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Summary 

The scavenger receptor cysteine-rich (SRCR) superfamily is emerging as a novel 

class of pattern recognition receptors (PRR) that bind bacteria, fungi, and viruses. Thus, the 

host’s array of SRCR receptors is putatively well suited for targeting a broad range of highly 

conserved pathogen-associated molecular patterns (PAMPs) solely expressed on 

microbes. However, the microbe-recognizing spectrum of each SRCR member remains to 

be investigated. In addition, over the last decade, many different observations have 

uncovered distinct roles for the SRCR proteins, ranging from the well-established function 
as anti-apoptotic protein to inhibitory signaling hubs, modulators of T cell activation or 

regulators of lipid metabolism, and among others. This multifunctionality impacts directly on 
the regulation of several key immunological events, namely in infection, metabolic 

disorders, cancer, autoimmune disease, and consequently during an inflammatory 
response.  

We here address a pioneer study by describing the first functional characterization 

of SSC4D. Using conventional protein-cell binding assays we uncovered its capacity to 

physically bind to different species of bacteria and protozoan parasites. In addition, SSC4D 

also shows the capacity to recognize specific bacterial surface structures, such as 

lipopolysaccharide (LPS) and lipoteichoic acid (LTA).  

Furthermore, we also revealed new insights related to the microbe-recognizing 

spectrum of the well-established PRR for bacteria and fungi – CD5 antigen-like (CD5L). 

Similar to SSC4D, we found for the first time that CD5L also has the capacity to recognize 

protozoan parasites, including Trypanosoma brucei, Plasmodium berghei, Neospora 

caninum, and Leishmania infantum. 

Having established CD5L as a parasite-binding protein we further addressed its role 

in parasitic infections and, surprisingly, we observed a significant increase in the circulating 

CD5L levels upon T. brucei infection, which led us to hypothesize a putative role for CD5L 
in Trypanosomatid infections. To further dissect this hypothesis, we infected mice, in which 

the cd5l gene was abrogated, with luciferase-expressing T. brucei GVR35 bloodstream 
forms. Interestingly, we found no differences neither in parasitemia nor in the whole-body 

bioluminescence signal analysis between the WT and the CD5L KO mice. Strikingly, the 
CD5L KO mice show greatly enhanced susceptibility to T. brucei infection. Twenty-eight 

days upon infection, we witnessed an exacerbated pro-inflammatory response in T. brucei-

infected CD5L KO mice characterized by an increase in TH1 CD4+ T cells. In addition, we 
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also observed augmented recruitment of macrophages and inflammatory monocytes to the 

spleen, followed by an increased secretion of the pro-inflammatory cytokines IFN-g and 

TNF-a, corroborating the hypothesis that CD5L in addition to the PRR function is an 

important anti-inflammatory mediator, and its absence leads to an imbalanced immune 

response. 

Collectively, we identified and proceeded to the functional characterization of 

SSC4D as a new PRR family member. Additionally, our studies also provided new valuable 

insights into the puzzling role of CD5L during the inflammatory response. 
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Resumo 

A superfamília de recetores scavenger ricos em cisteínas (SRCR) tem vindo a ser 

identificada como uma nova classe de recetores de reconhecimento de padrões (PRR) 

capaz de se ligar a bactérias, fungos e vírus. Dessa forma, a matriz de recetores SRCR do 

hospedeiro deverá ser adequada para permitir o reconhecimento de uma ampla gama de 

padrões moleculares associados a patogénios (PAMPs) altamente conservados expressos 

exclusivamente em microrganismos. No entanto, o espectro de patogénios reconhecidos 

por cada membro da superfamília SRCR continua por esclarecer. Adicionalmente, ao longo 

da última década, diferentes observações sugeriram papéis distintos para as proteínas 

SRCR, desde a função bem estabelecida como proteínas anti-apoptóticas até à modulação 

da ativação de células T ou à regulação do metabolismo lipídico, entre outras. Esta 

multifuncionalidade tem impacto direto na regulação de vários eventos imunológicos, 

nomeadamente na infeção, distúrbios metabólicos, cancro, doença autoimune e, 

consequentemente, durante uma resposta inflamatória. 

Abordamos, neste trabalho, um estudo pioneiro ao descrever a primeira 

caracterização funcional da proteína solúvel SSC4D, para isso, recorremos a metodologias 

convencionais de ligação proteína-célula, onde descrevemos a capacidade do SSC4D se 

ligar fisicamente a diferentes espécies de bactérias e parasitas protozoários. Além disso, 

SSC4D também reconhece estruturas específicas da superfície bacteriana, como 

lipopolissacarídeo (LPS) e ácido lipoteicóico (LTA). 

Adicionalmente, revelamos novos detalhes acerca do espectro de reconhecimento 

de patogénios do CD5L, previamente identificado como PRR para bactérias e fungos. 

Semelhantemente ao observado para o SSC4D, os nossos resultados descrevem pela 

primeira vez que o CD5L também tem a capacidade de reconhecer parasitas protozoários, 

incluindo Trypanosoma brucei, Plasmodium berghei, Neospora caninum e Leishmania 

infantum. 

Tendo estabelecido o CD5L como uma proteína capaz de se ligar a parasitas, 

decidimos explorar o seu papel in vivo durante uma infeção parasitária e, 

surpreendentemente, observamos um aumento significativo na concentração de CD5L em 

circulação após infeção por T. brucei, sugerindo uma possível função para o CD5L em 

infeções por Tripanossomatídeos. Com o objetivo de explorar esta hipótese, infetamos 

murganhos geneticamente modificados para excluir o gene cd5l com formas sanguíneas 

de T. brucei GVR35 que expressam luciferase. Curiosamente, não encontramos diferenças 

nem na parasitemia nem na análise do sinal de bioluminescência no corpo inteiro dos 
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ratinhos WT em comparação com ratinhos CD5L KO. No entanto, os ratinhos CD5L KO 

mostram uma maior suscetibilidade à infeção por T. brucei. Vinte e oito dias após infeção 

por T. brucei, observamos uma resposta pró-inflamatória exacerbada em ratinhos CD5L 

KO, caracterizada por um aumento de células T CD4+ TH1. Complementarmente, também 

reportamos um aumento do recrutamento de macrófagos e monócitos inflamatórios para o 

baço, seguido por um aumento da secreção de citocinas pró-inflamatórias, IFN-g e TNF-a, 

corroborando a hipótese de que o CD5L além da função como PRR é, também, um 

importante mediador anti-inflamatório e sua ausência leva a uma resposta imune 

desequilibrada. 

Coletivamente, identificamos e procedemos à caracterização funcional do SSC4D 

como novo membro da família dos PRR. Além disso, os nossos estudos também 

forneceram novas visões valiosos sobre o papel intrigante do CD5L durante a resposta 

inflamatória. 
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Human beings have been living in a world that is heavily populated by both 

pathogenic and non-pathogenic microbes that constantly exert enormous pressure on hosts 

and threaten their normal homeostasis. This state of equilibrium depends on a complex 

array of protective mechanisms that grants the ability of our body to defend and resist 

microbes. The efficiency and success of this protective framework, called the immune 

system, rely on its capacity to develop an immune response, which depending on the 

specificity and the timing of activation can be subdivided into two branches.  A rapid and 

broad response (innate immune response) that is always immediately available upon 

invasion of a wide range of pathogens, and a specific and adaptative response (adaptive 

immune response) that relies on the antigen-specific reactions and confers lifelong 

protective immunity against a specific pathogen. Although the division of the immune 

system into two different compartments is generally accepted, this does not mean a strict 

separation of both innate and adaptive immune responses. Instead, for effective host 

protection against pathogenic microbes, both responses must cooperate closely and work 

tightly synchronized.  

One of the most crucial functions of the immune system is its ability to intercept, 

recognize, respond and destroy foreign antigens while avoiding responses that produce 

excessive damage to the host’s own components. For this purpose, both innate and 

adaptive immune systems employ a complex network of different molecules regulated by 

several mechanisms that grant their ability to discriminate between “self” versus “non-self”. 

While the innate immune system can recognize microorganisms via a limited number of 

germline-encoded pattern-recognition receptors (PRRs), the adaptive immune system 

displays a vast repertoire of different antigen receptors generated somatically during the 

development of T and B cells. 

Innate Immunity 

Historically, innate immunity was first recognized in the light of the work of the 

Russian immunologist Elie Metchnikoff, who described that many microorganisms could be 

engulfed by phagocytic cells, which he called “macrophages”. When Metchnikoff studied 

phagocytosis in 1883, he also linked this mechanism to the first line of defense against 

pathogens (1).  

In the last century, these phagocytic cells and their functions including the 

engulfment of either microorganisms or dead cells were crucial to the understanding of the 

basic principles of the innate immune response and host defense. However, it is now 
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accepted that an innate immune response has several additional key players and features. 

The initial defenses against microbes encompass all physical and chemical barriers, such 

as the skin, the mucosal surfaces of the respiratory and gastrointestinal tracts, and also 

enzymes and mucus, which either is antimicrobial or inhibits the attachment of the microbe. 

Since neither the skin nor the mucosal cavities are ideal habitats for most organisms, 

microbes must breach the ectoderm. If these barriers are overcome or evaded, other 

components of the innate immune system come into play. 

Accordingly, the innate immune response relies on two main defense strategies that 

work closely orchestrated – cellular and molecular. From the cellular point of view, innate 

responses use phagocytic cells, namely macrophages, neutrophils, dendritic cells (DCs), 

and monocytes; cells that release inflammatory mediators, namely basophils, mast cells, 

and eosinophils; natural killer cells (NK cells) and innate lymphoid cells (ILC). On the other 

hand, the molecular mechanisms include soluble proteins that are either constitutively 

expressed (such as complement, defensins, and ficolins) or that are secreted from cells 

(including cytokines, chemokines, reactive free radical species, among others). Lastly, as 

proposed by Charles Janeway, the innate immune system also includes a repertoire of 

membrane-bound and soluble germline-encoded pattern recognition receptors (PRRs) that 

identify highly conserved microbial structures termed pathogen-associated molecular 

patterns (PAMPs) (2). These invariant molecular structures constitute the molecular 

immunogenic signatures of pathogens, and they are solely expressed on microbes and are 

not amenable to mutation without involving loss of viability and/or pathogenicity (2).  

Bacterial PAMPs are diverse and include different molecules such as 

lipopolysaccharide (LPS), lipoteichoic acids (LTA), peptidoglycan and flagellin, to unique 

types of nucleic acids such as cyclic dinucleotides (CDNs) (3). By contrast, viruses are 

mainly recognized through surface viral glycoproteins and through unique nucleic acids 

such as double-stranded RNA (dsRNA), uncapped single-stranded RNA (ssRNA) and viral 

DNA (4). While most fungi are recognized through fungal cell wall components such as β-

glucans, mannans, mannoproteins and chitin, as well as fungal-derived RNA and 

unmethylated DNA (5), the parasites, including protozoan parasites, are mainly recognized 

through a glycolipid present at their surface termed glycophosphatidylinositol (GPI) (6). The 

recognition of invasive pathogens by the innate immune system is discussed in more 

detailed in the next topic. Additionally, the sensing of pathogens by PRRs expressed on 

antigen-presenting cells (APCs), particularly DCs, leads to the activation of the adaptive 

system. Furthermore, the role of different PRRs in the sensing of pathogens determines the 



Chapter I | Introduction 

 

 5 

type of infection encountered, provides information about pathogen presence, and instructs 

lymphocytes to induce the appropriate adaptive immune response (7).  

Adaptive immunity 

Although the innate immune system recognizes an enormous variability and 

heterogeneity of PAMPs, the range of pathogenic molecular patterns it can recognize is 

limited. The overwhelming diversity of antigenic structures as well as the ability of 

pathogens to mutate to avoid host detection has created an enormous selective pressure 

to the emergence of a more advanced mechanism of protection – called adaptive immunity 

(8, 9). In contrast to the PRRs of the innate immune system, which are all germline-encoded, 

the adaptive immune response depends on antigen-specific receptors that are custom-

tailored and selected through a process of somatic rearrangement of different variable (V), 

diversity (D), and joining (J) immunoglobulin (Ig)-type gene segments (10). V(D)J 

rearrangement allows the formation of an almost unlimited repertoire of different T cell 

receptors (TCRs) and B cell receptors (BCRs), each with unique specificities. Thus, each 

lymphocyte expresses only one receptor that is specific to an antigen. Importantly, these 

individual antigen-specific lymphocytes will, upon antigen recognition, become activated 

and triggered to proliferate and expand the individual cell clone. This phenomenon, called 

clone expansion, serves to amplify the number of antigen-specific lymphocytes in order to 

mount a robust protective response against a given antigen (pathogen) (11). Moreover, 

these clones can persist in the host for life, providing immunologic memory and the capacity 

for a rapid response in the event of re-exposure to that antigen (12). 

The adaptive immune response is mediated by two major types of chain reactions 

– the antibody response and the cell-mediated immune response, which are mainly 

controlled by conventional B (also known as B2 cells) and T cells (mostly ab T cells), 

respectively. There are two types of conventional ab T cells: T-helper (TH) cells, which 

express the co-receptor CD4 on the cell surface and recognize antigenic peptides bound to 

major histocompatibility complex (MHC) class II, and cytotoxic T cells, which express the 

co-receptor CD8 on the cell surface and recognize antigenic peptides bound to MHC class 

I.  

The recognition of an invasive pathogen by a PRR-expressing APC leads to its 

activation and consequent induction of cytokine production and expression of cell-surface 

receptors, followed by migration to the lymph nodes through the lymphatic vessels. When 

those APCs reach the lymph nodes they present the processed antigen to naïve T cells via 



Chapter I | Introduction 

 

 6 

 

MHC-TCR interactions (13, 14). This results in T cell activation and, in the case of TH cells, 

differentiation into one of several types of effector TH cells (e.g., TH1, TH2, TH17 cells).  

Briefly, TH1 cells are polarized in response to intracellular pathogens and IL-12 

produced by DCs (15). TH1 cells secrete interferon (IFN)-g, a signature cytokine that 

specifically enhances the anti-microbial capacity of macrophages (16). Additionally, TH1 

also produces IL-12 and tumor necrosis factor (TNF)-a, which creates a positive loop to 

amplify the type 1 response while inhibiting TH2 and TH17 responses (17). More often, TH1 

cells are involved in the induction and maintenance of the chronic inflammatory process 

(18-20). TH2 cells are involved in type 2 immune responses, which are crucial for the 

elimination of parasitic helminths. In contrast to TH1 and TH17 cell priming, in which DCs 

produce T cell-polarizing cytokines in response to microbial stimuli, in TH2 polarization the 

polarizing cytokine (IL-4) is mainly produced by basophils (21, 22). Additionally, allergens 

can also trigger the polarization of naïve CD4+ T cells into TH2 cells. Upon activation, TH2 

cells produce IL-4, IL-5 and IL-13, which are important for Ig class-switching to IgE, 

macrophage polarization to an M2-like phenotype, and stimulate the bone marrow to 

produce eosinophils (23, 24). Naïve CD4+ T cells polarize into TH17 cells in the presence of 

IL-1b, IL-6, IL-23 and transforming growth factor (TGF)-b. Classically, upon activation TH17 

cells produce IL-17 that assures a pro-inflammatory environment, which is critical for the 

defense against extracellular microbial and fungi infections (25). IL-17, the signature 

cytokine of TH17 cells, appears to be crucial for the recruitment of innate immune cells, such 

as neutrophils (23, 26). Although historically, TH17 cells are described as inducers of the 

inflammatory response, recently it was found that TH17 cells are a heterogeneous and high 

plastic subset of cells that switch between a pathogenic and non-pathogenic status. On one 

hand, IL-17-producing TH17 cells are considered pathogenic TH17 cells, since they promote 

a pro-inflammatory environment; however, on the other hand IL-10-producing TH17 cells 

are considered as non-pathogenic TH17 cells, given that IL-10 promotes tissue regeneration 

and acts as an anti-inflammatory cytokine (27-29).  

Several sophisticated regulatory mechanisms are used to control CD4+ T cell 

differentiation, maintaining immune homeostasis, preventing autoimmunity, and moderating 

inflammation induced by pathogens.  Thus, regulatory T (Treg) cells are a unique subset of 

helper T-cells which regulate and refrain immune responses and establish peripheral 

tolerance (30). Although Tregs are characterized by the expression of the master 

transcription factor forkhead box P3 (Foxp3), other transcriptional factors may mediate Treg 

cell development (31, 32). Genetically modified mice that lack Foxp3 develop a profound 

autoimmune-like lymphoproliferative disease that emphasizes the crucial role of Tregs in 



Chapter I | Introduction 

 

 7 

the maintenance of peripheral tolerance (33). Tregs can be further subdivided into two major 

subsets – nature-derived Tregs (nTregs) and peripheral-induced Tregs (iTregs) (34). While 

nTregs are selected during thymic T cell maturation, iTregs arise from naïve CD4+ T cell 

differentiation under an appropriate selective environment, normally rich in TGF-b and IL-2. 

IL-10, the signature cytokine of Tregs, is a suppressive cytokine and is essential in limiting 

immune responses to numerous pathogens and subsequent immune pathologies (35, 36). 

For example, IL-10 KO mice mount an overexuberant immune response when infected with 

Plasmodium chabaudi (37). 

New CD4+ T cell subsets such as TH9, TH22, and follicular helper T (Tfh) cells were 

recently described. Naïve CD4+ T cells polarize into TH9 cells in the presence of TGF-b and 

IL-4 (38, 39). Moreover, it has been shown that activation of TH9 cell transcription factors, 

such as PU.1 and interferon regulatory transcription factor (IRF) 4, triggers the 

differentiation of TH9 cells, which regulate the expression of IL-9 (38, 40-42). This particular 

T cell subset has been found to play important roles in inflammatory diseases, autoimmune 

diseases, tumors, and other related clinical diseases (43-45). TH22 cells are abundant in 

human skin, play a key role in epidermal wound healing, and exhibit anti-inflammatory, 

antibacterial, and antiviral proprieties (46, 47). The activation of the transcription factor aryl 

hydrocarbon receptor (AhR) enhances the differentiation of naïve CD4+ T cells into TH22 

cells and leads to the secretion of the signature cytokine IL-22, but also IL-13, IL-26, TNF-

a and granzyme B (47, 48). Tfh cells have a key role in protective immunity helping B cells 

to produce antibodies against foreign antigens. To perform their function, Tfh cells are 

located in the B cell zones of the secondary lymphoid organs (spleen, lymph nodes, and 

tonsils) in close contact with B cells (49, 50). Tfh cells are differentiated by the expression 

of the transcription factor Bcl6, and by the induction of IL-6 and IL-21 (51, 52). 

 The different pathways and types of recognition by the innate immune system are 

critical for the choice of the appropriate effector immune response. Although a considerable 

amount of information has been accumulated over the past years, the exact mechanism by 

which the adaptive immune system interprets the innate immune signals is not fully 

understood. Recent evidence has suggested that different DC subsets, which express a 

specific array of PRRs, and consequently specific signals and cytokines are critically 

involved in the choice of the effector response (7, 53). For example, Irf8+Batf3-dependent 

CD103+ DCs seem to be required for effective TH1 responses, whereas Irf4+Klf4-dependent 

DCs appear to be required for TH2 responses (54, 55).  
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Pattern-recognition receptors (PRRs) 

PRRs are strategically found extracellularly, in secreted forms present in the 

bloodstream and interstitial fluids, as well as expressed in different subcellular 

compartments such as the plasma membrane, vacuolar membranes, and cytosol. 

Accordingly, host cells such as epithelial and effector innate cells express a spectrum of 

PRRs in order to sense and detect threats that have different anatomical and subcellular 

locations during infection. Consequently, upon pathogen invasion PRRs trigger several 

defense mechanisms that impact directly on the enhancement of phagocytosis, production 

of pro-inflammatory cytokines, cell recruitment and stimulation of cell differentiation, 

culminating in the production of different anti-microbial products like the induction of reactive 

oxygen species (56-59). 

Our understanding of the nature of PRRs has progressed enormously since the 

elegant theory of Janeway in 1989 (2). This is mainly due to the research work of Hoffmann, 

which demonstrated that mutant Drosophila melanogaster carrying mutations in a receptor 

called ‘Toll’ decreased the production of antimicrobial peptides and led to a higher 

susceptibility of the fly to fungal infections (60). Subsequently, homologs of Toll, now known 

as Toll-like receptors (TLRs), were found in other animals, including mammals (61). TLRs 

were the first PRRs to be identified and they are also the better characterized; however, it 

has become apparent that non-TLR PRRs are also involved in pathogen recognition (12). 

These include membrane-bound C-type lectin receptors (CLRs), cytosolic proteins such as 

NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs), and scavenger receptors (SR) 

(13, 14). These observations suggest that many aspects of innate immunity are more 

sophisticated and complex than initially anticipated. 

Toll-like receptors (TLRs) 

TLRs are type I transmembrane proteins with an extracellular region composed of 

18-25 copies of leucine-rich repeats (LRR) that mediate the recognition of PAMPs (62). 

They also have a transmembrane region and a cytosolic Toll-IL-1 receptor (TIR) domain in 

the cytoplasmic tail, which activate downstream signaling pathways (63, 64). To date, 10 

TLRs have been identified in humans (13 in mice), with TLR-1 to TLR-9 being conserved in 

both species (65). These receptors are differentially expressed among immune cells, they 

can be expressed either on the cell surface or associated with intracellular vesicles, and 

their expression is modulated in response to various stimuli  (66, 67). Moreover, these 

sensors have distinct functions in terms of PAMP recognition and immune responses. Each 
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TLR detects distinct PAMPs derived from viruses, bacteria, mycobacteria, fungi or 

parasites. These include lipoproteins (recognized by TLR1, TLR2, and TLR6), double-

stranded RNA (TLR3), LPS (TLR4), flagellin (TLR5), single-stranded RNA (TLR7 and 

TLR8), and DNA (TLR9) (68, 69). This concept is, however, turning out to be more complex 

than a single TLR molecule per pathogen. At least some TLRs have been shown to form 

heterodimers with other TLRs. Additionally, an efficient immune response often requires the 

sequential detection of a pathogen by different PRRs in different subcellular compartments, 

which results in a complex interplay of downstream signaling pathways (69, 70). 

