBC count, but under hypoxic conditions or anemia, the spleen undertakes the role of the main 

erythropoietic organ111. The presence of EBIs in the red pulp of the spleen has been confirmed in the past227,228, but 

currently, the net proportion of resident macrophages that are part of this specialized structure, both in the murine spleen 

and bone marrow, remains to be revealed. CD163 has also been described as an adhesion molecule present in BM 

“nursing” macrophages129, and our current data describes the existence of a CD163-expressing BMM subset that 

constitutes around the 50% of the total BMM population (Fig. 21A, B), but further analysis is required to acknowledge the 

proportion of those CD163+ macrophages that actually conform the EBIs in both the spleen and the bone marrow. We can 

state, however, that the absence of LXRα entails the depletion of the totality of CD163-expressing macrophages in the 

spleen (Fig. 20A-C), and the majority of them in the bone marrow (Fig. 21A, B), probably reducing the number of EBIs in 

these two locations, and thus handicapping erythropoiesis.  

Additional evidence supports this hypothesis. The reported absence of CD169+ macrophages in the marginal zone of the 

spleen of LXRα-/- mice63, and the parallelism between the splenic red pulp macrophage and the bone marrow macrophage 

populations established by Murphy and colleagues101, strongly suggest that the CD169+ bone marrow macrophage 

population could also be impaired in LXRα-deficient mice (Fig. 21A, B), or possibly belong within the CD163+-macrophage 

missing subset. The absence of these two receptors would directly affect the correct assembly of the EBI structure and the 

efficiency of the erythroblasts proliferation and maturation129,131. Further analysis is needed to determine the exact extent of 

the influence of LXRα absence in bone marrow erythropoiesis. 

 

Concluding remarks 

 

In conclusion, the present work reveals the existence of two previously unrecognized macrophage subsets within the RPM 

and BMM compartments (Figs 20A-C and 21A, B). The two RPM subsets residing in the spleen present particular genetic 

programs which probably determine their functions in homeostasis or stress conditions. One of these subsets is dependent 

on LXRα transcriptional regulation (CD163+) and presumably exerts greater abilities for phagocytosis and iron-recycling. 

The second subset within the RPM compartment (CD163-) still develops in the absence of LXRα (Fig. 29A, B), but both 

require the expression of SPI-C transcription factor for their differentiation in vivo64.  
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We designed a working model that could explain how these two RPM subsets participate in RPM biology in the spleen 

(Fig. 30A-C). RPMs first develop from embryonic progenitors during development36. When macrophage progenitors seed 

the spleen anlagen, they present high expression of SPI-C, LXRα, IRF866, among other transcription markers that are yet 

to be described. Once the spleen architecture is properly acquired, RPM might divide into two different subsets: one, 

CD11bloF4/80hiCD163+TIM4+, which expresses high levels of LXRα and is mostly in charge of senescent RBC and 

Hb/heme phagocytosis, and thus iron recycling under homeostatic conditions; and another one, CD11bloF4/80hiCD163-

TIM4+, that also expresses LXRα but to a lesser extent, and carries out other functions, such as oxidative phosphorylation 

and ATP synthesis, and other immune related functions (according to our transcriptional analysis data) (Fig. 29A). Once in 

adulthood, the bone marrow is in charge of supplying the tissues with proper replacement for the macrophage 

compartment if needed, under any stress situation. When iron concentration increases in the tissues, this triggers Spic 

transcription program and circulating monocytes differentiate, through an intermediate pre-RPM state101, into mature RPM. 

These mature RPMs might then subdivide into CD163+ RPMs, with high expression of LXRα, and CD163- RPMs, which 

express LXRα to a lesser extent. Our LXRα-/- mouse model presents a RPM population reduction (Fig. 11A-C) that creates 

a partial niche availability. We hypothesize that these mice accumulate bone marrow derive monocytes that try to fulfill that 

niche, but are not able to due to LXRα absence. It would be of great interest to test whether the SPI-C-expressing pre-

RPMs previously described by Haldar et al. (2014) under heme accumulation101, correlate with the expanded LXRα-

expressing monocytes we observed after an hemolysis challenge (Fig. 22A, B), and whether or not these monocytes fully 

resemble an RPM phenotype, or rather just functionally adapt to the task until homeostatic conditions are restored, and 

then disappear211.  

Another possibility is that the well established macrophage plasticity60 allows RPMs to interchange phenotypes within the 

red pulp compartment, and modify their CD163 expression upon need. This could be of great interest in the case of the 

BMM population, in the context of the EBI, and how it affects erythropoiesis. The accumulation of senescent RBCs in the 

red pulp of the spleen (Fig. 16A, B) in LXRα-/- mice can be a consequence of the reduced RPM population, or could also 

be partly due to an erythrophagocytosis defect of the remaining RPMs. This accumulation culminates in an iron increased 

concentration, that disrupts the iron cycle and thus affects BM erythropoiesis. All these effects are not severe in young 

individuals, but become more evident as the mice age (Fig. 16A-D).  