After PAMP recognition, TLRs activate intracellular signaling pathways that lead to 

the production of inflammatory cytokines such as IL-1b, IL-6, IL-12 and TNF-a. Moreover, 

some TLRs also induce type I IFN production to elicit antiviral responses. Recognition of 

PAMPs by TLRs stimulates the recruitment of different adaptor molecules, including 

myeloid differentiation factor 88 (MyD88), MyD88 adaptor-like (MAL), TIR domain-

containing adaptor-inducing IFN-b (TRIF), and TRIF-related adaptor molecule (TRAM)  (71, 

72). Following stimulation, all TLRs, except TLR3, recruit MyD88 via their TIR domains that 

consequently leads to the activation of nuclear factor-kB (NF-kB) and mitogen-activated 

protein kinases (MAPKs), to control the expression of inflammatory cytokine genes (71, 73, 

74). Importantly, each TLR interacts with different combinations of adapters to activate 

different transcription factors, giving rise to appropriate and effective responses to 

pathogens. TLR-5, TLR-7 and TLR-9 interact only with MyD88. TLR-2 heterodimers (TLR-

2/1 and TRL2/6) and TLR-4 use MyD88 paired with MAL for the activation of the MyD88-

dependent pathway. TRIF is recruited alone to TLR-3 or paired with TRAM to TLR-4 and 

activates an alternative pathway (TRIF-dependent pathway) that leads to the activation of 

NF-kB, MAPKs, and the transcription factor IRF3. The activation of IRF3 is crucial for the 

induction of type I IFN (71, 74-76). 

NOD-like receptors (NLRs) 

Nucleotide oligomerization domain (NOD)-like receptors (NLRs) are a specialized 

group of more than 20 intracellular proteins that also play a critical role in host-pathogen 

interactions and in an inflammatory response (77, 78). Members of this PRR family are 

defined by a tripartite structure consisting of (a) a C-terminal LRR domain involved in 

pathogen detection; (b) a central NOD (or NACHT) domain required for self-oligomerization 

during activation; and (c) a variable N-terminal effector domain, in which four subfamilies of 

NLRs can de distinguished: NLRA contains an acid transactivation domain; NLRB possess 
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a baculovirus inhibitor of apoptosis protein repeat (BIR); NLRC has a caspase recruitment 

domain (CARD); NLRP contains a pyrin domain (PYD) (79).  

The NLRA and NLRB subfamilies include only one member, CIITA and NAIP 

respectively. NOD1 and NOD2 are two well-studied members of the NLRC subfamily, which 

comprises 6 different proteins (77). NOD1 recognizes D-glutamyl-meso-diaminopimelic 

acid (iE-DAP), which is a peptidoglycan component of Gram-negative bacteria, while NOD2 

recognizes muramyl dipeptide (MDP), which is present in the peptidoglycans of both Gram-

positive and Gram-negative bacteria (80-82). NOD2 also seems to recognize mycobacteria 

cell wall components (83, 84) and viral ssRNA (85). Upon pathogen recognition, these 

receptors undergo oligomerization leading to the recruitment of mediators such as RIPK2, 

which interact with NOD1 and NOD2 via a CARD domain. This association results in the 

activation of NF-kB and MAPK signaling pathways, and consequently the induction of 

proinflammatory genes (78, 86). NRL members that have a pyrin domain at their amino 

termini constitute the NRLP subfamily. NALP3 is the best-characterized member and 

together with other NRLs have been shown to form inflammasomes upon activation (87). 

The inflammasome is a pro-inflammatory protein complex that activates caspases, resulting 

in the proteolytic activation of IL-1b and IL-18, as well as in apoptotic and pyroptotic cell 

death (87, 88). Additionally, inflammasomes are activated by 8 NLRs and their formation is 

triggered by either endogenous or exogenous, sterile or infectious stimuli. The NLRP3 

inflammasome can be activated by the pore-forming activity of a wide range of Gram-

positive and Gram-negative bacteria but also with endogenous damage-associated 

molecular patterns (DAMPs), such as ion efflux, mitochondrial dysfunction, and reactive 

oxygen species (ROS) (77, 78, 87, 89). 

RIG-I-like receptors (RLRs) 

Retinoic acid-inducible (RIG) I-like receptors (RLRs) are a family of cytoplasmic 

RNA helicases responsible for intracellular immune surveillance against viral infections (90-

92). This family of sensors encompasses 3 members: retinoic acid-inducible gene I (RIG-

I), melanoma differentiation-associated protein 5 (MDA5), and laboratory of genetics and 

physiology 2 (LGP2) (93). Moreover, this family is characterized by the presence of a central 

RNA helicase-like domain that recognizes and binds to viral RNAs, and a carboxy-terminal 

domain (CTD). RIG-I and MDA5 additionally have 2 N-terminal CARD domains that interact 

with adaptor proteins and activate downstream signaling pathways when viral RNAs are 

bound (91, 94). The interaction between RLRs and viral RNA activates IRF3 and IRF7 that 

induce the transcription of genes encoding type I interferons, and NF-kB that leads to the 



Chapter I | Introduction 

 

 11 

expression of pro-inflammatory cytokines (95, 96). Interestingly, RLRs not only detect non-

self RNA but also self RNAs that are unusual, mislocalized, or misprocessed. The presence 

of such forms of cellular RNA can be an indirect molecular signature of infection or occur in 

sterile inflammatory pathologies (96-98).  

Scavenger receptor cysteine rich (SRCR) 

SRCR receptors constitute a superfamily of extracellular membrane-bound or 

secreted glycoproteins that is characterized by the inclusion of one or several repeats of a 

highly conserved scavenger domain having approximately 90 to 110 amino acids (aa) and 

a high and well-defined cysteine content (99, 100). Based on the number of coding exons 

and intradomain cysteine residues, two types of SRCR members are described. Those with 

type A domains, each encoded by two or more exons and containing six cysteine residues 

forming three disulfide bonds, and those with type B domains, which are encoded by a 

single exon and have eight cysteine residues forming four disulfide bonds (99-102). Despite 

their name, scavenger receptors are involved in more than just scavenging. In the past few 

years, an impressively broad range of functions have been attributed to SRCR members 

including lipid transport, pattern recognition, mediating apoptosis, regulating T cell 

activation, and others (103-105). Although no unifying role for this superfamily has been 

described, all members seem to have some immune-related function. This heterogeneity in 

SRCR members arise from slight differences in the domain sequences that can impact on 

the overall structure of each protein, by the number of SRCR domains present in each 

protein, that are found singly or in tandem, and because some SRCR receptors are 

multidomain proteins containing other functional domains such as mucin-like, C1r/C1s Uegf 

Bmp1 (CUB), and zona pellucida (ZP) domains, among others (106-108). 

SRCR proteins as pattern recognition receptors 

Scavenger receptors were first identified by Golstein and Brown in late of 1970s and 

their activity was initially associated with the ability to bind and internalize oxidized low-

density lipoprotein (oxLDL) (109, 110). It is now accepted that the range of ligands that they 

recognize is extremely diverse and includes microbial structures, such as LPS and LTA, but 

also viral, fungal, and parasitic structures (99, 111, 112). Indeed, given their ability to 

recognize such a large repertoire of ligands, over the last few years the SRCR-SF is 

emerging as an important class of PRRs. Additionally, other evidence has highlighted the 

distinctive PRR role of SRCR proteins. Firstly, unlike most members of other PRRs classes, 

where each receptor seems to have some specificity to a certain PAMP, SRCR proteins 
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typically bind multiple PAMPs (113-115). Secondly, the SRCR proteins are extracellular 

proteins expressed at the surface of cells, or secreted and therefore in circulation, which 

provides SRCR proteins an exceptional feature to intercept and recognize invasive 

pathogens (116-118). Thirdly, besides playing a role as PRR, SRCR proteins often share 

other important functions in the immune response such as in cell adhesion, endocytosis, 

phagocytosis, antigen presentation and cell signaling that ultimately lead to the modulation 

of the immune response (99). 

The microbial binding capacity of the highly conserved SRCR domains was first 

addressed using different fragments of the group B protein deleted in malignant brain 

tumors 1 (DMBT1). Only the peptides that corresponded to the SRCR domains were found 

to bind to microbes, suggesting that it is the SRCR domain that mediates pathogen 

recognition (119). Moreover, further studies using the group B CD5 molecule like (CD5L) 

and the group A macrophage receptor with collagenous structure (MARCO) proteins also 

demonstrated the involvement of the SRCR domain in microbial binding (120, 121). 

However, in the macrophage scavenger receptor (MSR1), also known as scavenger 

receptor class A member 1 (SR-A), one of the natural isoforms that lacks the SRCR 

domains, SR-AII, could also bind bacteria, demonstrating that for the MSR1/SR-A receptor 

the SRCR domain is not required for microbial binding (122). 

CD5L 

CD5L was first identified in 1997 as a lymphoid tissue-secreted protein (Spa), 

although due to its anti-apoptotic functions it is also known as apoptosis inhibitor expressed 

by macrophages (AIM) and apoptosis inhibitor 6 (Api6) (105, 123). CD5L has the same 

extracellular domain organization as the ectodomain of the T lymphocyte antigen CD5, both 

possessing three SRCR domains, but unlike the latter which is membrane bound, CD5L is 

a secreted glycoprotein with 347 aa (123, 124). CD5L is mainly produced by tissue-resident 

macrophages in lymphoid tissues, including spleen, lymph nodes, thymus, bone marrow 

and fetal liver, via transcriptional activation of nuclear receptor liver X receptor/retinoid X 

receptor (LXR/RXR) heterodimers and/or the transcriptional factor MafB (105, 125, 126).  

CD5L circulates in the blood at high concentrations (~5 µg/ml), with relatively higher 

levels in women (6.06 ± 2.09 µg/ml) than in men (4.99 ± 1.76 µg/ml), and it is higher in 

young men and women (aged 20s) (127). Importantly, CD5L in blood associates with 

pentameric immunoglobulin M (IgM) in the Fc region, which prevents CD5L from being 

excreted into the urine due to the large molecular size of the IgM-CD5L complex (128-132). 

Although the association between IgM and CD5L seems to be crucial for the maintenance 
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of high levels of circulating CD5L, the mechanism and how IgM controls CD5L levels 

remains unclear (128). Recent studies have shown that IgM-bound CD5L is functionally 

inactive and that CD5L dissociates from IgM to exert its functions (111, 133). Thus, IgM 

may control the activity of circulating CD5L and the amount of free CD5L molecules to 

defend the host against different diseases (133, 134).  

As mentioned before, in normal conditions CD5L does not reach the renal tubular 

lumen since IgM-CD5L complexes cannot pass through the glomerulus. However, during 

acute kidney injury (AKI), dissociated CD5L was found in urine samples from individuals 

with active disease. It was also found that CD5L accumulates on the intratubular debris 

where it binds to kidney injury molecule 1 (KIM-1), which is expressed on injury tubular 

epithelial cells and enhances the phagocytic elimination of the cellular debris by epithelial 

cells, thus contributing to kidney tissue repair. Additionally, in mice subjected to ischemia-

reperfusion-induced AKI, CD5L-deficient mice showed abrogated debris clearance, 

persistent renal inflammation, and consequently higher mortality than in wild-type (WT) 

mice. Moreover, treatment with recombinant CD5L protein leads to the removal of cell 

debris, decrease of inflammation, and a marked improvement of survival (133). 

CD5L as anti-apoptotic factor 

CD5L has also been reported as a factor that protects macrophages against 

different apoptosis-inducing stimuli, including oxidized low-density lipoprotein (oxLDL), 

cycloheximide, but also, caused by infection with Bacillus anthracis, Escherichia coli, 

Listeria monocytogenes, and Salmonella typhimurium (125, 135-137). In accordance, the 

development of the CD5L knockout (KO) mice has highlighted the role played by the mouse 

homolog of CD5L as an anti-apoptotic protein. In the CD5L KO mouse, CD4-CD8 double-

positive (DP) thymocytes were more susceptible to apoptosis induced by dexamethasone 

and irradiation in vivo. Additionally, in in vitro experiments, recombinant mCD5L improved 

significantly cell viability of DP thymocytes and monocyte-derived cell line J774A.1 from 

different apoptotic stimuli (105). More recently in another study, it was reported that CD5L 

promotes survival of Listeria monocytogenes-infected macrophage-like ZBM2 cells by 

inhibiting the activation of caspase-1 (136). Although some data exist both in the human 

and mouse CD5L, further studies are needed to clarify the intracellular mechanisms 

underlying CD5L and apoptosis. 
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CD5L as pattern recognition receptor 

Like other SRCR proteins, both human and mouse CD5L can also recognize and 

bind to different pathogens (99). It was first showed that human CD5L can act as a PRR for 

several Gram-negative and Gram-positive bacteria through the direct binding of LPS and 

LTA respectively. Curiously, using a truncated form of CD5L containing only the first SRCR 

domain, it was demonstrated that the isoform retained the bacterial binding properties of 

the full molecule. Additionally, it was also revealed that CD5L promotes bacterial 

aggregation, which additionally strongly suggests that CD5L has multiple binding sites in 

each of the three scavenger domains (121). In vitro experiments also showed that mouse 

CD5L can bind to both Gram-negative and Gram-positive bacteria and promotes bacterial 

aggregation. In addition, both human and mouse CD5L can also physically interact with 

fungi and can recognize fungal cell wall components, such as zymosan, b-D-glucan, and 

mannan (113). 

Clearance of pathogens and their components are crucial to tissue homeostasis. 

Different studies have shown that soluble pattern recognition receptors (sPRRs) such as 

collectins, ficolins and pentraxins, in addition to their ability to bind to a wide range of 

pathogens can also contribute to pathogen clearance by promoting opsonization and 

subsequently increased phagocytosis by phagocytic cells (138-141). This feature is also 

extended to some SRCR proteins, including CD5L. In vitro experiments showed that CD5L 

enhances phagocytosis of latex beads, cellular debris, and apoptotic cells (133, 142, 143). 

More recently, it has also been shown that Staphylococcus aureus pretreated with CD5L 

improves the phagocytic capacity of both macrophages and neutrophils (144). 

CD5L as inflammatory mediator 

During the last years, there has been an increased interest in CD5L and its function 

in inflammation. It is noteworthy that the multifunctional role of CD5L makes an overall 

understanding of this receptor difficult. Additionally, some reports have been shown 

apparent contradictory results, which highlight not just the complexity of CD5L but also the 

importance of this protein in the immune system. 

TH17 cells are critical for the maintenance of mucosal immunity and in the host 

defense against fungal and extracellular bacteria (145-147). However, pathogenic TH17 

cells, can contribute to the pathogenesis of numerous autoimmune diseases (28, 148). 

Recently, it was found that CD5L is a key player that controls the switch between pathogenic 

and non-pathogenic TH17 cells. CD5L is expressed in non-pathogenic but not in pathogenic 

TH17 cells, and loss of CD5L converts non-pathogenic into pathogenic TH17 cells that can 
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promote autoimmunity and inflammatory diseases (103, 149, 150). The functional role of 

CD5L in the plasticity of TH17 cells was observed in vivo in experimental autoimmune 

encephalomyelitis (EAE), a murine model that mimics human multiple sclerosis. Wang et 

al. reported that CD5L KO mice exhibited more severe clinical EAE symptoms than the WT 

mice. This observation was consistent with increased levels of both TH17 CD4+ T cells and 

IL-17/IFN-g double producer CD4+ T cells in the central nervous system (CNS) of CD5L KO 

mice and an overall augment of a pro-inflammatory environment (103). Although Wang and 

colleagues showed increased susceptibility of CD5L KO mice to EAE, a recent study has 

reported the opposite. In this study, the authors showed that CD5L binds to the p19 subunit 

of IL-23, which activates STAT5 and enhances the differentiation into granulocyte-

macrophage colony-stimulating factor (GM-CSF)-producing CD4+ T cells. Furthermore, 

using CD5L KO mice there were observed significantly alleviated EAE symptoms with a 

reduction of GM-CSF CD4+ T cells. Thus, this study suggested that the p19/CD5L 

heterodimer induces cell proliferation, augmentation of GM-CSF expression, resulting in 

exacerbation of the CNS inflammation in EAE (151). 

CD5L as polarizing cytokine 

The role of CD5L in the plasticity of macrophages was also addressed recently. 

Depending on the microenvironment, macrophages can be activated and polarized into 

diverse subsets that display a differential expression profile of cytokines and cell-surface 

markers. Based on their function, macrophages can be divided into two main categories: 

classical M1 and alternative M2 macrophages (152, 153). The M1 prototypic macrophages 

are driven by IFN-g alone or together with microbial products, such as LPS, or cytokines, 

namely TNF. M1 macrophages are potent effector cells integrated into TH1 responses and 

are characterized by a high capacity to present antigen, production of IL-12 and IL-23 and 

consequently activation of a pro-inflammatory response (type I response), and high 

production of nitric oxide (NO) and reactive oxygen species (ROS) (154-156). The M2 

phenotype can be subdivided into M2a, M2b, M2c, and M2d subsets. The M2a phenotype 

can be polarized by TH2 cytokines, namely IL-4 and IL-13, whereas immune complexes, IL-

1 receptor (IL-1R) ligands, and LPS induce the M2b lineage, and M2c is driven by 

glucocorticoids, IL-10 and TGF-b. The fourth subtype, M2d macrophages, are induced by 

IL-6 and adenosine (155-157). Overall, M2 macrophages tune the inflammatory responses 

by scavenging cell debris (M2 macrophages show more phagocytic activity), promoting 

angiogenesis, tissue remodeling, and repair (155, 158, 159). 
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Interestingly, it was found that CD5L promotes the polarization of macrophages 

towards an M2 phenotype, similar to the M2c. Both peripheral blood monocytes and THP-

1 cells (an acute monocytic leukemia cell line) cultured with CD5L induced the expression 

of CD136, MERTK, CD36, and VEGF, as IL-10 did. Moreover, it was also found that the 

CD5L-polarized macrophages in response to LPS secreted lower amounts of pro-

inflammatory cytokines such as TNF-a, IL-1b and IL-6, and showed an increased 

phagocytic capacity to remove apoptotic cells. Accordingly, CD5L-polarized macrophages 

also showed, as IL-10 did, increased signal transducer and activator of transcription 3 

(STAT3) phosphorylation, which is a master transcriptional factor of M2c macrophages 

(143). Notably, a recent report linked IL-10 and CD5L, whereby demonstrated that treatment 

of murine bone marrow-derived macrophages (BMDMs) with IL-10 augment CD5L 

expression through STAT3 activation. Stimulation with IL-10 promotes STAT3 

phosphorylation and translocation to the nucleus where it binds directly to the promoter of 

the CD5L gene, leading to increases in the CD5L promoter activity and consequently the 

production of CD5L (160). 

CD5L as modulator of autophagy and inflammasome formation 

Autophagy is a crucial cellular homeostatic mechanism, whereby cells autodigest 

unnecessary or dysfunctional cytoplasmatic components by enclosing this material in a 

double-membrane vacuole called an autophagosome which, through fusion with 

lysosomes, delivers sequestered material for degradation (161). Nevertheless, this 

eukaryotic pathway also plays multiple functions in innate and adaptive immunity, such as 

elimination of intracellular microorganisms, contributes to antigen presentation, and affects 

T cell homeostasis (162-165). Moreover, autophagy is also a potent anti-inflammatory 

process that downregulates type I IFN responses and inhibits inflammasome activation 

(162, 166). 

Accordingly, in a recent study it was shown that CD5L-expressing THP-1 cells 

infected with M. tuberculosis have an enhancement of mycobactericidal activity. 

Importantly, in this study CD5L did not enhance the phagocytic capacity of THP-1 cells 

against M. tuberculosis. Rather, two antimicrobial peptides, DEF4B and cathelicidin, 

involved in the vitamin D dependent antimicrobial pathway were enhanced in the M. 

tuberculosis infected CD5L-expressing THP-1 cells (167-169). This observation is relevant 

given that recent discoveries have revealed the importance of vitamin D-dependent 

pathway in the induction of autophagy and their contribution to intracellular killing (170). 

Additionally, CD5L increased cellular levels of autophagy markers such as LC3 II and LC3 
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puncta in CD5L-expressing THP-1 cells upon M. tuberculosis infection or CD5L-treated PB 

monocytes challenged with LPS or Pam3CSK4. Electron microscopy analyses also 

revealed the presence of autophagosome vesicles in CD5L-expressing THP-1 cells while 

no vesicles were observed in the control THP-1 cells. Moreover, silencing experiments 

implied that the role of CD5L in autophagy is dependent on CD36; however, the 

mechanisms underlying the CD5L-CD36 interaction and autophagy activation remain 

unclear (167, 171). 

Saitoh et al. were the first to demonstrate the link between autophagy, 

inflammasome activation, and cytokine production (172). The inflammasome was first 

described in 2002 by Martinon et al. as a large multimeric protein complex required for 

caspase-1 processing and activation of IL-1b (88). As mentioned previously, the 

inflammasome can be assembled by a set of NLRs that include NLRP1b, NLRP3, and 

NLRC4, upon the recognition of PAMPs by TLRs to induce the priming signals (NF-kB and 

MAPK signaling pathways, and consequently the induction of proinflammatory genes) that 

are necessary for the upregulation of inflammasome components, followed by the 

recognition of cytoplasmic danger signals by NLRs (173-176). Recent studies have shown 

that CD5L can downregulate IL-1b secretion. CD5L-treated PB monocytes stimulated with 

Pam3CSK4 or LPS produced considerably lower amounts of IL-1b (171). Additionally, Kim 

et al. have shown that BMDMs from CD5L KO mice treated with IL-10 in response to LPS 

produce considerably higher levels of IL-1b than WT BMDMs treated with IL-10 in response 

to LPS (160). Importantly, IL-10 was recently described as a negative regulator of 

inflammasome activation and inducer of autophagy, and in both cases IL-10 signaling via 

STAT3 inhibits mammalian target of rapamycin (mTOR) activation (177, 178). Remarkably, 

the involvement of CD5L in the inhibition of the inflammasome seems to be IL-10 

independent. It was demonstrated, using BMDMs from IL-10 KO mice stimulated with 

LPS/ATP, that the subsequent addition of exogenous CD5L still inhibits the production of 

IL-1b. Furthermore, the mechanisms underlying IL-10 and CD5L inflammasome inhibition 

seem to be different. Although CD5L reduced the levels of mature caspase-1 in the 

supernatants of BMDMs from both IL-10 KO and WT mice, exogenous CD5L did not affect 

the levels of NLRP3 and ASC expression, as IL-10 did. Additionally, it was found that CD5L 

inhibits the production of cellular and mitochondrial reactive oxygen species (ROS), which 

are triggers of inflammasome activation (160, 179). Taken together, these observations 

suggest that CD5L inhibits ROS production, that may lead to the downregulation of 

inflammasome activation and consequently downregulation of IL-1b. Nonetheless, whether 
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and how CD5L and IL-10 could affect each other’s signaling pathways in the inflammasome 

regulation remains for further investigation. 

CD5L in atherosclerosis 

Atherosclerosis is the major contributor to cardiovascular diseases and has been 

one of the leading causes of morbidity and mortality worldwide (180). This disease is 

characterized by the accumulation of fatty and fibrous material in the innermost layer of the 

arterial wall, that leads to the formation of the typical atherosclerotic plaque. The retention 

of LDL particles, the major extracellular carrier of cholesterol, can induce biochemical 

modifications by proteases and lipases (181). These oxidative modifications lead to the 

formation of oxidized LDL (oxLDL), which can elicit an innate inflammatory response.  

Atherosclerosis is indeed an inflammatory disease. In response to the accumulation 

of modified lipoproteins, endothelial cells produce GM-CSF and also macrophage colony 

stimulating factor (M-CSF), which elicit the recruitment of infiltrating monocytes that will 

differentiate into macrophages (180-182). Importantly, the continuous engulfment of oxLDL 

by monocyte-derived macrophages leads to the transformation of macrophages into foam 

cells, the hallmark of atherosclerosis (183). Additionally, this uptake of modified LDL 

particles by macrophages is mostly mediated by two scavenger receptors, SR-A and CD36 

(184-186). Modified LDL is known to induce a persistent pro-inflammatory 

microenvironment and to promote apoptosis in a variety of different cells, including foam 

macrophages (187). In late disease stages, atherosclerotic lesions reveal large necrotic 

cores caused by apoptosis of foam macrophages and, eventually, plaque rupture and acute 

vascular events (180, 188). 

As expected, macrophages from CD5L deficient mice are highly susceptible to 

oxLDL-induced apoptosis in vitro and undergo accelerated apoptosis in vivo in 

atherosclerotic lesions (189). Additionally, it was found that CD5L binds to oxLDL and 

enhances oxLDL endocytosis via CD36 (137). Surprisingly, the atherosclerosis lesions in 

CD5L KO mice are significantly reduced when compared to WT control mice (189). These 

observations are in accordance with other studies, whereby deficiency of pro-apoptotic 

factors, such as Bax and p53 leads to suppression of apoptosis in foam cells and 

accelerates atherosclerosis progression (190, 191). Additionally, deficiency in the 

transcription factor MafB that regulates the expression of CD5L leads to accelerated foam-

cell apoptosis due to the reduction of CD5L expression, and subsequently reduced 

atherosclerotic lesions. Macrophage apoptosis prevents the formation of the atherosclerotic 

plaque and the development of atherosclerosis since foam cells are cleared by efferocytosis 
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in early lesions (126). Altogether, these observations imply that the anti-apoptotic role of 

CD5L promotes long-surviving of mature foam cells that accumulates within the artery wall 

leading to the expansion of the lesions, contributing to increased inflammation and disease 

progression.  

CD5L in IgA nephropathy 

IgA nephropathy (IgAN) is the most common primary glomerulonephritis that can 

progress to renal failure (192, 193). IgAN progression requires at least four different 

processes: (1) increased serum levels of aberrant O-galactosylated IgA1 (Gd-IgA1); (2) 

production of autoantibodies against Gd-IgA1; (3) formation of pathogenic IgA1 immune 

complexes (together with IgM, IgG, and complement 3 (C3)); and (4) glomerular mesangial 

deposition of IgA1 immune complexes, that leads to activation and proliferation of 

mesangial cells and consequently overproduction of cytokines, chemokines, and 

complement (194). These immune deposits result in chronic inflammation and glomerular 

damage, which are associated with the infiltration of macrophages and T cells in the 

glomerular mesangial region (192, 194, 195). 

Since CD5L associates with IgM, the role of CD5L in IgAN has been addressed 

recently (130, 196). During IgAN, it was found that in humans and mice CD5L colocalized 

with IgA/IgM/IgG immune complexes in the glomerular region, while healthy controls did not 

exhibit CD5L deposition. Using the gddY mouse model, a model that spontaneously exhibits 

IgAN-like symptoms, together with CD5L KO gddY, it was observed that both exhibit 

glomerular accumulation of IgA at comparable levels. Interestingly, CD5L KO gddY mice 

were protected from glomerular lesion, since they did not exhibit accumulation of 

IgM/IgG/C3, leukocyte infiltration, neither upregulation of inflammatory genes. Moreover, 

recombinant CD5L administration restored the IgAN phenotype in the CD5L KO gddY mice 

(196). 

CD5L in sepsis 

According to the World Health Organization (WHO) global epidemiology and burden 

of sepsis report, in 2017 it was estimated that 49 million individuals worldwide were affected 

and approximately 11 million individuals died due to sepsis. This represents roughly 20% 

of the annual death toll – approximately 1 in 5 deaths worldwide. The concept and definition 

of “sepsis” have evolved over time as medical and scientific knowledge has increased and 

improved. The most recent definition of sepsis (Sepsis-3) defines sepsis as a “life-

threatening organ dysfunction caused by a dysregulated host response to infection”. 
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Additionally, sepsis is the ultimate cause of death for severe infectious diseases, including 

not just bacterial infections, but also parasitic, viral, and systemic fungal infections (197). 

Recently, the role of CD5L in sepsis was investigated using a cohort of 150 adult 

patients with sepsis. The serum levels of CD5L were dramatically increased in patients with 

sepsis in comparison with healthy control subjects. Additionally, the levels of CD5L were 

increased in patients with septic shock, in patients with bacterial-associated sepsis, and in 

non-surviving patients, in contrast with patients without septic shock, in patients with non-

bacterial-associated sepsis, and in patients that outlived sepsis, respectively (198). Gao et 

al. also attributed a role for CD5L in sepsis, using the polymicrobial sepsis-induced murine 

model of cecal ligation and puncture (CLP) (199). Similarly to CD5L levels in human patients 

with sepsis, mice developing sepsis presented a substantial increase of CD5L in the 

peritoneal lavage fluid (PLF) and blood 6 hours after CLP (198, 199). Additionally, CLP-

induced C57BL/6 mice treated intraperitoneally with a mouse anti-CD5L antibody had an 

increased survival percentage in a dose-dependent manner. The reduced mortality 

observed in the CD5L-blocked mice after CLP induction was associated with a general 

improvement in organ damage. Also, mice treated with anti-CD5L antibodies showed a 

significant reduction of TNF-a, IL-6, IL-10 and CCL2 levels in serum, and a reduction in 

macrophages, neutrophils, and T cells infiltration in the peritoneum. Furthermore, 

exogenously administration of CD5L immediately after CLP induction decreased the 

percentage of survival, which seems to be associated with increased inflammation and 

organ damage (199).  

Apparently contradictory results were observed with the administration of growth 

differentiation factor 3 (GDF3) either before or after CLP surgery since GDF3 improved the 

percentage of survival. Notably, RNA-seq analysis revealed that CD5L was the most 

significantly upregulated gene in GDF3-treated macrophages. Mice treated with GDF3 

showed a significant reduction of bacterial load, pro-inflammatory cytokines, and organ 

damage. The authors suggested that the mechanism underlying GDF3-induced 

phagocytosis could be due to the activation of LXRa, and consequently upregulation of 

CD5L, which promotes phagocytosis of bacteria and cell debris, contributing to the 

resolution of the inflammatory process (200). 

In another study, Tomita et al. showed that CD5L KO mice were more susceptible 

than WT mice to zymosan-induced peritonitis, developed by daily intraperitoneal injection 

with zymosan for 5 days (201). The CD5L KO mouse showed at days 28 post-induction 

strong inflammatory cell infiltrates associated with necrotic areas while the WT mouse 

showed signs of resolution of the inflammation and tissue regeneration without necrosis. 
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Similarly, in other studies CD5L KO mice have at day 28 more inducible nitric oxide 

synthase (iNOS) positive macrophages (M1-like), whereas M2-like CD206 positive 

macrophages were predominant in the WT mouse. Additionally, the administration of CD5L 

ameliorates peritoneal inflammation associated with necrosis in the CD5L KO mouse, 

suggesting that CD5L appears to be involved in the repairment of zymosan-induced 

peritonitis by the enhancement of necrotic tissue clearance (201). Curiously, quantification 

of circulating CD5L in patients with chronic kidney disease on peritoneal dialysis indicated 

a higher risk of peritonitis in patients with low levels of CD5L, suggesting that CD5L could 

have some protective role against peritonitis (201). In contrast, Kimura et al. have shown 

that the resolution of inflammation was accelerated in CD5L KO mice when compared with 

WT mice in the LPS-induced acute lung injury model (202). Moreover, the exogenous 

administration of CD5L reversed the phenotype observed in the CD5L KO mouse. The 

observed phenotype was attributed to the presence of CD5L leading to the suppression of 

macrophage phagocytosis of apoptotic neutrophils, indicating a possible role of CD5L in the 

inhibition of efferocytosis (202). 

SSC4D 

Human SSC4D (also known as S4D-SRCRB) is a 575-aa-long soluble protein 

organized in four SRCR domains arranged in tandem. Each domain contains 101 aa spaced 

by small Pro-, Ser-, and Thr-rich regions (~30 aa), except the interdomain that separates 

domains 2 (SSC4D-d2) and 3 (SSC4D-d3), which is longer (~50 aa). The aa sequence 

contains an N-terminal signal peptide (10 aa) but no transmembrane-encoding region, and 

no potential N-linked glycosylation sites were found. In contrast, some putative O-

glycosylation sites are annotated in the SSC4D aa sequence. This observation may bring 

to light some possible biologic functions of SSC4D since some recent studies reveal the 

relevance of glycosylation in pathogen recognition, modulation of the innate immune 

response, and inflammation. Thus far, no data has revealed either the function or the 

characterization of the SSC4D protein. Indeed, there is only one publication documenting 

SSC4D. Padilla et al. have shown by northern blot analysis that SSC4D might be broadly 

expressed in human tissues, particularly highly expressed in the kidney and placenta and 

moderately expressed in the liver, small intestine, spleen, and thymus. It was also shown 

that SSC4D is expressed in epithelial cells lines, namely HepG2 and CACO-2, which might 

suggest that SSC4D is mainly produced by epithelial cells across human tissues (203). 

 



Chapter I | Introduction 

 

 22 

 

 

Figure 1 – Schematic representation of the human group B SRCR members. SRCR proteins were drawn 
to scale according to the amino acid (a.a.) sequence. SRCR domains are represented as dark cylinders. CUB 

domains are represented as reddish cube. ZP domain is represented as greenish hexagon. Putative O-linked 

glycosylation sites are represented as short lines with black circles and N-linked glycosylation sites as lines 
topped with red circles. 
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The inflammatory response 

According to Medzhitov, the inflammatory response is a biological reaction to a 

disrupted tissue homeostasis triggered by noxious stimuli, such as infection or tissue injury 

(204). This response involves the coordination of a substantial range of mediators and 

inducers. Inducers, such as PAMPs and DAMPs, are signals that activate specific immune 

sensors, which elicit an inflammatory response. On other hand, mediators are produced in 

response to a particular combination of an inducer-sensor pathway. Upon invasion of a 

Gram-negative bacteria, the LPS (inducer) present at the surface of  bacteria is recognized 

by the membrane-bound TLR4 (sensor) that elicits an inflammatory response and triggers 

cells to produce TNF-a (mediator). Many of these mediators can alter the functionality of 

tissues and organs by promoting a proper inflammatory environment that impacts on the 

vasculature, cell activation, and cell recruitment (67, 205). The ultimate goal is to eliminate 

the source of the disrupted homeostasis, restoring the tissue functionality and homeostasis. 

If the inducer persists in the host, then the early or acute inflammatory response shifts to a 

long-term or chronic inflammatory response. However, these inflammatory responses came 

at a price. In fact, a large number of human diseases are caused by uncontrolled 

inflammatory reactions that may induce permanent tissue destruction. Different effector 

cells, such as neutrophils or macrophages, released noxious soluble factors including highly 

reactive oxygen species (ROS) that are destructive to both pathogens and hosts (59, 204). 

For these reasons, the last phase of inflammation is its resolution; otherwise, the persistent 

pro-inflammatory environment might cause dysregulated inflammation, cytokine storm, 

septic shock, and ultimately death. The inflammatory response resolution is orchestrated 

by different mediators that through several events such as the influx of recruited cells, must 

be halted, cell debris must be removed, and inflammatory cells present at the site must be 

polarized to an anti-inflammatory phenotype, promoting tissue repairment (204, 205). 

Considerable advances have been made in the last decade, mostly in the 

identification of new inflammatory components (inducers, sensors, effectors, and 

mediators). However, inflammation is an exceedingly complex process that is not fully 

understood. Thus, more data, about the interplay between the different inflammatory 

components and which signals regulate all the inflammatory processes will be necessary 

for further pursuit of this critically important and fascinating field. 

One of the major aims of my PhD work is to understand the role of a particular 

molecule (CD5L), which can act as a sensor and mediator during the inflammatory 
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response, and how CD5L orchestrates the inflammatory response against Trypanosoma, 

Leishmania, and Plasmodium infections. 

Trypanosoma 

Human African trypanosomiasis (HAT), also known as sleeping sickness, is a 

neglected tropical disease that occurs mainly in sub-Saharan regions. Although HAT is 

classically transmitted by the bite of the blood-sucking tsetse flies (Diptera, genus Glossina), 

other routes of transmission have been sporadically described, including sexual, blood 

transfusion, and organ transplantation (206-208). There are two clinical variants of HAT, the 

slow-progressing form, caused by Trypanosoma brucei gambiense (T. b. gambiense), 

which is endemic in Western Africa, and, the faster-progressing form, caused by 

Trypanosoma brucei rhodesiense (T. b. rhodesiense), found in Eastern Africa (206, 209, 

210). Although approximately 60 million people throughout 36 African countries are at risk 

from developing the disease, nowadays the disease frequency is rare, mostly due to large-

scale coordinated efforts and efficient deployment of an albeit incomplete arsenal of control 

tools. In the absence of a vaccine, disease control relies on vector control, efficient case 

detection, and treatment. The current pharmacological therapy for HAT relies on suboptimal 

drugs that were developed many years ago and have some degree of toxicity; however, 

ongoing clinical trials promise safer and simpler treatments (211, 212). 

In addition to T. b. rhodesiense and T. b. gambiense, T. brucei species also includes 

Trypanosoma brucei brucei (T. b. brucei), which causes animal African trypanosomiasis 

(AAT). AAT is also known as nagana, is not infectious to human beings and affects mostly 

cattle and horses. According to the Food and Agriculture Organization of the United Nations 

(FAO), ATT has profoundly affected the settlement and economic development of a major 

part of a continent. Although ATT still imposes devastating impacts on agriculture, current 

drugs and increased surveillance has been crucial for disease control (213, 214).  

Trypanosoma life cycle 

The parasite’s journey through the mammalian host starts with the injection of 

metacyclic trypanosomes into the skin. During the first stage (hemolymphatic stage) of 

infection, the parasite multiplies by binary fission and spreads via the lymph and blood to 

different organs and tissues. The parasite then can cross the blood-brain barrier (BBB) into 

the central nervous system (CNS), a process that marks the second stage (encephalitic 

stage) of the disease (206). This stage is characterized by a marked CNS pathology with a 
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typical inflammatory infiltrate. In addition to CNS pathology, hemolytic anemia, 

hepatomegaly, and abnormal liver function, splenomegaly, cardiac involvement such as 

pericarditis and congestive cardiac failure are some of the most prevalent clinical 

manifestations associated with T. brucei infection in mammals (215, 216). All T. brucei 

subspecies are morphologically indistinguishable and all cells contain a nucleus, a 

mitochondrion that contains the kinetoplast, and a flagellum. During its lifecycle, which 

includes both mammalian and tsetse fly, T. brucei remains extracellular. The cycle is 

continued when the tsetse fly bites and ingest a “blood meal” from an infected individual or 

animal. Once ingested, trypanosomes undertake a complex journey through the fly tissues 

where they undergo a series of biochemical and structural changes until they reach the 

salivary glands and develop into the human infective metacyclic forms (217-219). 

 

Figure 2 - The life cycle of Trypanosoma. During a blood meal, an infected tsetse fly injects metacyclic 

trypomastigotes into the mammalian host (1). Infective trypomastigotes migrate into the bloodstream and then 
transform into bloodstream trypomastigotes (2). The circulating parasites can initiate replicative cycles by binary 

fission (3). The trypomastigotes can invade different organs, including the brain (4). Naïve tsetse fly becomes 

infected by taking bloodstream trypomastigotes during a blood meal (5). Trypomastigotes transform into 

procyclic trypomastigotes in the fly midgut (6). Procyclic trypomastigotes leave the midgut and transform into 
epimastigotes (7).  Epimastigotes migrate to the salivary glands and continue multiplication by binary fission 

and transform into metacyclic trypomastigotes (8). Adapted from the US Centers for Disease Control and 

Prevention. 
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Immune response against Trypanosoma 

 In the mammalian host, the T. brucei cell membrane is coated with a GPI-anchored 

antigen termed variant surface glycoprotein (VSG) that protects the parasite from innate 

immunological attacks (206, 220). These immunogenic glycoproteins induce a specific 

antibody response that triggers the destruction of all antibody-opsonized trypanosomes. To 

survive and escape to the antibody-mediated immune response, trypanosomes developed 

an antigenic variation strategy, whereby the glycoprotein coat is replaced by an antigenically 

different coat. This strategy generates consecutive waves of parasitemia, which enable the 

parasite to constantly evade the host’s immune response that would otherwise have the 

ability to destroy the parasite (221, 222). Consequently, T. brucei infection usually induces 

a non-specific polyclonal B-cell activation and therefore high levels of circulating IgM and 

autoantibodies during the first peak of parasitemia (223). However, several studies have 

indicated that T. brucei leads to B-cell clonal exhaustion, destruction of the splenic B cell 

compartment, and impairment of B-cell lymphopoiesis, resulting in the hammering of the 

humoral immune response (224, 225). 

In addition, upon cellular stress the activation of a GPI-specific phospholipase C 

(VSG lipase) elicits a massive release of soluble VSG and CpG DNA into circulation and 

subsequently PRR recognition triggers TH1 cell activation. Although the precise 

macrophage activation mechanism by parasite-derived products remains unclear, different 

studies have suggested that T. brucei PAMP recognition is mainly mediated through TLR9 

and SR-A (226-228). Initially, it was showed that mouse macrophages deficient for TLR9 

are less responsive to T. brucei genomic DNA whereby in in vivo experiments TLR9 KO 

mice displayed an increase in parasite burdens. Importantly, despite the increased parasite 

numbers in the TLR9 KO mice, no survival differences were observed, which suggest that 

other PRRs may be involved in T. brucei recognition (228). In a later study, it was 

demonstrated that sVSG uptake by macrophages is mediated by SR-A (227, 229).  

Additionally, activation of the innate immune system by sVSG and CpG DNA either 

triggered by TLR9 or SR-A recognition followed by type 1 immune response activation 

seems to be dependent on MyD88 (228, 229). In both clonal and nonclonal T. brucei 

infection models, the deficiency in MyD88 was correlated with increased parasitemia and 

decreased survival (228). PAMP recognition by extracellular SR-A followed by 

internalization of sVGS initiates a cascade of subcellular TLR-independent signaling events 

that activate the NF-kB and MAPK pathways (227, 229, 230). This sVGS-SR-A 

ligand/receptor interaction leads to subsequent TLR9 activation followed by the recruitment 

of MyD88 and activation of pro-inflammatory genes, such as TNF-a, IL-6, IL-12 and GM-
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CSF (229, 231). It is known that different classes of PRR can interact functionally and 

synergistically with other classes of PRR, including TLRs, to generate a fully functional 

innate immune response. Although different studies showed that SR-A-TLR9 interaction is 

beneficial to an efficient immune response, the exact mechanism remains poorly 

understood.  

The immune response is further amplified when myeloid cells are primed with IFN-

g. It was shown that different cell populations play a role on IFN-g production, where NK and 

NKT cells are the earliest IFN-g producers, followed by CD4+ and CD8+ T cells (232). The 

role of IFN-g has been shown to be critical in host resistance against trypanosomatid 

parasitic infections (232-234). Deficiencies in IFN-g have been associated with elevated 

levels of parasitemia and higher susceptibility (235). On the other hand, early IFN-g 

production triggers an acute inflammatory reaction that leads to the development of acute 

anemia (236-238). Furthermore, it has been proposed that T. brucei parasites penetrate the 

blood-brain barrier (BBB) in an IFN-g- and TNF-a-dependent manner, whereby TNF-a can 

induce the expression of adhesion molecules (such as ICAM-1 and VCAM-1) in brain 

endothelial cells, and IFN-g can promote the infiltration of T cells and parasites into the brain 

(231, 239).  

Efficient clearance of T. brucei by the host requires either IFN-g, which is crucial for 

TH1 and monocytic lineage cell activation, but also TNF-a (240, 241). It was shown that 

inflammatory monocytes, putatively derived from the bone marrow and IFN-g primed, 

gradually accumulate in the spleen, liver, and lymph nodes. These inflammatory monocytes 

differentiate into inflammatory macrophages or DCs (a particular subset of DCs called 

TNF/inducible NO synthase-producing dendritic cells (TIP-DCs)), which during T. brucei 

infection were the major source of TNF-a (242). On one hand, it was shown that TNF-a 

contributes to the clearance of T. brucei through its trypanolytic activity. Moreover, results 

from TNF-a KO mice infected with T. brucei have confirmed the role of TNF-a in the control 

of parasitemia since the TNF-a deficient mice exhibited a significantly higher parasitemia 

during the consecutive peaks of infection (241). On the other hand, different studies have 

suggested that TNF-a can be detrimental to the host and may cause immunopathology. 