Understanding the dynamics of these two resident macrophage compartments would help enlighten the specifics of iron 

metabolism, and consequently throw some insight into processes like erythropoiesis and its related pathologies84,229,230 or 

immune defence against infectious diseases109. Our results suggest a possible clinical application for LXRα regulation in 

the context of many iron-related conditions. 
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A) WT steady-state 

C) LXRα
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B) WT iron-stress conditions  

 

Figure 30. Working model of the possible role of LXRα in the generation of the RPM compartment in mouse spleen, and the 

regulation of RBC clearance and iron recycling. A) WT steady-state conditions. B) WT mouse spleen during an iron-stress 

situation. C) LXRα-/- mouse spleen at steady-state situation, where the CD163-expressin subset of the RPM compartment is 

absent. 
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1. LXRα plays an important role in the correct development of the red pulp and bone marrow 

macrophage compartments. LXR-deficient mice present reduced CD11bloF4/80hi Red Pulp and 

Bone Marrow Macrophage populations, and increased CD11bhiF4/8loSSClo splenic and bone 

marrow monocyte numbers. 

 

2. LXR-deficient hematopoietic cells present defective CD11bloF4/80hi Red Pulp and Bone Marrow 

Macrophage repopulation potential after bone marrow transplant, while showing a tendency to 

differentiate into CD11bhiF4/8loSSClo bone marrow-derived monocytes. These monocytes 

accumulate in the spleen and bone marrow of transplanted mice in the same way as in LXR-

deficient mice.  

 

3. The deficiency of LXRα, affects the expression of several iron recycling-related genes, and 

results in impaired iron metabolism. LXR-deficient mice present marked iron depositions and 

accumulate unengulfed erythrocytes in the red pulp of the spleen. Conversely, these mice show 

lower iron levels and total Red Blood Cells frequencies in the bone marrow than Wild Type mice. 

 

4. Our results suggest that, as a consequence of defective iron recycling, the process of generating 

new erythrocytes is compromised in LXR-deficient mice, which present erythroblasts 

accumulating in the earlier stages of maturation in the bone marrow. 

 

5. LXRα controls the development of a subpopulation of resident Red Pulp Macrophages, 

characterized by the expression of CD163 and TIM4, that has a very specific transcriptional 

profile, with very well defined associated biological functions, that include iron recycling and 

immune system activation. 

 

6. Our work also highlights the generation of two new mouse models for the analysis of LXRα 

signaling; one LXRα-DTR model to deplete LXRα+ cells, and a second LXRα-GFP model, that 

allows the visualization of LXRα+ cells through GFP expression in vivo or in vitro. 
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1. LXRα juega un papel importante en el correcto desarrollo de las poblaciones de macrófagos 

residentes de la pulpa roja del bazo y la médula ósea. Los ratones deficientes en LXR presentan 

una reducción en estas poblaciones de macrófagos (CD11bloF4/80hi), y un elevado número de 

monocitos (CD11bhiF4/8loSSClo) en estos tejidos. 

 

2. Las células hematopoyéticas deficientes en LXR no son capaces de reconstituir las poblaciones 

de macrófagos residentes de la pulpa roja del bazo y la médula ósea (CD11bloF4/80hi) tras un 

trasplante de médula, mientras que son propensas genéticamente a diferenciarse a monocitos 

(CD11bhiF4/8loSSClo), que se acumulan en los bazos y las médulas de los ratones trasplantados 

de la misma forma que lo hacen en los ratones deficientes en LXR. 

 

3. La deficiencia de LXRα, afecta a la expresión de varios genes relacionados con el reciclaje del 

hierro, y tiene como resultado un fallo en el metabolismo del hierro. Los ratones deficientes en 

LXR presentan grandes depósitos de hierro y acumulan eritrocitos en la pulpa roja del bazo. Por 

el contrario, estos ratones muestran niveles más bajos de hierro en la médula ósea y un 

porcentaje menor de eritrocitos totales comparado con los niveles de los ratones control. 

 

4. Nuestros resultados sugieren que, como consecuencia de un reciclaje de hierro defectuoso, la 

generación de nuevos eritrocitos está comprometida en los ratones deficientes en LXR, los 

cuales presentan acumulación de eritroblastos en las primeras etapas de maduración en la 

médula ósea. 

 

5. LXRα controla el desarrollo de una subpoblación de macrófagos de la pulpa roja del bazo 

caracterizada por la expresión de los receptores CD163 y TIM4, los cuales tienen un perfil 

transcripcional muy específico, al que se le asocian funciones biológicas muy bien definidas 

como el procesamiento y reciclaje del hierro y el procesamiento de las respuestas inmunes. 

 

6. Nuestro trabajo ha permitido la generación de dos nuevos modelos de ratón para el análisis de 

la señalización de LXRα; el primero, LXRα-DTR, elimina las células que expresan LXRα de forma 

selectiva, y el segundo, LXRα-GFP, permite la visualización de las células LXRα+ mediante la 

expresión de la proteína verde fluorescente (GFP), tanto in vivo como in vitro. 
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