First, despite a clear difference in the parasitemia peaks, TNF-a KO mice infected with T. 

brucei are not more susceptible. Moreover, and specifically during the chronic stage of 

disease, infection-related signs of morbidity were much less pronounced in TNF-a KO mice 

when compared with WT animals (241). Second, higher levels of TNF-a are correlated with 

the severity of neuropathological symptoms in human sleeping sickness (243). Third, 
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dysregulated production of TNF-a by monocytes is associated with the severity of the 

disease, particularly with anemia in trypanosome-infected cattle (244). Fourth, the 

expression of TNF-a is augmented in the brain of T. brucei infected mice (245). Lastly, the 

severe reduction of TNF-a levels in the serum leads to increased mouse survival (235). 

Taken together, the accumulated knowledge about trypanosome-elicited production of both 

IFN-g and TNF-a indicates that these cytokines exert dual effects during trypanosome 

infections, influencing both the parasite and the host. 

In deep contrast with IFN-g and TNF-a, which have been classified as highly 

pathogenic, IL-10 has been reported as an antipathogenic molecule in African 

trypanosome-infected hosts (234, 246, 247). CD4+Foxp3+ cells as well as M2 phenotype 

monocytic cells are the major sources of IL-10, which contributes to host protection against 

trypanosomatid parasitic infections (248, 249). The absence of IL-10 in T. brucei infected 

mice leads to extreme susceptibility that results in death within ~8 days post-infection, 

compared with ~36 days for WT mice. Importantly, the increased susceptibility in the IL-10 

KO mice occurred without a further increase in parasitemia (234). However, this clear 

difference in survival was associated with an increased percentage of inflammatory cells, 

namely TIP-DCs. The enrichment of TIP-DCs in IL-10 KO mice is followed by an increase 

of inflammatory molecules, such as IFN-g and TNF-a, and consequently associated with 

enhanced liver injury and early death of the host (234, 246). On the contrary, IL-10 treatment 

in infected mice resulted in a reduction of monocyte differentiation into TIP-DCs, reduction 

of pro-inflammatory molecules, lower anemia, protection from liver injury, and prolonged 

survival (246). Overall, these observations strongly suggest that IL-10 is a key regulator of 

the balance between protective and pathogenic cellular immune responses during T. brucei 

infection. 

Leishmania 

Leishmaniasis is one of the most significant neglected tropical diseases, with twelve 

million people worldwide being affected by one of the many forms of the disease. Moreover, 

leishmaniases are vector-borne parasitic diseases caused by one of several different 

species of intracellular protozoan parasites of the genus Leishmania and affect people and 

domestic and wild animals worldwide (250). Leishmaniasis is transmitted between 

mammalian hosts by sandflies and during their life cycle alternate between two different 

forms, a flagellated or motile form called promastigote that is found within the sandfly, and 

an aflagellate form called amastigote, which does not have an exteriorized flagellum and 
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lives as an intracellular parasite in the mammalian cells (251). Leishmaniases are caused 

by a total of about 21 leishmanial species, ranging in severity from mild cutaneous or 

mucocutaneous, to life-threatening visceral manifestations. Distinct species of Leishmania 

cause different clinical manifestations, such as Leishmania major and Leishmania 

braziliensis that cause cutaneous lesions, whereas Leishmania donovani and Leishmania 

infantum cause visceral leishmaniasis (VL) (250, 252). 

 

 

Figure 3 - The life cycle of Leishmania. During a blood meal, infected female phlebotomine sandflies inject 

metacyclic promastigotes (1). These promastigotes are phagocyted by mononuclear phagocytic cells at the bite 
site (2). Once inside the host cells, promastigotes transform into amastigotes, which can survive and replicate 

inside phagolysosomes (3). Amastigote replication may lead to host cells rupture allowing reinfection of other 

phagocytic cells (4). Sandflies become infected by ingesting infected cells during blood meals (5), which 
transform back into promastigotes in the sandfly gut (6). Then procyclic promastigotes differentiate into infective 

metacyclic promastigotes followed by the migration to proboscis (8). Adapted from the US Centers for Disease 

Control and Prevention. 
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Visceral leishmaniasis 

Although the global incidence of VL decreased substantially in the past decade, 

more than 50,000 new cases were described worldwide in 2017. Leishmania infantum is 

one of the etiological agents of VL; however, in some cases it can also cause cutaneous 

lesions (250). The common symptoms of VL include fever, malaise, weight loss, diarrhea, 

hepatosplenomegaly, and anemia. Parasite visceralization results in impaired function of 

the liver, spleen and bone marrow with fatal consequences if left untreated. 

The life cycle of Leishmania parasites starts when a sandfly ingests a blood meal 

from an infected host. In the vector, the amastigotes undergo a series of morphological 

changes culminating in the transformation into the metacyclic promastigote forms. This 

infectious form of the parasite is then inoculated into the host’s skin during a blood meal, 

and the promastigotes are then phagocyted by resident macrophages or other types of 

mononuclear phagocytic cells. Importantly, in VL, the parasites migrate and replicate in 

lymphoid organs including the spleen, liver, and bone marrow, eventually leading to organ 

malfunction. After being established in the intracellular compartment, flagellated 

promastigotes transform into aflagellate amastigotes. These forms undergo replication 

inside the phagocytic cell, which ruptures allowing dissemination and reinfection of other 

cells. The cycle is completed when an infected host is bitten by another sandfly (251). 

Host immunity against leishmaniasis 

Upon inoculation of an infectious metacyclic promastigote form by sandflies, the 

parasite immediately starts its battle for survival against the host immune defenses. The 

sandfly bite attracts different innate immune cells, being neutrophils the fastest to arrive at 

the infection site and phagocytize the parasites. After residing within neutrophils for an as-

yet-unknown period of time after infection, Leishmania spp. will colonize macrophages 

(253). This event is one of the most critical steps for parasite success even though the 

mechanism is still poorly understood. It has been suggested that Leishmania parasites are 

primarily phagocyted by neutrophils; however, promastigotes use neutrophils as ‘Trojan 

Horses’ to achieve their goal. In vitro studies have shown that Leishmania survives within 

neutrophil phagosomes, and the infected neutrophils undergo apoptosis and express “eat-

me-signals” which are recognized and phagocyted by macrophages. Thus, the parasite 

evades the macrophage defense mechanisms and allows Leishmania promastigotes to be 

efficiently and safely shuttled into the macrophage phagosome. Importantly, once 

promastigotes are transformed into amastigotes, the parasite can resist to phagolysosome 

acidification, resulting in the replication and spreading of the parasite throughout the host’s 
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reticuloendothelial system (251). The involvement of Leishmania in the reticuloendothelial 

system might result in some pathological lesions in the spleen, liver, and bone marrow. 

Additionally, the role of neutrophils during the early stages of leishmaniasis infection is well 

established; however, their role in the chronic phase of infection is much less understood 

probably due to the lack of suitable animal models (254, 255). 

Although parasites can be found inside neutrophils, it is in macrophages that there 

are the best conditions for their replication and long-term survival. Upon infection, 

Leishmania migrates to the liver where is phagocyted by resident Kupffer cells; however, 

Leishmania is well adapted to survive to the hostile environment inside the macrophage 

phagosome (256). Moreover, recently it has been shown that Leishmania infantum can 

subvert the activation of macrophages into a dormancy state by decreasing the expression 

of PRRs and cytokine production, and at the same time extending macrophage viability, 

buying time to establish a visceral infection in the host (251, 257). Therefore, the control of 

infection relies mostly on successful macrophage activation. To achieve this, the host innate 

immune system recognizes the parasite through the MyD88-dependent TLR pathway, 

which triggers the production of TH1 signature cytokines and consequently initiates type 1 

immune response, ultimately leading to the activation of macrophages via IFN-g (251, 258). 

It is widely accepted that a refined balance between the inflammatory and regulatory 

responses is crucial to achieve immune control against Leishmania infections. IFN-g 

produced by NK and TH1 cells enhances macrophage activation and promotes 

leishmanicidal activity mediated by nitric oxide (NO). In contrast, Leishmania survival is 

correlated with a predominantly immunosuppressive response mediated by CD4+ T 

regulatory cells and regulatory B cells. These cells produce IL-10 and TGF-β (18), 

decreasing the proliferation of TH1 cells and then resulting in a lack of M1 macrophage 

activation, and consequently parasite killing (258, 259). 

Although different species of Leishmania express specific cell surface molecules, 

lipophosphoglycan (LPG) is the most abundant present in promastigote forms of different 

species of Leishmania spp., including L. infantum (260). The current knowledge concerning 

Leishmania-PAMP recognition is still limited; however, some evidence has shown that 

different PRRs, including TLRs, might be involved in the recognition of Leishmania-derived 

products (261, 262). It was shown that TRL2 expressed on DCs recognizes L. infantum 

LPG and induces the production of IL-12, which plays a critical role in the development of 

the protective TH1 immune response. When compared with wild type mice, TLR2−/− mice 

infected with L. infantum expressed lower levels of IFN-g and iNOS, while in contrast, 

TLR2−/− splenocytes produce higher levels of IL-10 after stimulation with parasite antigen 
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(263, 264). Additionally, it has been shown that TLR9 also plays an important role in the 

recognition of L. infantum. DCs are activated via TLR9 upon infection with L. infantum to 

produce IL-12 that subsequently triggers NK cell cytotoxicity and IFN-g production (265). 

Furthermore, the abrogation of TLR9 impaired neutrophil recruitment to the liver and spleen, 

and consequently protection against parasites (266). 

Plasmodium 

Malaria is a vector-borne parasitic disease transmitted through the bite of an infected 

female Anopheles spp. mosquito and found in tropical and subtropical regions, causing an 

estimated 216 million cases across the world, including around 445,000 deaths. The vast 

majority of malaria incidence occurs in sub-Saharan Africa (approximately 190 million 

cases) where transmission remains intense in many locations (267). Malaria is caused by 

the protozoan parasite Plasmodium, a member of phylum Apicomplexa, which 

encompasses more than 120 Plasmodium species infecting mammals, birds, and reptiles; 

nevertheless, only six are known to infect human beings regularly. Among the Plasmodium 

species that can infect humans, P. falciparum causes the most severe form of malaria and 

with higher mortality rates (267, 268). Malaria is classically characterized by two distinct 

disease classifications: uncomplicated and severe. Symptoms of uncomplicated malaria are 

non-specific and can include fever, chills, body-aches, headache, cough, and diarrhea. In 

contrast, severe malaria is characterized by acute manifestations, which include cerebral 

malaria (CM), severe malaria anemia, acute lung injury that can progress to acute 

respiratory distress syndrome, acute kidney injury, typically presented as acute tubular 

necrosis, and acidosis (267). 

Plasmodium life cycle 

Infection with Plasmodium begins when female Anopheles mosquitoes inject a small 

number of motile forms of the parasite, which are called sporozoites, into the skin. Some 

parasites are rapidly eliminated by skin resident macrophages, whereas others travel 

through the bloodstream to the liver where they infect hepatocytes. Importantly, liver 

infection is the first step of Plasmodium infection and is characterized by an asymptomatic 

stage of the disease (269-271). Within hepatocytes, the sporozoites undergo successive 

cycles of asexual replication that produce thousands of merozoites, which are released into 

the bloodstream. Each merozoite can invade a red blood cell, marking the beginning of the 

erythrocytic stages of infection. During this stage, the exponential asexual replication also 
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results in the generation of sexual forms of the parasites, called female and male 

gametocytes. When a female Anopheles mosquito ingests a blood meal from an infected 

host, sexual gametocytes enter the midgut of the mosquito, which will fuse to form a motile 

zygote. Then, they develop into oocysts, in which hundreds of sporozoites are produced 

and migrate to the mosquito salivary glands, completing the Plasmodium lifecycle (267, 

270-273). 

 

Figure 4 -The life cycle of Plasmodium. Two major well-defined stages can be distinguished according to 

whether the parasites are in the mosquito or the host. Subsequently, the human stage can be subdivided into 
two phases, the liver and blood stage. The human infection starts upon infected female anopheles mosquito 

blood meal and consequently injection of sporozoites (1). Sporozoites migrate from the infection site to the liver 

through the bloodstream, whereby infects liver cells (2). In the liver cells, sporozoites multiply and mature into 
schizonts (3). Schizonts rupture and release merozoites (4). Merozoites enter the bloodstream and infect red 

blood cells (RBCs) (5). Merozoites reproduce and develop into ring forms (trophozoites) (6). Trophozoites 

mature into schizonts (7). Schizonts rupture and release merozoites into the bloodstream (8). Sexual forms 
(gametocytes) are also produced (9-10). Gametocytes are taken up by a mosquito upon a blood meal (11). 

Gametocytes mature in the mosquito gut (12). Male and female gametes fuse by sexual reproduction and form 

an oocyst (13). Oocyst develop new sporozoites that migrate to the mosquito salivary glands (14). 
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Plasmodium immune response 

Malaria is characterized by systemic inflammation during the blood-stage infection. 

The rupture of an infected red blood cell (iRBC) and consequent release into circulation of 

new merozoites and other parasitic components, including nucleic acid–derived factors, 

urate crystals, histidine-rich proteins, among others, stimulates a strong inflammatory 

response from phagocytic cells (274-276). As in many other diseases, the activation of 

innate immunity and inflammatory responses should be strong enough to control parasite 

replication while at the same time avoiding a response that damages the host. In severe 

malaria, different innate immune effectors, including monocytes and neutrophils, have been 

implicated in the pathogenesis of severe malaria through the production of damaging pro-

inflammatory cytokines and chemokines. The myriad of parasitic stimulatory products in 

circulation triggers the activation of different PRRs either cell-related or soluble molecules, 

leading to downstream responses, including the massive production of pro-inflammatory 

cytokines by different innate cells (277, 278). Many PRRs have been described in the 

recognition of Plasmodium structures (279). Plasmodium GPI is one of the major 

constituents of the plasma membrane and induces the production of pro-inflammatory 

cytokines by monocytes through recognition mainly by TLR2-TLR1 heterodimers and to a 

lesser extent by TLR4 (280, 281). It was also shown that TLR9 sense unmethylated CpG 

motifs found in parasitic DNA leading to the activation of MyD88-NF-κB signaling pathways, 

whereas TLR7 recognizes parasitic RNA within DC phagolysosomes, inducing type I IFN 

production (282, 283). In addition, other PRRs have been described to be involved in the 

recognition of parasitic PAMPs and DAMPs, namely CD36, which has been involved in the 

recognition and parasitemia control by up-regulating IFN-g production by NK cells. 

Moreover, hemozoin (Hz), a Plasmodium product released into circulating, activates the 

NLRP3 inflammasome and consequently leads to the production of IL-1b (284, 285). 

During the liver stage, infected hepatocytes produce type I IFNs in response to the 

activation of TLR7 by parasitic RNA, which in early time points contribute to parasite-

infected hepatocyte elimination by NKT cells (283, 286). Importantly, since the parasite 

burden during the liver stage is low, the innate immune response is also limited. Thus, 

antigen-presenting cells do not potentiate the immune response during the liver stage. In 

contrast, during the blood stage of infection parasites grow exponentially which induces an 

efficient and vigorous immune response against the parasite (274). The stimulation of PRRs 

expressed by DCs and monocytes leads to the activation of different signaling pathways 

that impact on the expression of pro-inflammatory cytokines, namely TNF-a, IL-12, and IL-

1b. The production of IL-12 by DCs is fundamental to induce the production of IFN-g by NK 
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and TH1 cells. Although the production of IFN-g contributes to the efficient control of 

parasitemia, it is also known that IFN-g influences CM and other severe malaria clinical 

conditions (287-289). Either neutralization of IFN-g, or using IFN-g KO and IFN-g receptor 

KO mice, resulted in a greater resistance to CM (290, 291). Although the nature and 

molecular mechanisms of CM remain poorly understood, different observations suggest that 

CM is dependent on the sequestration of iRBCs to the brain parenchyma (292). During the 

blood stage, iRBCs express ligands on the cell surface that enhance their capacity to adhere 

to host endothelial receptors. Additionally, different studies propose that increased 

circulating levels of either pro-inflammatory cytokines (TNF, IL-1β, and IFN-g) or parasitic 

products might activate endothelial cells leading to an over-expression of endothelial 

adhesion molecules such as ICAM-1 and V-CAM (293, 294). This up-regulation improves 

the interaction between iRBCs and the endothelium, which promotes iRBC sequestration 

to the micro-vasculature, namely cerebral micro-vasculature, and consequently contributes 

to blood flow obstruction in micro-vessels causing hypoxia, nutrient deprivation, metabolic 

disturbances, and ultimately invasion of infected parasites into the brain parenchyma (295). 

Thus, parasite sequestration contributes to fatal pathologic conditions such as CM, but also 

to multiorgan pathologic conditions, including renal, liver, and lung dysfunction and failure 

(294).
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Project Presentation 

One of the most central functions of the immune system is its ability to recognize 

and destroy invasive pathogens while avoiding deleterious responses to the host’s own 

components. Different players work in a synchronized way allowing innate immune cells to 

recognize microorganisms via a limited number of germline encoded PRRs, while T and B 

lymphocytes, from the so called adaptive immunity, display a vast repertoire of different 

antigen receptors generated somatically during the development. 

SRCR receptors belong to a superfamily of extracellular membrane-bound or 

secreted glycoproteins that is characterized by the inclusion of one or several repeats of a 

highly conserved scavenger domain and a high and well-defined cysteine content. So far, 

no unifying function as been attributed to the SRCR superfamily. Actually, an impressively 

broad range of functions have been attributed to SRCR members including lipid transport, 

pattern recognition, mediating apoptosis, regulating T cell activation, among others.  

Historically, our lab has been interested in study some SRCR-proteins, having 

recently characterized the ability of SSC5D and CD5L in binding bacteria. The current thesis 

popped-up as following work where our main goals are: 

• characterize novel interactions between SRCR proteins and microbes, pursuing 

the hypothesis that SRCR members bind preferentially to high pathogenic 

microorganisms: 

o address the microbial specificity of SSC4D (Chapter II); 
o extend the knowledge of CD5L as a PRR (Chapter III); 

• test the susceptibility of CD5L deficient mice to infection with the previous 

identified pathogens. 

To address these questions, we took advantage of classical approaches for protein-
bacteria or protein-cell interaction previously established in the lab, together with an in-

house developed mouse model where the cd5l gene was abrogated by CRISPR/Cas9-
mediated engineering. CD5L KO mice will allow to study the role of this protein in different 

experimental infectious diseases.  

Altogether, uncover the immune function of two secreted SRCR proteins (SSc4D 
and CD5L) will also contribute to the path of understanding the overall role of the SRCR-

SF, and possibly provide insights in a putative use of these proteins for future therapeutic 
approaches in the course of an identified infection. 
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Abstract 

Since the pioneering discoveries, by the Nobel laureates Jules Hoffmann and Bruce 

Beutler, that Toll and Toll-like receptors can sense pathogenic microorganisms and initiate, 

in vertebrates and invertebrates, innate immune responses against microbial infections, 

many other families of pattern recognition receptors (PRRs) have been described. One of 

such receptor clusters is composed by, if not all, at least several members of the scavenger 

receptor cysteine-rich (SRCR) superfamily. Many SRCR proteins are plasma membrane 

receptors of immune cells; however, a small subset consists of secreted receptors that are 

therefore in circulation. We here describe the first characterization of biological and 

functional roles of the circulating human protein SSC4D, one of the least scrutinized 

members of the family. Within leukocyte populations, SSC4D was found to be expressed 

by monocytes/macrophages, neutrophils, and B cells, but its production was particularly 

evident in epithelial cells of several organs and tissues, namely, in the kidney, thyroid, lung, 

placenta, intestinal tract, and liver. Similar to other SRCR proteins, SSC4D shows the 

capacity of physically binding to different species of bacteria, and this opsonization can 

increase the phagocytic capacity of monocytes. Importantly, we have uncovered the 

capacity of SSC4D of binding to several protozoan parasites, a singular feature seldom 

described for PRRs in general and here demonstrated for the first time for an SRCR family 

member. Overall, our study is pioneer in assigning a PRR role to SSC4D. 

 

Key words: scavenger receptor cysteine-rich; pattern recognition receptors; 

bacteria; parasites 

Introduction 

The initial sensing of an invasive pathogen is one of the most critical events during 

an infection and is mediated by germline-encoded pattern recognition receptors (PRRs), 

which identify and bind conserved pathogen-associated molecular patterns (PAMPs) of 

microbes. Many different families of PRRs displaying either target-specific or broad 

recognition of different types of microbes have been described. Membrane-bound Toll-like 

receptors (TLRs) or C-type lectin receptors bind or sense microbe-exposed PAMPs and 

initiate signaling cascades to trigger innate immune cell activation, whereas intracellular 

pathogens or their by-products are recognized by intracellular PRRs such as cytoplasmic 
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NOD-like receptors or by RIG-I-like receptors and endosomal TLRs that identify microbial 

genetic material (1–4). 

Recent work has revealed that pattern recognition is a common feature of many 

scavenger receptor cysteine-rich (SRCR) proteins. The macrophage scavenger receptor 

type I (MSR1) and MARCO plasma membrane trimeric proteins have long been known to 

bind bacteria or bacterial endotoxins and to promote microbial phagocytosis (5, 6), but only 

more recently it was described that the cell surface receptors CD6 and CD163 of T cells 

and macrophages, respectively, can recognize Gram-positive and Gram-negative bacteria 

(7, 8). By contrast, CD5 has not been shown to bind bacteria, but its extracellular domain 

interacts with fungal cell wall components (9). 

A small subset of SRCR consists of secreted receptors that are therefore in 

circulation and as such they have exceptional features to intercept, recognize, and 

neutralize invasive microbes and thus to contain infections. Galectin-3-binding protein 

(MAC2BP, LGALS3BP) is a small mosaic protein that contains, besides an SRCR domain, 

a BTB dimerization domain and a BACK domain (10). Although historically viewed as a 

malignant tumor-associated antigen, this protein has recently been identified as a possible 

biomarker for human sepsis (11). Better known for their infection-related immune functions, 

the circulating proteins CD5 antigen-like (CD5L), also known as apoptosis inhibitor 

expressed by macrophages (AIM) or secreted protein α (Spα) (12, 13), soluble scavenger 

protein with 5 SRCR domains (SSC5D) (14), and deleted in malignant brain tumors 1 

(DMBT1) (15), containing respectively three, five, and 14 SRCR domains, display 

characteristic PRR features including a strong avidity to bind Gram-positive and Gram-

negative bacteria (16–18). 

Compared with the wealth of information gathered on the various roles of, for 

example, CD5L, spreading across a multitude of functions in numerous biological systems 

and phenomena (19), the attention on the very similar SSC4D protein has been almost 

inexistent. SSC4D is a 575-amino acid (aa)-long protein containing an N-terminal signal 

peptide, no transmembrane-encoding sequence, and four SRCR domains, all indicating that 

SSC4D is the last member of the subgroup of circulating SRCR proteins (20). In fact, 

SSC4D can be found in human blood plasma, albeit at a very low concentration (1 ng/ml) 

(21, 22). Although no extensive protein characterization, tissue distribution, or functional 

studies have been performed, northern blotting analyses imply that SSC4D is well 

expressed in the human kidney and placenta and moderately expressed in the liver, small 

intestine, spleen, and thymus (20). 
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Here, we describe the first comprehensive data on the roles and distribution of the 

SSC4D glycoprotein in a mammalian organism and how the evidence obtained clearly 

indicates that SSC4D functionally belongs to the PRR arm within the SRCR family. 

Materials and Methods 

Recombinant Scavenger Receptor Cysteine-Rich Proteins 

Recombinant soluble proteins were produced in human embryonic kidney 293T cells 

and supplied in lyophilized form by INVIGATE GmbH. Specifically, recombinant forms of 

human CD5L and of the extracellular domain of human CD6 were produced from templates 

already described (17, 23) and modified to obtain chimeric proteins containing a signal 

peptide, the specific CD5L (Ser20 to Gly347) or CD6 (Asp25 to Glu398) sequences, HA 

and BirA recognition sequences, and 8—12-His tag sequences. Recombinant human 

SSC4D (UniProtKB accession no. Q8WTU2) was produced in a similar manner to include 

the specific protein sequence spanning domains 1–4 (Leu48-Ser575) of SSC4D. 

Recombinant human SSC4D-d1d2 (spanning SRCR domains 1 and 2) and SSC4D-d3d4 

(domains 3 and 4) were produced to result in the SSC4D sequences Leu48-Gly318 and 

Ser324-Ser575 being fused to 8·His tag sequences. 

For the expression in Caco-2 cells of full-length SSC4D fused to citrine and 

containing an HA tag, cDNA was amplified by PCR from Hep G2 cells using forward (5′-

TAGACGCGTATGCACAAGGAAGCAGAGA-3′) and reverse (5′-

CTAGGATCCCGAGCGTAGTCTGGGACGTCGTATGGGTATGAAGGCTGGCACAGGAC

ACT-3′) primers. The resulting PCR product was cloned into the lentiviral expression vector 

pHR-mCitrine, using MluI and BamHI restriction sites, to be under the control of the spleen 

focus-forming virus (SFFV) promoter and transduced into Caco-2 cells. 

Analysis of SSC4D Protein Expression 

Cell lysates were prepared using radioimmunoprecipitation assay (RIPA) lysis buffer 

containing a mixture of protease and phosphatase inhibitors (Sigma-Aldrich). Protein 

concentration was measured by Bradford assay (Bio-Rad), and 60 µg of each sample were 

denatured in Laemmli’s sample buffer at 95°C for 10 min. Cell lysates and supernatants 

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred to nitrocellulose membranes using Trans-Blot Turbo Transfer System (Bio-

Rad). Membranes were blocked with 5% non-fat dried milk in Tris-buffered saline, 0.1% 
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Tween 20 (TBS-T) for 1 h and probed with rabbit anti-SSC4D polyclonal antibody (raised 

against polypeptides corresponding to sequences R346-C364 and E470-R485 of mouse 

SSC4D; BIOTEM), followed by a goat anti-rabbit horseradish peroxidase (HRP) secondary 

antibody (Sigma-Aldrich). Immunoblots were developed using enhanced 

chemiluminescence (ECL) detection reagent (GE Healthcare Life Sciences), and 

luminescence signals were detected using the Fujifilm FPM-100A film processor (Fujifilm). 

To determine the molecular mass of the recombinant proteins, 5 µg of recombinant 

SSC4D, SSC4D-d1d2, and SSC4D-d3d4 were run on SDS-PAGE, and proteins were 

detected by Coomassie blue staining; also, 0.5 µg of each recombinant protein were 

detected by western blotting. 

Cells and Cell Lines 

Human peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats 

of healthy adult volunteers at Banco de Sangue, Hospital São João, Porto, and were 

separated by Lymphoprep density gradient (STEMCELL Technologies). CD14+ monocytes 

were then isolated by positive magnetic cell sorting using CD14 microbeads (Miltenyi 

Biotec). 

Differentiation of ex vivo monocytes into macrophages was achieved using 30 ng/ml 

of macrophage colony-stimulating factor (M-CSF) for 6 days in culture. Macrophages were 

then polarized toward an M1-like phenotype with 100 ng/ml lipopolysaccharide (LPS; 

Escherichia coli O111:B4; Sigma) and 25 ng/ml interferon (IFN)-γ (PeproTech), an M2a-like 

phenotype using 20 ng/ml interleukin (IL)-4 (PeproTech), or an M2c-like phenotype using 

25 ng/ml IL-10 (PeproTech), all for 24 h. Polarization of undifferentiated monocytes was 

done similarly but for 72 h. Cell surface labeling using CD80 APC (2D10), CD206 PE (15.2), 

and CD163 BV421 (6H1/61) mAbs (all from BioLegend) confirmed the polarization of 

monocytes and macrophages into the correct subtype. Treatments with CD5L (1 µg/ml) or 

SSC4D (1 µg/ml) were assayed to check whether either of these stimuli would polarize cells 

toward any given subtype. Data were acquired in FACSCanto II (BD Biosciences). Post-

acquisition analysis was performed using FlowJo software v10 (Tree Star). 

Cell lines used in this study were Hep G2 (24), K562 (25), Caco-2 (26), E6.1 (27), 

JEG-3 (28), HEK 293T (29), TCCSUP (30), Raji (31), HL-60 (32), THP-1 (33), and HeLa 

(34). All lines were maintained at 37°C in a 5% CO2 humidified incubator in RPMI 1640 

supplemented with 10% fetal calf serum (FCS), 1 mM sodium pyruvate, 2 mM L-glutamine, 

50 U/ml penicillin G, and 50 μg/ml streptomycin, except HEK 293T, HeLa, Hep G2, and 

Caco-2 that were grown in Dulbecco’s modified Eagle’s medium (DMEM)/high-glucose 
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medium containing 10% FCS, 1 mM sodium pyruvate, 4 mM L-glutamine, 50 U/ml penicillin, 

and 50 μg/ml streptomycin. 

Flow Cytometry and Cell Sorting 

Blood from buffy coats was added to red blood cell (RBC) lysis buffer (BioLegend), 

and after washing, 1 × 106 leukocytes were incubated with FcR blocking (Miltenyi Biotec) 

for 10 min at 4°C. Cells were stained with mAbs CD14 Pacific Blue (63D3), CD177 APC/Cy7 

(MEM-166), CD19 PE/Cy7 (HIB19), CD4 Alexa Fluor 488 (OKT4), and CD8 APC (HIT8a) 

(all from BioLegend), fixed, and permeabilized with the eBioscience 

fixation/permeabilization kit (Thermo Fisher Scientific). 

Intracellular staining was performed with rabbit anti-SSC4D polyclonal antibody, 

followed by anti-rabbit PE labeling (Life Technologies). Data were acquired in the 

FACSCanto II and post-acquisition analysis performed using FlowJo v10. 

For cell sorting, blood from buffy coats was added to RBC lysis buffer, and 1 × 107 

leukocytes were stained with mAbs CD14 APC (63D3), CD177 APC/Cy7 (MEM-166), CD19 

PE/Cy7 (HIB19), and CD3 PerCP/Cy5 (OKT3). The labeled cells were sorted with 

FACSAria (BD Biosciences). 

Immunostaining 

SSC4D protein expression was detected in sections of human tissues kindly 

provided by the Unidade Local de Saúde de Matosinhos–Hospital Pedro Hispano. All ethical 

and legal issues were secured, along with the guarantee of confidentiality/no disclosure or 

violation of personal information or other data of the patients. 

Four-micrometer sections of paraffin-embedded human blocks were deparaffinized 

and hydrated. Antigen retrieval was performed in 10 mM sodium citrate buffer for 30 min in 

a 96°C water bath. 

Immunohistochemistry (IHC) was performed using UltraVision Quanto Detection 

System HRP DAB (Thermo Scientific). Endogenous peroxidase activity and nonspecific 

background staining were blocked using Hydrogen Peroxidase Block and Ultra V Block 

reagents, respectively. Tissues were immunostained with mouse anti-human SSC4D mAb 

46-M or with a negative control normal mouse IgG sc-2025 (Santa Cruz Biotechnology) at 

4°C overnight (ON), incubated with the primary antibody amplifier for 10 min followed by 

incubation with HRP Polymer Quanto and developed with 3, 3'-diaminobenzidine (DAB). 

The slides were counterstained with hematoxylin and visualized under light microscopy. 
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Colon, stomach, and liver sections were analyzed by immunofluorescence (IF). Non-

specific staining was blocked with PBS containing 1% bovine serum albumin (BSA) for 1 h 

at room temperature (RT). Slides were then immunostained at 4°C ON with rabbit anti-

SSC4D polyclonal followed by incubation with goat anti-rabbit Alexa Fluor 488-conjugated 

antibody (Life Technologies) for 1 h at RT. Nuclei were stained with "4′,6-diamidino-2-

phenylindole (DAPI)" (Invitrogen), and cell preparations were mounted with Vectashield 

mounting media (Vector Laboratories). The slides were analyzed using confocal microcopy 

(Leica TCS SP5). 

Fluorescence-activated cell sorting (FACS)-separated blood cells were adhered to 

poly-L-lysine (Sigma-Aldrich)-treated coverslips followed by blocking of non-specific 

staining with PBS containing 1% BSA for 1 h at RT. SSC4D was then detected with rabbit 

anti-SSC4D antibody ON at 4°C followed by incubation with goat anti-rabbit Alexa Fluor 

488- conjugated antibody for 1 h at RT. Nuclei were stained with DAPI, and cell preparations 

were mounted with Vectashield. The slides were analyzed using confocal microcopy. 

Bacteria and Parasites 

E. coli strains [BL21(DE3), IHE3034, RS218, and CFT073] were kindly provided by 

Claire Poyart (Institut Cochin, Paris), Listeria monocytogenes strain EGD-e and Salmonella 

enterica serovar typhimurium were provided by Didier Cabanes (i3S, Porto), and 

Streptococcus agalactiae [group B streptococcus (GBS)] strain BM110 was provided by 

Patrick Trieu-Cuot (Institut Pasteur, Paris). Klebsiella pneumoniae, Enterococcus faecalis, 

and Pseudomonas aeruginosa were also used in this study. Bacteria were grown to mid-

logarithmic phase (OD600 of 0.45) in brain heart infusion medium at 37°C. Mycobacterium 

avium strain 2447 was prepared as described previously (35). 

Parasites were prepared as previously described: Neospora caninum tachyzoites 

(Nc-1, ATCC 50843) (36), Plasmodium berghei ANKA strain blood merozoites (clone 

676cl1) (37), Trypanosoma brucei brucei Lister 427 bloodstream forms (38), Leishmania 

major strain LV39, and Leishmania tarentolae strain Parrot-TarII promastigotes (39). A 

green fluorescent protein (GFP)-expressing T. brucei brucei Lister 427 line was engineered 

by cloning an enhanced gfp into a modified pHD1034 vector where the puromycin 

resistance cassette was replaced by the hygromycin resistance from the pHD1145 vector. 

Transfected parasites were selected with 5 µg/ml hygromycin (38). 
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Scavenger Receptor Cysteine-Rich Protein–Microbial Cell Binding Assays 

Binding of SRCR proteins to microbial cells was performed as described previously 

(17) using 2 µg of each protein interacting with 1 × 108 live bacteria or 1 × 107 live parasites 

in binding medium (TBS with 1% BSA, 5 mM Ca2+) for 1 h in an orbital shaker at 4°C. 

Microbe-bound proteins were detected using mouse anti-Tetra HIS mAb (Qiagen) followed 

by incubation of anti-mouse HRP-conjugated antibody (BioLegend) for 1 h at RT. 

Immunoblots were developed using ECL. Sample loading was evaluated with a rabbit anti-

Leishmania infantum cysteine synthase (at 1:2,000 dilution) for Leishmania parasites and 

a rabbit anti-T. brucei aldolase (1:5,000) for T. brucei. 

For the visualization of SSC4D binding to T. brucei bloodstream forms by IF, a GFP-

expressing T. brucei Lister 427 line was incubated with 2 μg of HA-tagged SSC4D-FL in the 

binding medium. The cell pellet was transferred onto poly-L-lysine-treated coverslips and 

fixed with PFA 4% for 15 min at RT, and the presence of SSC4D was detected using anti-

HA mAb 16B12 (BioLegend) followed by incubation with anti-mouse Alexa Fluor 568-

conjugated antibody (Invitrogen). Nuclei were stained with DAPI, and the preparations were 

mounted with Vectashield. The slides were analyzed using confocal microcopy. 

Scavenger Receptor Cysteine-Rich Protein–Endotoxin Binding Assays 

High-binding 96-well microtiter plates were coated ON with 10 µg/ml of purified LPS 

(E. coli O111:B4; Sigma) or 10 µg/ml lipoteichoic acid (LTA; Staphylococcus aureus; Sigma) 

in PBS at 4°C. The plates were blocked with PBS, 1% BSA, for 1 h at RT. Serial 2-fold 

dilutions of HIS-tagged SRCR proteins were added to the plates and incubated for 2 h at 

RT. Bound proteins were detected using mouse anti-HIS mAb for 1 h at RT, followed by 

goat anti-mouse HRP-conjugated antibody for 1 h at RT. Reactions were developed using 

SIGMAFAST o-Phenylenediamine dihydrochloride (OPD) for 30 min at RT and stopped with 

1 M H2SO4. Absorbance was read at 490 nm using Synergy 2 (BioTek). 

To calculate the calibration of the LPS- and LTA-binding assays, samples of serially 

diluted HIS-tagged SRCR proteins were directly coated on 96-well microtiter plates ON in 

PBS at 4°C. Plates were blocked with blocking solution for 1 h at RT, followed by detection 

of bound protein, as described above. 

In between each step, plates were washed four times with PBS, 0.1% Tween-20. 

 



Chapter II | SSC4D as a Broad-Spectrum Pattern Recognition Receptor 

 48 

Scavenger Receptor Cysteine-Rich Protein–Eukaryotic Cell Binding Assays 

To detect binding of SSC4D to putative ligands in eukaryotic plasma membranes, 2 

× 105 primary monocytes or Caco-2, Hep G2, Raji, K562, HL-60, THP-1, HeLa, or E6.1 cells 

were incubated with 3 μg of recombinant soluble extracellular CD6 (sCD6) or SSC4D-FL, 

or left untreated, in binding medium for 1 h at 4°C. Cells were then washed twice and 

incubated with fixable viability dye (Invitrogen) to exclude dead cells. The presence of 

SRCR proteins was detected with anti-HIS primary antibody followed by incubation with 

anti-mouse Alexa Fluor 647-conjugated antibody (Invitrogen) at 4°C. Data were acquired in 

FACSCanto II, and post-acquisition analysis was performed using FlowJo v10. 

Phagocytosis Assays 

Monocytes were plated at a density of 2 × 105 cells/well using imaging media (RPMI 

without phenol red, 10% FBS, 50 U/ml penicillin, and 50 µg/ml streptomycin) in 96-well 

plates (CellCarrier Ultra, PerkinElmer). After ON incubation, imaging media were removed 

without disturbing the monolayer and replaced with new media containing Hoechst for 45 

min at 37°C. Then, 40 μg/ml of Invitrogen™ pHrodo™ Red E. coli BioParticles™ (Fisher 

Scientific) were added to the cells alone or with 5 µg/ml of recombinant SSC4D or CD5L. 

Immediately after, the 96-well plates were inserted in the IN Cell Analyzer (GE Healthcare 

Life Sciences), previously heated for 37°C, and nine images per well were collected 45 and 

120 min after the addition of the BioParticles. Images were analyzed using FIJI software, 

and the percentage of cells containing E. coli BioParticles was determined. 

SSC4D Secretion Upon Infection of Caco-2 Cells 

Caco-2 cells expressing an SSC4D-citrine-HA fusion protein were plated at a 

density of 3.5 × 105 cells/well in 12-well plates. After cell attachment, cultures were infected 

for 1 h with live E. coli RS218 or L. monocytogenes EGD-e with a multiplicity of infection 

(MOI) of 1:50 or left uninfected. Cells were then washed with PBS and supplied with new 

media containing 20 μg/ml gentamicin. Supernatants were collected 2, 8, and 24 h after 

infection and resuspended in Laemmli’s sample buffer for SDS-PAGE and western blotting. 

SSC4D from supernatants was detected using mouse anti-HA mAb followed by anti-mouse 

HRP-conjugated antibody and ECL detection. 
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Results 

Human SSC4D Protein Structure and Expression 

SSC4D belongs to the group B of SRCR domain-containing proteins characterized 

by having an extraordinary sequence similarity between all individual domains and a nearly 

perfect conservation of key residues, namely, eight regularly spaced cysteine residues that 

establish intra-domain disulfide bonds in very defined combinations, also sequences that 

are 100% conserved in all known domains, especially in the β1 and β2 strands and in the 

boundaries between the α1 helix and the β4 strand (14) (Figure 1A). One other 

characteristic feature of this family of extracellular proteins consists of its extended level of 

glycosylation, as assessed by the high number of putative O-GalNAc glycosylation sites, 

characteristic of mucins. In particular, the four SRCR domains of SSC4D are interspaced 

with sequences rich in O-linked sugars, as predicted by NetOGlyc 4.0 (41) (Figure 1B). 

However, a certain separation can be established between the SRCR group B members 

that are secreted from those that are membrane bound, such as CD5, CD6, CD163, and 

CD163 antigen-like 1 (M160), in that in this latter set, N-linked glycosylation seems to be 

more prevalent, despite that the whole level of sequence similarity between the different 

proteins would not predict that sort of cleavage (14, 42). In fact, neither SSC4D nor CD5L, 

which are here investigated, contain any N-linked sugars as predicted by NetNGlyc 1.0 (43), 

contrasting with the extracellular domain of CD6 that contains seven such modifications. 

We assessed the expression of SSC4D in lysates of several human cell lines and 

detected by western blotting the expression of the SSC4D protein in Hep G2, Caco-2, K562, 

and HeLa cells, and the molecular mass of intracellular SSC4D was calculated to be 70.8 

KDa (Figure 1C). Few smaller bands of lower intensity could be observed in the blots, and 

these could hypothetically represent alternative splicing-dependent isoforms. Indeed, a 

common property of most SRCR members is the generation of alternative splicing-

dependent isoforms, many of them resulting in the absence of individual or multiple SRCR 

domains, as described for DMTB1, CD6, CD163, and M160 (44–46). Padilla et al. (20) had 

in fact detected by northern blotting different transcripts that could account for alternative 

SSC4D isoforms, and one SSC4D mRNA isoform described in a transcriptome-wide study 

does miss the sequences encoding domains 3 and 4 (44). However, it is unlikely that the 

smaller bands in the gel correspond to this isoform because the detecting antibody was 

raised against sequences within domains 3 and 4 of the protein; rather, they either are 

unspecific blot bands or may represent degradation products. 
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Figure 1 - Amino acid sequence and structure of group B scavenger receptor cysteine-rich (SRCR) 
domains of SSC4D, CD5L, and CD6. (A) SRCR domains are typically ~100–110 amino acids in length 

compacted into a heart-shaped fold, where a six/seven-stranded β sheet cradles a core α1-helix. Each line 
represents one SRCR domain of the indicated protein. Amino acid sequences were aligned using Clustal 

Omega and MView (40). Amino acid side chain color codes for conserved residues: Green/black, aliphatic; 

Green/white, aromatic; Blue, anionic; Red, cationic; Cyan, polar; Magenta, amide; Yellow, sulfur-containing. 
Intrachain disulfide bonds established between conserved cysteine residues are shown on the top by connecting 

lines. (B) Schematic representation of the protein structures of SSC4D-FL, SSC4D-d1d2, SSC4D-d3d4, CD5L, 

and extracellular domain of CD6 (sCD6). SRCR domains are represented as dark cylinders. (Continues on the 

next page) 



Chapter II | SSC4D as a Broad-Spectrum Pattern Recognition Receptor 

 51 

Figure 1 (continuation) - Putative O-linked glycosylation sites are represented as short vertical lines and N-

linked glycosylation sites as lines topped with red circles. N and C termini of the proteins are indicated by “N” 

and “C,” respectively. Design was created using BioRender.com. (C) SSC4D protein expression detected by 
western blotting from cell lysates of Hep G2, Caco-2, K562, and HeLa cells. The molecular mass of intracellular 

SSC4D was calculated as 70.8 KDa. (D) Recombinant SSC4D, SSC4D-d1d2, and SSC4D-d3d4 were run on 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and gels were stained with Coomassie 

blue. The size of recombinant extracellular full-length SSC4D was measured as 90.6 KDa, SSC4D-d1d2 as 45 
KDa, and SSC4D-d3d4 as 36 KDa. (E) Recombinant SSC4D, SSC4D-d1d2, and SSC4D-d3d4 were run on 

SDS-PAGE, transferred to nitrocellulose membranes, and detected by immunoblotting. SSC4D and SSC4D-

d3d4 were confirmed at the correct sizes, while SSC4D-d1d2 is not detected given that the polyclonal antibodies 
recognize sequences within domains 3 and 4. 

 

Nevertheless, for the purpose of this study, we generated and expressed 

recombinant human full-length SSC4D and two recombinant hemi-SSC4D forms, each 

corresponding to one-half of the molecule and consisting of either the SRCR domains 1 and 

2 (SSC4D-d1d2) or 3 and 4 (SSC4D-d3d4) (Figure 1B). The recombinant proteins were run 

on SDS and stained with Coomassie blue (Figure 1D) and detected by western blotting 

using an anti-SSC4D-d3d4 polyclonal antibody (Figure 1E). The molecular mass of the 

mature full-length extracellular protein was measured at 90.6 KDa, suggesting that the 

secreted protein undergoes posttranslational modifications, possibly O-linked glycosylation. 

SSC4D Expression in Human Epithelia and Leukocytes 

Based on the reported tissue distribution of the mRNA coding for human SSC4D 

(20), we screened by PCR different human cell lines for the presence of SSC4D mRNA. 

We found that SSC4D is mostly expressed in cell lines with epithelial morphology like Hep 

G2 (hepatocellular carcinoma), Caco-2 (colorectal adenocarcinoma), JEG-3 (placental 

choriocarcinoma), HEK 293T (adenovirus 5 DNA-transfected embryonic adrenal precursor 

cells), and HeLa (cervical adenocarcinoma), but not in TCCSUP (urinary bladder 

carcinoma) (Supplementary Figure S1). Also, SSC4D mRNA was detected in 

hematopoietic-derived cells such as K562 (myelogenous leukemia) and very faintly in E6.1 

(acute T-cell leukemia), but not in Raji (Burkitt’s lymphoma). 

We then assessed the expression of the protein in human organs. Relevant 

expression was observed in the gastrointestinal tract, with SSC4D being detected in 

intestinal crypts, namely, in mucous goblet cells in the colon, while in the stomach, staining 

was visualized in the simple columnar epithelium of the gastric mucosa and showing a broad 

distribution in gastric glands, compatible with SSC4D being expressed by surface mucous 

cells, mucous neck cells, and chief cells (Figure 2A). SSC4D was also expressed in the 
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parenchyma of hepatic lobules in hepatocytes. Regarding the genitourinary tract, strong 

SSC4D expression was detected in the epithelial cells of the tubules (Figure 2B). SSC4D 

was also found in follicular and parafollicular cells of the thyroid and in pneumocytes of the 

alveolar ducts. Interestingly, strong and specific expression of SSC4D was found in 

chorionic villi in placenta, mostly in the outer layer corresponding to the 

syncytiotrophoblasts. 

 

Figure 2 - SSC4D distribution in human organs. (A) Detection of SSC4D by immunofluorescence (IF) in 

sections of the colon, stomach, and liver from normal human subjects. SSC4D labeling in mucous goblet cells 
(G) in the colon, simple columnar epithelium cells (E) in the stomach, and hepatocytes (H) in hepatic lobules is 

shown by arrows. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; white). No unspecific 

staining was seen following incubation with secondary antibody alone, confirming specificity of the primary 

antibody. Scale bar, 50 μm. (B) Immunohistochemical analysis of SSC4D expression in sections of the kidney, 
thyroid, lung, and placenta. On the left column, SSC4D labeling was visualized by horseradish peroxidase (HRP) 

and substrate chromogen 3, 3'-diaminobenzidine (DAB). Positive staining of tubular epithelial cells (E) in the 

kidney, follicular (F) and parafollicular cells (PF) in the thyroid, pneumocytes (P) of the alveolar ducts, and of 
syncytiotrophoblasts (S) in the placenta is indicated by arrows. (Continues on the next page) 
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Figure 2 (Continuation) - On the right column, images of sections labeled with unspecific mouse IgG mAb 

(negative control, sc-2025). Scale bar, 50 μm. Immunohistochemistry (IHC) and IF experiments were performed 

multiple times using samples from at least three different individuals. 

 

 

Figure 3 - SSC4D expression in human leukocytes. (A) Flow cytometry gating strategy for the identification 

of monocytes, neutrophils, B cells, and CD4+ and CD8+ T cells from human blood. (B) Intracellular labeling of 
SSC4D in different human cell populations, visualized by flow cytometry. In the control samples, the anti-SSC4D 

antibody was omitted. Representative results shown are from one of four independent experiments. (C) 

Representative single-cell images of FACS-sorted leukocytes, immunostained for SSC4D (green) and 
visualized by immunofluorescence (IF). White indicates DAPI staining. Representative results shown are from 

one of three independent experiments using different donors. 
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We additionally assessed the expression of SSC4D in leukocyte subpopulations by 

flow cytometry and IF of FACS-sorted cells and detected the presence of intracellular 

SSC4D in monocytes, neutrophils, and B cells, but not in CD4+ or CD8+ T lymphocytes 

(Figure 3). Being a secreted protein, we questioned whether SSC4D could bind and exert 

any effect in target cells. For that purpose, we tested the binding of recombinant SSC4D to 

a panel of cell lines; however, none of the cells used were bound by SSC4D, whereas 

recombinant soluble extracellular CD6 (sCD6), used as a positive control, displayed the 

characteristic pattern of binding to cells that express its ligand, CD166 (47) (Supplementary 

Figure S2). This raises the possibility that SSC4D does not have a binding receptor at the 

surface of human cells or that a hypothetical receptor is not widespread. 

SSC4D Physically Binds to Gram-Positive and Gram-Negative Bacteria 

The SSC4D-related proteins CD5L and SSC5D are able to identify a large spectrum 

of bacterial species and strains (16, 17); moreover, the ectodomain of CD6 was reported to 

bind and induce the aggregation of bacteria through the recognition of the bacterial 

endotoxins LTA and LPS (8). We investigated whether SSC4D could also detect different 

bacterial species and how the strength of interactions would compare with those of other 

SRCR family members. 

Recombinant SSC4D, CD5L, and sCD6 were incubated with samples of live E. coli 

strains BL21(DE3), IHE3034, and RS218, with L. monocytogenes EGD-e, and with GBS 

BM110, followed by centrifugation and immunoblotting of the pelleted bacteria. As 

anticipated, we observed a strong interaction between CD5L and all tested bacteria, 

particularly in the presence of calcium given that many SRCR protein-mediated interactions 

are Ca2+-dependent (Figure 4A). By contrast, the interactions between sCD6 and the 

different bacteria were not visually detectable. Importantly, SSC4D clearly bound all 

bacteria tested, demonstrating its ability to physically interact with conserved structures 

present at the surface of these microorganisms. 

Consequently, we included in our bacteria binding assays the two recombinant 

hemi-SSC4D forms, SRCR-d1d2 and SRCR-d3d4. Performing the assays using the same 

bacterial samples, we observed in several cases that the two halves of the molecule had  
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Figure 4 - SSC4D physically binds to bacteria and bacterial endotoxins. (A) Two micrograms of each 

recombinant protein SSC4D, CD5L, sCD6, SSC4D-d1d2, and SSC4D-d3d4 were incubated with suspensions 

of 1 × 108 CFU of live Escherichia coli strains BL21(DE3), RS218, IHE3034, or CFT073, Listeria monocytogenes 
strain EGD-e, or GBS strain BM110 in the presence or absence of Ca2+. (Continues on the next page) 
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Figure 4 (Continuation) - Cell-bound proteins were detected by immunoblotting using anti-HIS mAb. Blots are 

representative of at least three independent experiments. (B) Recombinant SSC4D-d1d2 and SSC4D-d3d4 (2 

μg each sample) were incubated with suspensions of 1 × 108 CFU of live Salmonella enterica, Klebsiella 

pneumoniae, Enterococcus faecalis, Pseudomonas aeruginosa, or Mycobacterium avium in the presence of 

Ca2+. Bacteria-bound proteins were detected by immunoblotting using an anti-HIS mAb. The sensitivity of 

detection of this mAb for each of the recombinant hemi-forms of SSC4D can be evaluated by the detection, 

shown on the left side of the membranes, of 2 and 0.2 ng of purified SSC4D-d1d2 (upper blot) or 4 and 0.4 ng 
of purified SSC4D-d3d4 (lower blot). (C) Binding of SSC4D-d1d2 and SSC4D-d3d4 to plate-bound 

lipopolysaccharide (LPS) and lipoteichoic acid (LTA). Proteins were added at the indicated concentrations, and 

signals were detected by anti-HIS mAb followed by horseradish peroxidase (HRP)-conjugated antibody and o-
Phenylenediamine dihydrochloride (OPD) substrate. Absorbance was read at 490 nm. Binding values shown 

were interpolated from standard curves of detection of plate-bound SSC4D-d1d2 and SSC4D-d3d4, shown in 

Supplementary Figure S3. Graphs show the mean ± SD of two independent experiments performed in duplicate. 
(D) Binding of SSC4D, CD5L, and sCD6 to plate-bound purified LPS and LTA. Detection and measurement of 

binding were as in panel (C). 

 

differential binding profiles, such that SSC4D-d3d4 bound well to Listeria and GBS, whereas 

binding of SSC4D-d1d2 to these bacteria was much less evident (Figure 4A, lower panels). 

Conversely, although not as clear as the above, it seemed that the E. coli strains, with the 

exception of E. coli CFT073, were better recognized by SSC4D-d1d2. We hypothesized 

that each half of SSC4D might bind preferentially to different groups of bacteria and 

therefore increased the sampling of our assays by adding supplementary bacterial species. 

In each assay, recombinant SSC4D-d1d2 or SSC4D-d3d4 was incubated with live Gram-

negative S. enterica, K. pneumoniae, and P. aeruginosa and with Gram-positive E. faecalis 

or M. avium (Figure 4B). Although there was not an absolute compartmentalization in the 

recognition profiles, in general, it appears that SSC4D-d1d2 displays a preference for 

binding Gram-negative bacteria. Although the converse correlation cannot be fully 

established for SSC4D-d3d4, as this half of the molecule is more homogeneous in the 

identification of both bacterial groups, it appears that SSC4D-d3d4 binds better to Gram-

positive bacteria than does SSC4D-d1d2 (Figure 4B). 

We thus evaluated whether each typical endotoxin of Gram-negative and Gram-

positive bacteria would be a preferential target of one-half of the SSC4D molecule over the 

other using an ELISA to measure the affinity of each protein to LPS and LTA. We first 

assessed the sensitivity of the detecting antibody to plate-bound purified SRCR proteins 

(Supplementary Figure S3A), following which we measured the binding of serially diluted 

HIS-tagged SRCR proteins to microtiter plates coated with 10 μg/ml of purified LTA or LPS 

(Supplementary Figure S3B). The conversion of the obtained values to binding detection 

units showed that both SSC4D hemi-forms bound to LPS and LTA in a dose-dependent 

manner, but whereas in fact LPS was superiorly targeted by SSC4D-d1d2 than by SSC4D-
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d3d4 at higher protein concentrations, the plots for binding to LTA were indistinguishable 

between the two subunits (Figure 4C). 

Comparing the binding forces to LPS and LTA between CD5L, SSC4D, and sCD6, 

again binding of the proteins to the endotoxins is differentiated: SSC4D binds to LPS with 

higher avidity than CD5L, whereas binding to LTA is not significantly different between these 

two proteins (Figure 4D). In accordance with the previous experiments and our earlier work 

(17), binding of sCD6 to either live or fixed bacteria, or to bacterial endotoxins, although 

detectable, is inferior when compared with the microbe-binding capacity of the natural 

circulating SRCR proteins. 

SSC4D Promotes Phagocytosis but Does Not Induce Macrophage Polarization 

Because SSC4D is produced by phagocytes and binds to bacteria, we questioned 

whether this circulating molecule could have a direct impact on pathogen clearance. To 

measure protein-mediated phagocytosis, monocytes were incubated with pHrodo™ Red E. 

coli BioParticles™ in the presence of CD5L or SSC4D or in the absence of the recombinant 

proteins. These BioParticles become fluorescent in acidic pH, only identifying those bacteria 

that are inside phagosomes (48). Monocyte phagocytosis of the E. coli particles increased 

over time but was not different whether CD5L was present or not (Figures 5A, B). By 

contrast, the presence of SSC4D induced a significant increase in the phagocytic capacity. 

To test whether SSC4D could mediate the internalization of the bacteria through an 

interaction to a putative cellular receptor in the phagocyte, we checked for a direct 

interaction between recombinant SSC4D and monocytes. However, as can be seen in 

Figure 5C, no such interaction is obvious, whereas sCD6, used as a binding control, is able 

to interact slightly with monocytes, given that these cells express low levels of CD166. An 

alternative explanation is that the increase in phagocytosis could be due to increased 

activation of monocytes induced by SSC4D. Although conceivable, this possibility is 

unlikely, given that SSC4D was added to the cells at the same time as the E. coli particles 

and the duration of the experiment was perhaps too short to allow for a vigorous monocyte 

activation-mediated phagocytosis. 

Also displaying opposite effects from CD5L, SSC4D did not induce the polarization 

of macrophages toward an M2 phenotype (Figure 5D). Differentiation of ex vivo monocytes 

with CD5L for 3 days had an equivalent result as utilizing IL-4 in the development of an 

M2a-like phenotype, as previously reported (49). However, in no other differentiation and 

polarization protocol did SSC4D, nor CD5L, induce monocyte/macrophage polarization, 

including no effect on an M1-type phenotype. 
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Figure 5 - SSC4D promotes phagocytosis without binding to a ligand on human monocytes and does 
not induce macrophage polarization. (A) Escherichia coli pHrodo BioParticles (40 μg/ml) were added to 

isolated human monocytes, together with 5 μg/ml of SSC4D (middle panels) or CD5L (bottom panels), or no 

protein (top panels). Images were acquired for each well at 45 and 120 min after the addition of E. coli 
BioParticles using an IN Cell Analyzer, followed by analysis using FIJI software. Blue indicates DAPI staining, 

and red indicates phagocyted E. coli BioParticles. (B) The percentage of monocytes containing E. coli 

BioParticles was quantified. Graph shows the mean ± SD of three independent experiments performed in 

duplicate. Statistical analysis was performed using Student’s t test. * p < 0.05. (Continues on the next page) 
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Figure 5 (Continuation) - (C) Ex vivo monocytes were incubated with 3 μg of SSC4D or sCD6 or left unstained. 

Cell-bound proteins were detected with anti-HIS antibody followed with Alexa Fluor 647-conjugated anti-mouse 

antibody and analyzed by flow cytometry. Gray histograms represent control cells, not stained with scavenger 
receptor cysteine-rich (SRCR) protein but incubated with secondary antibody, red histograms represent labeling 

with SSC4D, and blue histograms represent labeling with sCD6. (D) Flow cytometry analysis of ex vivo 

monocytes (left column) and macrophage colony-stimulating factor (M-CSF)-differentiated macrophages (right 

column). Monocytes received for 72 h the appropriate stimuli to polarize toward M1 [interferon (IFN)-
γ/lipopolysaccharide (LPS)], M2a [interleukin (IL)-4], or M2C (IL-10) subtypes. Macrophages received the same 

treatment, but for 24 h. CD80, CD206, and CD163 labeling confirms the polarization of monocytes and 

macrophages into the correct subtype. Stimulations with SSC4D or CD5L had no effect on cell polarization 
except for a slight effect of CD5L in polarizing macrophages into an M2a-like phenotype. Representative 

histograms are from one of three independent experiments. (E) SSC4D secretion upon culture infection with 

live bacteria. Caco-2 cells were engineered to express SSC4D fused to citrine and were cultured for 3 days at 
3 × 105 cells/well in a 12-well plate. Live E. coli RS218 or L. monocytogenes EGD-e were added at 1:50 

multiplicity of infection (MOI). Supernatants were collected at the indicated time points, and the presence of HA-

tagged SSC4D-citrine was detected by western blotting. The blot shown is representative of two independent 
experiments. 

 

SSC4D is normally detected in cell culture media at very low levels, so we 

questioned whether SSC4D secretion could escalate due to any type of immune response 

and what would be the external cues that could stimulate this secretion. Caco-2 cells that 

were engineered to produce a chimeric protein consisting of SSC4D fused to mCitrine and 

an HA-tag sequence (Supplementary Figure S4A) were incubated with live E. coli RS218 

or L. monocytogenes EGD-e at a 1:50 MOI or left uninfected. Culture supernatants were 

collected at different time points, and the presence of SSC4D was assessed by western 

blotting. As seen in Figure 5E, secreted SSC4D was detected at 24 h post infection, but 

there were no differences between infected (with E. coli or L. monocytogenes) and non-

infected cultures. It is possible that in this specific case, the detection of SSC4D in the media 

could result from cell death instead of induced, or passive, secretion; nonetheless, in all 

other tested conditions using different immune-inflammatory mediators or bacterial 

endotoxins to stimulate SSC4D secretion, there was no single specific stimulus that would 

further augment the rate of secretion (Supplementary Figures S4B, C). Instead, SSC4D 

was being continuously released into the medium at moderate levels, independently of any 

tested external cues. 
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Figure 6 - SSC4D binds to protozoan parasites. (A) Two micrograms of recombinant SSC4D, or of the hemi-
forms SSC4D-d1d2 and SSC4Dd3d4, were incubated with suspensions of 1 × 107 live Trypanosoma brucei 

brucei bloodstream forms in the presence or absence of Ca2+. Parasite-bound proteins were detected by 

immunoblotting using anti-HIS mAb. Membranes were reprobed with an anti-aldolase immune serum for loading 
control. Results shown are of one of three independent experiments. (B) Representative images of SSC4D 

interacting with green fluorescent protein (GFP)-expressing T. brucei. In both panels, GFP+ parasites (green) 

were allowed to interact with SSC4D (red), being the primary antibody omitted in the left panel, as control. DAPI 

(white) indicates DNA staining. The results shown are representative of four independent experiments. (C) Two 
micrograms of recombinant SSC4D, SSC4D-d1d2, and SSC4D-d3d4 were incubated with suspensions of 1 × 

107 live Leishmania major and Leishmania tarentolae promastigotes, Plasmodium berghei merozoites, and 

Neospora caninum tachyzoites. Interactions were detected as in panel (A), and membranes were reprobed with 
an anti-L. infantum cysteine synthase immune serum for loading control of L. major and L. tarentolae. 
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SSC4D Physically Binds to Protozoan Parasites 

PRRs are able to recognize not only bacterial but also fungal, viral, or protozoan 

conserved structural components. In order to test whether the binding properties of SSC4D 

could be expanded to protozoan targets, protein binding assays were performed with live 

parasites. We first assessed the binding of SSC4D to bloodstream forms of T. brucei, the 

parasite that causes African trypanosomiasis. Recombinant SSC4D was incubated with 1 

× 107 parasites, followed by centrifugation and immunoblotting of the cell pellet. As 

illustrated in Figure 6A, full-length SSC4D and each SSC4D half were capable of physically 

interacting with the parasite in a Ca2+-dependent manner. To image this interaction by 

confocal microscopy, a GFP-expressing T. brucei Lister 427 strain was incubated with HA-

tagged SSC4D, and binding of the protein to T. brucei cells was detected using anti-HA 

mAbs (visualized in red, Figure 6B). 

We extended our protein–parasite binding assays to Leishmania major and 

Leishmania tarentolae promastigotes, Plasmodium berghei merozoites, and Neospora 

caninum tachyzoites. SSC4D and its half-forms bound to all tested parasites, with the 

exception of SSC4D-d1d2 that did not bind to P. berghei merozoites, the stage that infects 

red blood cells. Noteworthy, in the absence of Ca2+, all SSC4D–parasite interactions were 

abolished or markedly reduced. 

Discussion 

In this study, we show for the first time the capacity of SSC4D to physically bind to 

bacteria and protozoan parasites. SSC4D has been one of the most neglected SRCR 

proteins, and no functional data were available, but by simple analogy with other family 

members, we anticipated that this protein could reveal some PRR functions. The identity of 

bacterial targets of SSC4D does not significantly differ from those of CD5L or SSC5D; 

however, these proteins do not display identical binding patterns between themselves or 

even among their own single domains. We have previously shown relevant differences of 

binding avidities between SSC5D and CD5L toward different types of bacteria (17). We 

here advance on this conclusion by showing that different parts of SSC4D have preferential 

binding toward different groups of bacteria.  

Contrasting with the strong binding of CD5L, SSC4D, and SSC5D to a variety of 

bacterial species and strains, the extracellular domain of CD6 displays a significantly lower 

binding potency. CD6 is a plasma membrane glycoprotein that modulates T-cell activation 

(23), and it was somewhat unexpected that such a receptor involved in antigen-dependent 
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signal transduction would be directly involved in the recognition of unprocessed pathogenic 

determinants (8). Although there was some controversy as to which extent CD6 binding to 

bacteria would reflect a physiological characteristic of the molecule (50, 51), it seems 

undisputable that CD6 does protect from bacterial infection-induced septic shock in mouse 

models possibly via its function as a circulating extracellular form (sCD6), shed from the 

surface of lymphocytes in pathological conditions (52). Nonetheless, the fact that the levels 

of bacterial binding of SSC4D, like CD5L and SSC5D, are so much more evident than those 

of sCD6 clearly suggests that a main function of SSC4D is indeed of pathogen pattern 

recognition. 

SSC4D is expressed by many epithelial cells of several organs and by phagocytic 

leukocytes, but unlike what has been described for other circulating SRCR proteins, we 

could not identify any stimulus, cue, or microbial challenge that increased the rate of 

secretion of the protein. The estimated plasma concentration of SSC4D is in effect very low 

(1 ng/ml) when compared with those of the other circulating SRCR proteins SSC5D (88 

ng/ml), CD5L (4.3 μg/ml), and MAC2BP (7.1 μg/ml) (21, 22), and the abundance of these 

proteins further increases upon certain inflammatory and infectious challenges or in 

oncological environments (11, 53, 54). Also, the membrane-bound receptors CD5, CD6, 

and CD166, expressed by different leukocytes, undergo cleavage of their ecto-domains in 

particular pathological conditions, resulting in their consequent release into circulation 

where they display specific immune-related functions (55, 56). And yet, we have not found 

any similar agonist-dependent behavior for SSC4D, raising the possibility that SSC4D is 

being continuously secreted at low constant rates either in steady-state or upon external 

challenges. 

Therefore, and despite sharing common functions with other SRCR proteins, 

namely, as a PRR, SSC4D may be endowed with some distinctive properties. SSC4D 

behaves differently from CD5L in at least a few aspects, as in contrast with CD5L (16, 49), 

SSC4D is not involved in the polarization of macrophages upon different inflammatory 

stimuli. On the other hand, SSC4D can potentiate the phagocytosis of bacteria by 

macrophages, contrary to human CD5L. Although our results on CD5L concur with those 

previously reported by Sanjurjo et al. (49), there is some controversy regarding the role of 

CD5L in phagocytosis, which may depend on the experimental setup, the type of 

particle/microorganism to be internalized, and the molecular and cellular species analyzed. 

Mouse (m)CD5L was shown to increase the phagocytosis of latex beads by mouse 

macrophages (57); both mCD5L and human (h) CD5L increase the clearance of debris by 

mouse macrophages (58); hCD5L increases clearance of apoptotic cells by human 

monocytes (49); and mCD5L increases phagocytosis by mouse macrophages and 
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neutrophils of S. aureus (59). However, the presence of hCD5L did not change the 

phagocytosis of microspheres or E. coli or S. aureus particles by human peripheral blood 

cells (49). 

We here show that phagocytosis of E. coli particles by human monocytes is in fact 

not influenced by CD5L but is increased in the presence of SSC4D. Given that both E. coli 

particles and SRCR proteins were added to the cells at the same time, it is unlikely that the 

increase in phagocytosis is due to activation of monocytes induced by SSC4D. It is possible, 

instead, that the protein intermediates the interaction between monocytes and bacteria. We 

have screened monocytes with recombinant monovalent SSC4D for the existence of 

specific receptors and could not detect any interaction by flow cytometry possible due to the 

low sensitivity of the method. Although with no evidence that SSC4D promotes large-scale 

bacterial aggregation, an alternative hypothesis is that the coating of bacteria with SSC4D 

may induce a more efficient recognition of multivalent SSC4D opsonizing the bacteria either 

by low-affinity SSC4D receptors or eventually by other sensors of microbial structures. 

It is known that host defense against protozoan parasites involves different classes 

of PRR, such as TLRs, C-type lectin receptors, and NOD-like receptors (60–62). 

Nevertheless, the knowledge on this field lags considerably behind those that focus on the 

identification of bacterial, viral, and fungal PAMPs. Also, many other components of the 

innate immune system participate in antiparasitic defenses, including CD36, a scavenger 

receptor class B that displays multiple functions and a broad range of ligands, including a 

cytoadherence ligand on Plasmodium falciparum-infected erythrocytes (63). However, 

CD36 belongs to a different family of scavenger receptors characterized by having two 

transmembrane domains flanking a CD36-type multifunctional domain. SRCR proteins like 

MARCO and MSR1 have been shown to have a role in defense against protozoan parasites 

such that, for example, inhibition of MSR1 function reduces P. berghei infection and the 

expression of MARCO in macrophages of CBA/J mice is increased upon L. major infection 

(64, 65). Still, to the best of our knowledge, ours is the first study that describes a physical 

interaction of an SRCR protein and protozoan targets. Together with its capacity to bind 

bacteria and to promote macrophage phagocytosis, SSC4D can thus be considered a bona 

fide broad-range PRR, and importantly, this may help to strengthen the concept, so many 

times overlooked, that the SRCR cluster is a legitimate member of the wider collective family 

of pathogen PRRs. 
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Supplementary materials and methods 

mRNA analysis of SSC4D in human cell lines, and expression of SSC4D-
cytrine fusion protein in Caco-2 cells 

Total RNA of different cell lines was isolated using the TripleXtractor directRNA kit 

(Grisp). Using 5 µg of RNA per sample, cDNA was synthesized using Superscript III reverse 

transcriptase (Invitrogen). The cDNA obtained was used to analyze the SSC4D expression 

by PCR with GoTaq DNA Polymerase (Promega). Primer sequences were the following: 5’-

GGCGTCCACAATTGCTTTCA-3’ and 5’-ACGGATCTGTCTGCCAAG-3’. 

SSC4D cDNA was amplified by PCR from Hep G2 cells using the same primers, 

cloned into the lentiviral expression vector pHR-mCitrine using MluI and BamHI restriction 

sites and transduced into Caco-2 cells. 

Measurement of SSC4D accumulation in Caco-2 cells  

SSC4D-expressing Caco-2 cells were plated at a density of 2 x 104 cells/well in a 

96-well plate (CellCarrier Ultra). Cell seeding was optimized to achieve a confluency of 70% 

allowing optimal cell segmentation. Cells were maintained in imaging media and incubated 

for 3 days for optimal attachment. Culture media was then removed without disturbing the 

monolayer and replaced by fresh media containing Hoechst, for 45 min at 37 ºC.  

For the 0 h time-point, cells were washed with sterile PBS and new medium was 

added, followed by image acquisition using the IN Cell Analyzer. A 20 x objective was used 

and 9 fields of view were collected in each well. Then, the plate was spun and different 

stimuli, IL-1b, IL-4, IL-6, IL-17, TNF-a, IFN-g, LPS, and LTA, at different concentrations were 

added to the cells together with 10 µg/ml of Brefeldin A, an inhibitor of protein transport from 

the ER to the Golgi complex, and thus of protein secretion.  

Image acquisition was done at 6 h post-stimuli, similar to the 0 h time-point. To 

quantify SSC4D intracellular accumulation in the Caco-2-SSC4D cells, first the nuclei of 

these cells were identified from the Hoechst channel, using a machine-learning-based 

(bio)image analysis tool – ilastik (65). The resulting pixel probability maps were used for 

further image analysis and quantification of the mCitrine intensity values per cell using 

another cell image analysis software – CellProfilerTM (66). Briefly, the image analysis 

workflow consisted in (i) correction for uneven illumination/lighting/shading on the mCitrine 

channel, (ii) segmentation of the nuclei from the probability maps, (iii) expansion of the 

nuclei by 10 pixels to create a bigger mask that covers the majority of the cell cytoplasm, 
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(iv) then the nucleus mask has been subtracted from the previous expanded mask and then 

(v) the mean pixel intensity per cell on the mCitrine channel has been quantified. 

The mCitrine intensity for each cell was obtained and the average of for each field 

of view was then calculated. The intensity value of each field of view was normalized to the 

intensity value of the negative control (WT Caco-2 cells) followed by a normalization to the 

corresponding baseline condition (0 h). 

Measurement of SSC4D secretion upon cytokine stimuli 

Caco-2-SSC4D cells were plated at a density of 2 X 105 cells/well in a 12-well plate 

and incubated for 3 days for an optimum cell attachment. The culture medium was removed 

and new medium containing cytokines IL-1b, IL-4, IL-6, IL-17, TNF-a or IFN-g in different 

concentrations (1, 10, and 100 ng/ml), or endotoxins LPS and LTA (at 10, 100, and 1000 

ng/ml) was added to the cells. After the indicated times of incubation, supernatants were 

collected and then resuspended in Laemmli’s sample buffer for SDS-PAGE and western 

blotting. The presence of SSC4D in the culture supernatants was detected using mouse 

anti-HA antibody followed by anti-mouse HRP conjugated antibody, and ECL detection. 
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Supplementary figures 

 

Supplemental Figure 1. SSC4D expression in human cell lines. Representative agarose gel images showing 

SSC4D mRNA expression in different human cell lines, measured by RT-PCR. β-actin mRNA is indicated as 
loading control. MWM, molecular weight markers. 
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Supplemental Figure 2. No evidence for a cellular ligand for SSC4D. Caco-2, Hep G2, Raji, K562, HL-60, 

THP-1, HeLa and E6.1 cell suspensions were incubated with 3 µg of SSC4D or sCD6 or left untreated. Cell-

bound proteins were detected with anti-HIS antibody followed with 647-conjugated anti-mouse antibody and 
analyzed by flow cytometry. Gray histograms represent control cells, not stained with SRCR protein but 

incubated with secondary antibody, red histograms represent cells labeled with SSC4D and blue histograms 

cells labeled with sCD6. 
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Supplemental Figure 3. Standard curve for detection of human SRCR proteins to LPS and LTA. (A) Serial 

dilutions of recombinant proteins SSC4D-FL, SSC4D-d1d2, SSC4D-d3d4, CD5L, and sCD6 were performed 

and proteins were directly coated in a 96-well plate. Plate-bound proteins were detected by anti-HIS antibody 
followed by HRP-conjugated antibody. Each point represents the mean ± SD of two independent experiments 

performed in duplicate. (B) 10 mg/ml of purified LPS or LTA were immobilized in a 96-well plate and incubated 

with different concentrations of recombinant SSC4D-FL, SSC4D-d1d2, SSC4D-d3d4, CD5L, or sCD6. Bound 
SRCR proteins were detected using anti-HIS antibody followed by HRP-conjugated antibody. Each point 

represents the mean ± SD of two experiments performed in duplicate. 
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Supplemental Figure 4. SSC4D is secreted at constant rates, independently of external stimuli or cues. 
(A) Western blot of SSC4D fused to mCitrine and HA tag. The expressed protein displays a molecular mass of 

~100 KDa when collected from cell lysates, compatible with the sum of the mass of SSC4D with those of 

mCitrine and HA, and of ~125 KDa as a secreted protein, also compatible with post-translational modifications 
observed earlier for recombinant SSC4D. (B) SSC4D secretion by Caco-2-SSC4D cells incubated for 24 h in 

the presence or absence of different stimuli (IL-1b, IL-4, IL-6, IL-17, TNF-a, LPS, and LTA) at different 

concentrations. The presence of SSC4D in the supernatants was analyzed by WB. Band densities were 

quantified and the values were normalized to the control (without stimulation). Graph shows the mean ± SD of 
two independent experiments. (C) Intracellular accumulation of SSC4D by Caco-2-SSC4D cells incubated for 6 

h in the presence or absence of different stimuli (IL-1b, IL-4, IL-6, IL-17, TNF-a, LPS, and LTA) at different 

concentrations. Brefeldin A was used to block protein secretion, allowing for the determination of accumulation 
of intracellular SSC4D. Levels of intracellular SSC4D-mCitrine were analyzed using IN Cell. mCitrine intensity 

was measured before the addition of stimuli (0 h) and 6 h after the incubation with the different cytokines or 

endotoxins. In each time-point, 6 fields of view were analyzed for each well. Graphs shows one representative 

experiment of four with matching results, where mCitrine intensity values for each of the 6 fields of view were 
measured.
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Abstract 

CD5 antigen-like (CD5L) is a well-characterized pattern recognition receptor (PRR) 

of bacteria and fungi; however, the role of CD5L in inflammation remains controversial, 

having been previously reported to act both as pro-inflammatory as well as an anti-

inflammatory mediator. Using conventional protein-microbial cell binding assays, we show 

for the first time that CD5L can establish direct physical interactions with different protozoan 

parasites, among which Trypanosoma brucei, Plasmodium berghei and Leishmania 

infantum, agents of the African trypanosomiasis, malaria, and visceral leishmaniasis, 

respectively. The function of CD5L in the context of immune responses against parasites 

was then evaluated using Cd5l-/- mice, developed by CRISPR/Cas9 gene targeting, 

analyzing the contribution of CD5L in eliminating the invasive pathogens and at the same 

time regulate the inflammatory response. Interestingly, whereas the absence of CD5L did 

not impact on P. berghei or L. infantum infections, the protein seems crucial in the protection 

against T. brucei. We observed an increased mortality of CD5L-knockout (KO) mice upon 

T. brucei infection compared with wild-type (WT) C57BL/6 mice, but without differences in 

the parasite burden. Twenty-eight days upon infection, there was an exacerbated 

inflammatory response in T. brucei-infected CD5L-KO mice, characterized by an increase 

in the frequency of TH1 CD4+ T cells and increased secretion of pro-inflammatory cytokines, 

supporting the hypothesis that CD5L is an important anti-inflammatory mediator, and that 

its absence leads to imbalanced immune responses and pathology. 

 

Key words: scavenger receptor cysteine-rich; pattern recognition receptors; CD5L; 

parasites; inflammatory response 

Introduction 

Pattern recognition receptors (PRRs) constitute an important arm of the innate 

immune system that helps building a swift response to efficiently recognize and neutralize 

invasive pathogens. Different germline-encoded families of PRRs have unique capabilities 

to sense and bind distinct conserved pathogen-associated molecular patterns (PAMPs) 

present on microbes, and directly neutralize them (1). Pathogen recognition by cell-

associated or soluble PRRs also triggers a broad and quick inflammatory response, and it 

additionally signals the information and instructs lymphocytes to induce the appropriate and 

specific adaptive immune response (2). 
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Among the diversity of immune-related classes of proteins described to target 

pathogens, the function of scavenger receptor cysteine-rich (SRCR) proteins as PRRs has 

been attracting increased attention. As a result of this recent interest, different SRCR 

molecules have been identified as PRRs for both Gram-negative and Gram-positive 

bacteria. However, the role of SRCR proteins as neutralizing factors for other pathogen 

types such as viruses and parasites remains poorly explored (3). Recently, we found that 

SSC4D, a secreted protein containing four SRCR domains, can recognize protozoan 

parasites such as Leishmania spp, Trypanosoma brucei, Plasmodium berghei, and 

Neospora caninum (4). Additionally, Leppert et al. have shown that macrophage scavenger 

receptor type A (SR-A) is also involved in T. brucei recognition and phagocytosis (5). 

In addition to the PRR function, some scavenger receptors are also involved in the 

modulation of immune responses, as is the case of the T cell surface antigen CD5 that 

besides recognizing helminths and fungal cell wall components can also refrain T cell 

activation (6-8). Also, CD5 antigen-like (CD5L), firstly identified as secreted protein a (Spa) 

and also known as apoptosis inhibitor molecule (AIM) due to its anti-apoptotic functions (9, 

10), is a well-established PRR for bacteria and fungi and, additionally, can promote 

macrophage polarization towards a pro-healing M2 phenotype (11). Although several 

studies described an anti-inflammatory role for CD5L (11, 12), others have categorized 

CD5L as a pro-inflammatory molecule (13, 14). In fact, in sharp contrast with the classical 

PRRs such as toll-like receptors (TLRs) or nucleotide oligomerization domain (NOD)-like 

receptors (NLRs), whose main function is to sense invasive pathogens, SRCRs act as 

pathogen sensors but also as regulators of the inflammatory response (3, 15). Thus, we 

hypothesized that CD5L is capable to sense microbes and instruct the immune system to 

an appropriate defensive response and at the same time act as a mediator that orchestrates 

the inflammatory response. 

In this work, we demonstrate for the first time the ability of CD5L to physically interact 

with different protozoan parasites. We also addressed the involvement of CD5L in models 

of infection by Trypanosoma brucei, Plasmodium berghei, and Leishmania infantum but, 

interestingly, the expression of circulating CD5L in WT C57BL/6 mice was significantly 

increased only upon T. brucei infection, strongly suggesting a relevant role in 

trypanosomatid infections. To further detail the contribution of CD5L in the context of 

parasitic infections, CD5L-KO mice were challenged with the three different species of 

parasites previously identified. Our results highlighted the potential role of CD5L as a 

mediator of inflammatory processes in trypanosomatid infections.  
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Materials and Methods 

Recombinant SRCR proteins  

Recombinant human CD5L and the extracellular domain of human CD6 were 

produced in human embryonic kidney 293T cells and supplied in lyophilized form by 

INVIGATE GmbH. The proteins were translated from cDNA templates already described 

(16, 17) and modified to obtain a chimeric protein containing a signal peptide, the specific 

CD5L (Ser20 to Gly347) or CD6 (Asp25 to Glu398) sequences, HA and BirA recognition 

sequences, and 8-12⋅His tag sequences. 

Mice, parasites, mosquitoes, and infection 

CD5L-deficient C57BL/6J mice were generated as described elsewhere (18). All 

mice were kept in our animal facilities in HEPA filter-bearing cages under 12-h light/dark 

cycles and fed autoclaved chow and water ad libitum. Experimental mice were age- and 

sex-matched and used at 6- to 8-week-old.  

Parasites were prepared as previously described: Neospora caninum tachyzoites 

(Nc-1, ATCC 50843) (19), Plasmodium berghei ANKA strain blood merozoites (clone 

676cl1) (20), Trypanosoma brucei brucei GVR35 (21), Trypanosoma brucei brucei Lister 

427 bloodstream forms (22), Leishmania major strain LV39 and Leishmania tarentolae 

strain Parrot-TarII promastigotes (23).  

To produce Plasmodium sporozoites, mosquitoes were allowed to feed on infected 

NMRI mice. Anopheles stephensi (Sda500 strain) young female mosquitoes were reared at 

the Center for Production and Infection of Anopheles (CEPIA) at Institut Pasteur, Paris. Fed 

mosquitoes were kept in a humidified incubator at 21 ± 0.5 ºC and were further allowed to 

feed on non-infected NMRI mice, one week after the infectious feeding. Maintenance and 

rearing of mosquitoes were performed as described before (24, 25). 

Mice were infected intraperitoneally with 5 x 104 of pleiomorphic T. brucei brucei 

GVR35, or intradermally with 2 x 104 of Plasmodium berghei sporozoites, or intravenously 

with 1 x 108 of Leishmania infantum. All animal experiments were performed in accordance 

with the recommendations of the European Convention for the Protection of Vertebrate 

Animals Used for Experimental and Other Scientific Purposes (ETS 123) and 86/609/EEC 

Directive and Portuguese rules (DL 129/92). All procedures involving mice were approved 

by the competent national authority Direcção Geral de Alimentação e Veterinária (DGAV) 

and by the i3S Animal Ethical Committee. 
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Quantification of soluble factors by ELISA 

Blood from WT and CD5L-KO mice were collected from the tail vein at different time 

points post-infection starting at day 0 into non-heparinized capillaries. Blood was 

immediately transferred to an Eppendorf, followed by centrifugation to separate serum from 

the blood clot. Circulating CD5L was quantified in serum by enzyme-linked immunosorbent 

assay (ELISA) according to the manufacturer’s instructions (Sino Biological). Serum IFN-g, 

IL-17, and TNF-a levels were measured during T. brucei infection by commercial ELISA 

Max Deluxe kits (BioLegend). All the ELISA plates absorbance was read at 450 nm using 

Synergy 2 (BioTek). All samples were assayed in duplicate. 

Flow cytometry 

In the T. brucei infection model, splenocytes were collected at day 28 post-infection 

and 106 cells were incubated with FcR blocking (Miltenyi Biotec) for 10 min at 4 ºC followed 

by staining with distinct antibody panels including the following surface antibodies: CD45 

PerCP/Cy5.5 (13/2.3), CD3 APC/Cy7 (17A2), CD19 APC (6D5), CD4 FITC (RM4-5), CD8 

PE (53-6.7), CD11b PE/Cy7 (M1/70), CD11c Pacific Blue (N418), F4/80 APC/Cy7 (BM8), 

Ly6G APC (1A8), Ly6C FITC (HK1.4), CD25 PE (PC61). Intranuclear staining with FOXP3 

Alexa Fluor 647 (150D), T-bet Brilliant Violet 421 (4B10), TCRb (H57-597), RORg T eFluor 

710 (B2D) was performed using a cell fixation and permeabilization kit from eBiosciences. 

All the above-mentioned antibodies are from BioLegend, except TCRb and RORg T, which 

were obtained from BD Biosciences. Data were acquired in a FACSCanto II flow cytometer 

(BD Biosciences). Post-acquisition analysis was performed using FlowJo software v10 

(Tree Star). 

CD5L–Parasite Binding Assays 

Binding of SRCR proteins to microbial cells was performed as described previously 

(16) using 2 µg of recombinant CD5L protein interacting with 1 × 107 live parasites in binding 

medium (TBS with 1% BSA, with or without 5 mM Ca2+) for 1 h in an orbital shaker at 4 °C. 

Microbe-bound proteins were detected using mouse anti-Tetra HIS mAb (Qiagen) followed 

by incubation of anti-mouse HRP-conjugated antibody (BioLegend) for 1 h at RT. 

Immunoblots were developed using ECL. Sample loading was evaluated with a rabbit anti-

Leishmania infantum cysteine synthase (at 1:2,000 dilution) for Leishmania parasites and 

a rabbit anti-T. brucei aldolase (1:5,000) for T. brucei. 
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Mice bioluminescence imaging  

Mice infections with luciferase-expressing T. brucei GVR35 bloodstream forms, P. 

berghei sporozoites, and L. infantum axenic amastigotes were monitored by 

bioluminescence imaging using the IVIS Lumina LT system (Perkin Elmer). Ventral fur was 

shaved prior to image acquisition. Infected mice were anaesthetized with 2.5% isoflurane 

(O2 flow of 1 L/min) and injected subcutaneously with D-luciferin potassium salt (2.4 mg, 

Perkin Elmer) 5 min before image acquisition. The detection of bioluminescent signals by 

the system resulted in the generation of signal maps automatically superimposed to the 

grey-scale photograph of the mice. The quantifications were performed using the Living 

Image software (Perkin Elmer) and the regions of interest (ROI) were manually defined. The 

total flux (photons/second) and average radiance (photons/second/cm2/steradian) within 

these ROIs were automatically calculated. 

Ex vivo quantifications of the bioluminescence signal in specific organs was 

performed in the T. brucei infection model at day 28 post-infection.  Mice were injected 

subcutaneously with D-luciferin potassium salt and then euthanized for brain, kidney, 

spleen, lung, and liver collection. Parasite loads were assessed by bioluminescence 

imaging and quantification using the IVIS Lumina LT system as described above. 

Parasitemia 

The percentage of infected red blood cells in mice infected with P. berghei was 

quantified by Giemsa-stained thin blood smear starting from the third day after sporozoite 

inoculation. At least 40 microscopic fields (~ 20,000 red blood cells; detection limit 0.005%) 

were analyzed. 

Results 

CD5L physically binds to different protozoan parasites 

SRCR proteins can identify a large spectrum of pathogens, including not only 

bacteria but also viruses and fungi. The broad binding capacities of SRCRs have been 

recently extended to parasites, with the description that both CD5 and CD6 bind helminths, 

and that SSC4D can bind protozoan parasites (4, 6). We, therefore, explored whether the 

SSC4D-related SRCR protein CD5L could also physically interact with different groups of 

protozoan parasites, including Apicomplexa parasites such as P. berghei and N. caninum 

and Trypanosomatida such as T. brucei and Leishmania spp. In trypanosomatids, we 
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studied the physical interaction of CD5L with bloodstream forms of T. brucei, the parasite 

that causes African trypanosomiasis, and with promastigotes of L. major and L. infantum, 

that in humans cause cutaneous and visceral leishmaniasis, respectively, and with the non-

pathogenic L. tarentolae.  

 

Figure 1 - Physical and functional interactions between CD5L and protozoan parasites. Two µg of 

recombinant CD5L or sCD6 were incubated with suspensions of 1 × 107 live Trypanosoma brucei brucei 
bloodstream forms, Leishmania infantum, Leishmania major, and Leishmania tarentolae promastigotes, 

Plasmodium berghei merozoites, and Neospora caninum tachyzoites, in the presence or absence of 5 mM Ca2+. 

Parasite-bound proteins were detected by immunoblotting using anti-HIS mAb. Membranes were re-probed with 
an anti-aldolase, or anti-L. infantum cysteine synthase immune sera, as loading controls of T. brucei, or of L. 

infantum, L. major, and L. tarentolae, respectively. Results shown are of one of three independent experiments. 

(B) Blood was collected from C57BL/6 mice via tail vein and the circulating levels of CD5L were measured by 
ELISA, at different time-points after infection with T. brucei (red bars), L. infantum (green bars), or P. berghei 

(blue bars), or from uninfected mice (black bars). 
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The rodent malaria P. berghei merozoites and the N. caninum tachyzoites are 

among the studied apicomplexan parasites. Physical interactions were evaluated by 

incubating recombinant CD5L and sCD6 with suspensions of live parasites at 4 ºC followed 

by centrifugation and immunoblotting of the cell pellets. As seen in Fig. 1A, CD5L was found 

to associate with all the tested parasites in a Ca2+-dependent manner, confirming that CD5L 

is also capable of physically interacting with protozoan parasites. In contrast, we did not find 

sCD6 in the parasite pellet, which suggests that CD6 is not capable to bind parasites, or 

that this capacity is weaker than that of CD5L and SSC4D. 

Parasite infections lead to an increase in circulating CD5L 

To determine whether the levels of circulating CD5L change upon infection with 

protozoan parasites, we measured its concentration in the sera of C57BL/6 mice before and 

after infection with either the (A) pleomorphic T. b. brucei GVR35, (B) P. berghei sporozoites 

delivered through skin inoculation or (C) L. infantum axenic amastigotes. All the parasite 

lines used in this study express a luciferase reporter. These three parasites represent three 

different infection models with distinguished intracellular and extracellular infection 

strategies, in which (A) T. brucei is a circulating extracellular parasite; (B) P. berghei is 

mostly intracellular but alternates with extracellular invasive stages; (C) L. infantum is an 

intracellular parasite. Importantly, as illustrated in Fig. 1A, CD5L is capable of physically 

interacting with these 3 different parasites. 

African trypanosomiasis caused by T. brucei has two distinct stages. The first is due 

to the parasite replication in the blood and lymph, while the second stage begins once the 

parasite penetrates the blood-brain barrier and accesses the central nervous system. The 

pleomorphic T. b. brucei GVR35 strain is a current murine model of chronic stage II 

trypanosomiasis (26). In the rodent malaria model, mice were infected through the skin with 

sporozoites, the parasite stage transmitted by infected mosquitoes. Sporozoites actively 

migrate in the skin and invade dermal blood vessels, finding their way to the liver. Here, 

inside a hepatocyte, a single parasite will transform into thousands of red blood cell-infective 

forms, which will then initiate the symptomatic phase of infection. This pre-clinical phase in 

the liver lasts around two days in rodents (27). Leishmania infantum is responsible for 

visceral leishmaniasis as parasites infect internal organs including the spleen, liver, and 

bone marrow (28). Mice were infected by injection through the tail vein of L. infantum axenic 

amastigotes, which are highly infectious to mice (24). 

Although no major differences were observed in the circulating levels of CD5L upon 

infection with L. infantum, a slight increase, nevertheless statistically significant, was 
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observed at days 2 and 4 post-infection (Fig. 1B). This CD5L augment at the very early 

stages of infection could be due to parasite establishment in target organs which could 

trigger the production of CD5L by immune cells. Similarly, CD5L levels upon P. berghei 

infection with sporozoites are not considerably altered compared with the uninfected control, 

except for day 7 post-infection when parasites have undergone several repetitive cycles of 

invasion and multiplication inside red blood cells (Fig. 1B). By sharp contrast, levels of CD5L 

were considerably increased upon infection with T. b. brucei (Fig. 1B). Although the 

circulating levels of CD5L were statistically increased already at day 7 post-infection, 3-fold 

higher than the uninfected control, the increase in CD5L levels reaches up to 7-8-fold when 

compared with uninfected controls, from day 14 post-infection onwards.  

 

Figure 2 - Plasmodium berghei infection progression in WT C57BL/6 and in CD5L-KO mice. (A) WT and 
CD5L-KO mice were infected intradermally with 2 x 104 luciferase-expressing P. berghei sporozoites. Whole-

mouse bioluminescence imaging was performed using an IVIS Lumina LT. The figure shows representative 

images on days 1, 2, 5, 6, 7 and 8 after infection, from one of two independent experiments.  (Continues on the 
next page) 
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Figure 2 (Continuation) - (B) Bioluminescence average radiance (photons per seconds per square centimeter 

per steradian) quantification during liver stage. Graph shows the mean ± SD of two independent experiments 

(n= 7). (C) Bioluminescence average radiance (p/sec/cm2/sr) of whole mouse body was quantified in WT and 

CD5L-KO mice during the blood stage. Graph shows the mean ± SD of two independent experiments (n= 7). 

(D) Parasitemia was determined daily by microscopic analysis of Hemacolor-stained blood smears. Graph 

shows the mean ± SD of two independent experiments (n= 7). *, p < 0.05 (two-way ANOVA). (E) Percentage of 

survival of WT and CD5L-KO mice upon P. berghei infection. Graph is from two independent experiments (n= 

7). 

CD5L does not impact on infection by P. berghei or L. infantum  

To determine whether CD5L was required for effective protection against P. berghei 

or L. infantum infections, we used a mouse line in which the Cd5l gene has been genetically 

ablated (18). Both WT and CD5L-KO mice were infected by the microinjection of 2 x 104 of 

luciferase-expressing P. berghei sporozoites in the skin. Whole-body bioluminescence 

imaging was used to quantify the liver load in the first two days of infection. No differences 

in the parasite burden between WT and CD5L-KO mice were observed (Fig. 2A, B). 

Similarly, in the following days, from days 3 to 8 when parasites actively multiply in the 

blood, no differences were observed in the whole-body bioluminescence (Fig. 2C), in the 

percentage of infected red blood cells (Fig. 2D), nor in mouse survival (Fig. 2E). These 

findings suggest that the lack of CD5L does not impact on P. berghei ANKA strain infection 

in the susceptible C57BL/6 background. This model induces a neurological disease called 

experimental cerebral malaria that mirrors many of the pathological features observed in 

severe cerebral malaria, the most serious complication of the disease caused by P. 

falciparum, the most dangerous of the human parasites. 

WT and CD5L-KO mice were also infected intravenously with luciferase-expressing 

L. infantum axenic amastigotes. Whole-mouse in vivo imaging shows parasite 

establishment in target organs, including the liver and bone marrow; however, no 

differences in bioluminescence were observed between WT and CD5L-KO mice (Fig. 3A, 

B). Importantly, the in vivo bioluminescent signal decreases over time in both WT and CD5L-

KO mice.  The parasite burdens in the liver, spleen, and bone marrow were quantified at 41 

days post-infection, using the standard limiting dilution assay. No differences were observed 

between groups (Fig. 3C), which is in accordance with the data obtained using 

bioluminescence imaging, despite the lower sensitivity of the method (24). Overall, these 

results suggest that the lack of CD5L does not impact on the recognition, migration, nor on 

the control of P. berghei or L. infantum infections in the mouse. 
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Figure 3 - Leishmania infantum infection progression in WT C57BL/6 and in CD5L-KO mice. (A) WT and 

CD5L-KO mice were infected intravenously with luciferase-expressing L. infantum axenic amastigotes. Whole-
mouse bioluminescence imaging was performed using an IVIS Lumina LT. The figure shows representative 

images of WT and CD5L-KO mice in one experiment at days 2, 7, 14, 21, and 28 post-infection. (B) 

Bioluminescence average radiance (p/sec/cm2/sr) was quantified in the whole body. Graph shows the mean ± 

SD (n = 4). (C) Parasite burden in the spleen, liver and bone marrow (BM) from infected WT and CD5L-KO mice 

was determined by limiting dilution at day 41 post-infection. Graph shows the mean ± SD (n = 4). 

CD5L-KO mice are more susceptible to T. brucei infection 

To assess the role of CD5L in African trypanosomiasis, WT and CD5L-KO mice 

were infected intraperitoneally with 5 x 104 of luciferase-expressing T. b. brucei GVR35 

strain. As previously mentioned, this experimental model is characterized by parasite 

development in cyclic waves that lead to chronic disease and central nervous system 

infection. At each time point, mice were imaged using bioluminescence imaging, and blood 
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samples were also collected to quantify the parasitemia levels. Overall, no major differences 

were observed neither in the bioluminescence signal, parasite distribution nor in parasitemia 

(Fig. 4A-C). These results suggest that the role of CD5L as PRR does not impact 

substantially in the control of the infection, even though a slight increase in parasitemia was 

observed in each of the successive waves of infection, which could be due to the absence 

of this PRR. 

 

Figure 4 - CD5L-KO mice are more susceptible than WT mice to T. b brucei GVR35 infection. (A) WT and 

CD5L-KO mice were infected intraperitoneally with 5 x 104 luciferase-expressing T. brucei GVR35 strain. Whole-
body bioluminescence imaging of WT and CD5L-KO mice was performed at 1-, 2-, 3-, 4-, 7-, 10-, 14-, 16-, 21-, 

and 28-days post-infection (DPI) using an IVIS Lumina LT. In the figure, we only show representative images of 

days 7, 14, 16, and 28 post-infection, from one of four independent experiments. (B) Bioluminescence average 
radiance (p/sec/cm2/sr) of whole mouse body was quantified from WT and CD5L-KO mice. Graph shows the 

mean ± SD of four independent experiments (WT, n = 13; CD5L-KO, n=14). (Continues on the next page) 
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Figure 4 (Continuation) - (C) Parasitemia was determined using a Neubauer hemocytometer. Graph shows the 

mean ± SD of three independent experiments (WT, n = 9; CD5L-KO, n=10). (D) Percentage of survival of WT 

and CD5L-KO mice upon T. brucei infection. Graph is representative of four independent experiments. Kaplan–

Meier survival curves were generated to compare mortality between the two groups and significance was 
determined by log-rank (Mantel-Cox) test. ***, p < 0.005. 

 

Noticeably, CD5L-KO mice showed faster mortality rates the WT, even though no 

significant differences were observed in the parasite burden between both groups (Fig. 4D). 

Over 85% of the CD5L-KO animals died in the first 45 days of infection, compared with only 

30.7% of WT mice. 

 

Figure 5 - Impact of the abrogation of CD5L in T. brucei infection. (A) Quantification of bioluminescence 

signal using a Regions of Interest (ROI) in the brain of WT and CD5L-KO mice infected with T.  brucei GVR35 

strain. Graph shows the mean ± SD of four independent experiments. (B) IVIS representative images of ex vivo 

liver (Li), spleen (S), kidney (K), lung (L), and brain (B) from WT and CD5L-KO mice at day 28-post-infection by 

T. brucei. (C) Average radiance of ex vivo imaged organs. Graph shows the mean ± SD of two independent 

experiments. 

CD5L controls inflammation during T. brucei infection  

The above-described results pointed to the hypothesis that high concentrations of 

circulating CD5L might have a protective role against the progression of the pathology 

induced by T. brucei infection. On the other hand, CD5L seems to have no effective role, or 
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only a minor impact, on the clearance of T. brucei. It is nevertheless possible that CD5L 

may be involved in the modulation of the inflammatory response, which could have an 

impact on disease progression. To assess this premise, we conducted different experiments 

at day 28 post-infection.  

Whole-body bioluminescence imaging shows no obvious differences neither in 

parasite load nor in parasite distribution. We used rectangular regions of interest (ROIs) to 

determine the total bioluminescence signal emitted by T. brucei in the brains of WT and 

CD5L-KO mice during the course of infection. Although ROI analysis is not the most 

accurate method to measure parasite burden in a specific organ, we did not find statistical 

differences between WT and CD5L-KO mice (Fig 5A). Given that circulating parasites can 

influence the in vivo organ bioluminescence analysis, WT and CD5L-KO animals were 

euthanized at day 28 post-infection, selected organs were collected, and bioluminescence 

imaging of ex vivo lungs, liver, spleen, brain, and kidney was performed. Despite the 

differences being not significant, CD5L-KO lungs and brain displayed slightly increased 

radiance values, compared with the corresponding organs from WT mice, but lower values 

in the kidney (Fig. 5B, C). This mild increase in parasite burden in the lungs and particularly 

in the brain during the chronic stage of the disease could lead to a dysregulated 

inflammatory response (locally and systemically) that might result in increased immune cell 

infiltration, excessive production of inflammatory mediators like cytokines, and subsequent 

tissue damage that can lead to organ failure and death. 

We thus assessed whether the absence of CD5L could impact on the inflammatory 

response resulting from the T. brucei infection. WT and CD5L-KO mice infected with T. 

brucei GVR35 were euthanized at day 28 post-infection and immune cell populations from 

spleen were analyzed by multi-color flow cytometry. Although no differences between the 

two animal groups were observed in total splenocyte counts, a significantly increased 

accumulation (percentage and numbers) of macrophages, inflammatory monocytes, and 

CD4+ TH1 cells were found in the spleen from CD5L-KO when compared with WT mice (Fig. 

6A). In addition, we also observed a significant decrease in B cell numbers in the spleen of 

CD5L-KO mice. Other populations of lymphoid and myeloid cells were also analyzed, 

showing no significant differences. 

Considering that the number of TH1 cells and macrophages in the spleen were 

augmented, different cytokines were measured by ELISA at 14- and 28-days post-infection. 

We observed a statistical increase of IFN-g in the early time-point and an increase of TNF-

a in both time-points. No differences in IL-17 were observed (Fig. 6B). In addition, the 

frequencies of TH1 and Treg cells differ substantially between WT and CD5L-KO mice. 

Whereas CD5L-KO mice display a significant augment in the percentage of TH1 cells, by 
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contrast WT mice show a relative increase in the Treg population in infected animals (Fig. 

6C). Consequently, the TH1/Treg ratio is dramatically increased in CD5L-KO mice, showing 

a clear imbalanced response. Consequently, it is possible that in the absence of CD5L there 

is an increased susceptibility without differences in parasite burden followed by an 

amplification of a type 1 immune response. These results corroborate our hypothesis that 

CD5L might be an important anti-inflammatory mediator, and thus they strongly suggest 

that the absence of CD5L leads to a marked and predominant TH1 response with very few 

suppressor T cells which could impact negatively in moderating the immune response. 

 

Figure 6 - Absolute numbers and frequency of spleen lymphoid cell populations in WT and CD5L-KO 
upon T. brucei infection. (A) Flow cytometry analysis of immune cell populations from spleens of WT and 

CD5L-KO mice at day 28 post-infection. Graphs show the mean ± SD of two independent experiments (n = 6). 

*, p < 0.05; **, p < 0.01; ***, p < 0.005 (unpaired Student’s t test with Welch’s correction). (Continues on the next 

page)  
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Figure 6 (Continuation) - (B) IL-17, IFN-g, and TNF-a quantification in sera from WT and CD5L-KO mice at 0 

(non-infected), 14-, and 28-days post-infection. Graphs show the mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 

0.005 (two-way ANOVA). (C) Percentage of WT and CD5L-KO splenocytes that express FoxP3/CD25+ (Tregs) 

and T-bet/CD25+ (TH1) from non-infected or T. brucei infected mice at 28 days post-infection. Graphs show the 

mean ± SD. **, p < 0.01; ***, p < 0.005 (unpaired Student’s t test with Welch’s correction). (D) Ratio of Treg/TH1 

splenocytes from WT and CD5L-KO mice infected with T. brucei at 28 days post-infection. ***, p < 0.005 
(unpaired Student’s t test with Welch’s correction). DCs: Dendritic cells; Tregs: T regulatory; TH1: T helper 1 

cells. 

Discussion 

The role of CD5L as PRR for bacteria has been extensively characterized; however, 

the putative role of CD5L as an immune sensor for parasites remained unexplored until now 

(29, 30). Recently, we have described that the CD5L-related SRCR protein SSC4D can 

bind to protozoan parasites (296). Given that SSC4D is also a secreted molecule and 

shares at the amino acid level a high homology with CD5L, we conjectured that CD5L might 

also act as PRR for protozoan parasites. The present report shows for the first time that 

CD5L is indeed capable of physically interacting with protozoan parasites (Fig.1A).  

Although it is popularly recognized that pathogen recognition by the innate system 

involves different classes of PRRs such as toll-like receptors, C-type lectin receptors and 

NOD-like receptors, only recently there has been support for the concept that SRCR 

proteins constitute a legitimate branch of the PRR family. Deleted in malignant brain tumors 

1 (DMBT1) was the first group B SRCR molecule identified as a PRR (31). Subsequent 

reports have shown that human and mouse CD5L also have the capacity to bind helminths, 

fungi, Gram-positive and Gram-negative bacteria (29, 30). The extracellular domains of the 

T cell receptors CD5 and CD6 can also recognize fungal and helminths parasitic cell wall 

components (6, 7). In addition, CD6 recognizes Gram-negative and Gram-positive bacteria; 

nevertheless, these interactions between CD6 and bacteria remain controversial (16, 32). 

Likewise, the macrophage scavenger receptor CD163 was also identified as a PRR for 

Gram-positive and Gram-negative bacteria (33). More recently, the soluble SRCR proteins 

SSC4D and SSC5D were both reported to bind Gram-positive and Gram-negative bacteria, 

while SSC4D was also reported to bind protozoan parasites (4, 16). The great majority of 

group B SRCR members have thus been shown to act as immune sensors to different types 

of pathogens, whereas SCART1 and M160 (CD163 antigen-like 1) remain as the only 

SRCR members without an unequivocal role in pathogen recognition. Nevertheless, the full 

binding spectrum of these proteins remains to be established (34).  Overall, these pieces of 
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evidence highlight the relevance of the group B SRCR-SF in host immune surveillance, and 

strongly suggest that SRCR proteins are bona fide PRRs. 

At steady-state, CD5L is constitutively secreted mainly by macrophages and 

monocytes; however, the expression of CD5L can be upregulated by 

macrophages/monocytes but also by other immune cell types upon an inflammatory 

stimulus (9). Based on this premise, we analyzed the expression of circulating CD5L upon 

infection of C57BL/6 mice with luciferase-expressing T. brucei, P. berghei, or L. infantum. 

These three parasites represent three different infection models, in which, T. brucei is a 

circulating extracellular parasite that leads to systemic infection and chronic disease, P. 

berghei is mostly intracellular but alternates with extracellular invasive stages that cause 

systemic infection and acute disease (ANKA strain), and L. infantum is an intracellular 

parasite that targets the liver, spleen, and bone marrow and leads to asymptomatic disease 

in mice. WT mice challenged with T. brucei produced significantly more CD5L when 

compared with non-infected mice (Fig.1B). In contrast, infections with P. berghei or L. 

infantum do not impact significantly the circulating levels of CD5L (Fig. 1B). These results 

can be explained considering the different mechanisms of parasite infections, or by different 

immune responses to the parasite.  

First, we hypothesized that intracellular pathogens may escape circulating immune 

surveillance mechanisms and thus do not impact on the upregulation of CD5L. In the 

absence of symptomatology, as occurs in the L. infantum infection model, no significant 

differences in the expression of CD5L were observed. L. infantum parasites can subvert the 

activation of macrophages into a dormancy state, by decreasing the expression of PRRs, 

cytokine production, and thus we hypothesized that CD5L production/secretion could also 

be impaired in infected macrophages (35, 36). 

We also hypothesized that other mechanisms might be involved. Our results showed 
that in both T. brucei and P. berghei experimental models, CD5L expression is increased 

at day seven post-infection. Curiously, in the Corynebacterium parvum-induced granuloma 
model, CD5L production peaks at day 10 after injection and is coincident with the peak in 

IL-12 production and with the recruitment of Thy1.2 cells to the liver (37). Additionally, 
Sanjurjo et al. showed that IL-10 polarized monocytes express significantly more CD5L than 

unstimulated cells (11). Taken together, these studies might indicate a correlation between 

the activation of the adaptive immune response and CD5L upregulation. Regarding the P. 

berghei infection model, we only observed a statistical difference in the last time-point 

analyzed. This infection model reflects the complexity of natural infections as it is initiated 

with sporozoites, the parasite stage transmitted by mosquitos, delivered through the skin.  
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Thus, the infection is divided into two well-compartmentalized stages in which the initial 

stage is asymptomatic, with parasites multiplying in the liver, followed by a systemic phase 

characterized by repetitive cycles of parasites multiplication inside red blood cells that cause 

the typical symptoms of malaria by triggering a massive immune response, clogging 

capillaries, and lysing red blood cell (38). However, the experimental P. berghei infection 

used in this work may have some limitations to study the mechanism behind the CD5L 

upregulation as it is an acute model of experimental cerebral malaria. Indeed, the early and 

fulminant cerebral pathology tends to limit the time window available as C57BL/6 mice 

survive for up to 10 days (39). Infections with other P. berghei strains that do not cause 

early fulminant pathology, such as NK65, are needed to fully investigate the role of CD5L 

in malaria. 

The results regarding T. brucei infection showed a significant and dramatic augment 

in the expression of CD5L upon 7 days of infection, which may suggest an important role 

for CD5L in African trypanosomiasis. Curiously, in both T. brucei and P. berghei 

experimental models, the CD5L expression is increased at day seven post-infection which 

may indicate a correlation between the adaptative immune response activation and CD5L 

upregulation (Fig. 1C). 

It is known that T. brucei-derived components sVSG and CpG DNA are recognized 

by the scavenger receptor (SR)-A and toll-like receptor 9 (TLR9). Mice deficient of this TLR 

display increased numbers of parasites following clearance of the first peak of parasitemia; 

however, no differences in survival were observed (5, 40, 41). Since we found that CD5L 

can bind to T. brucei parasites and the expression of CD5L is upregulated upon infection, 

we hypothesized a putative role for CD5L in T. brucei host resistance similar to TLR9. 

Nevertheless, we found no differences neither in parasitemia nor in the total parasite burden 

when we compared WT with CD5L-KO mice (Fig. 4A-C). Curiously, despite there being no 

significant differences in parasitemia, it is possible to observe a slight increase in parasite 

number in all peaks of parasitemia (Fig. 4C). From our point of view, these results suggest 

that CD5L is not required to control T. brucei infection, even though we do not exclude the 

possible contribution of CD5L in host resistance against T. brucei infection. 

Although no differences in parasite numbers were observed throughout the 

experiments, the CD5L deficient mice showed enhanced susceptibility to T. brucei infection 

(Fig 4D). This striking result led us to hypothesize that the key role of CD5L in T. brucei 

infection was anti-inflammatory rather than anti-microbial. The role of CD5L in the 

modulation of the inflammatory response has been controversial, whereby some studies 

show divergent roles (anti-inflammatory vs. pro-inflammatory); however, there is a 
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consensus about the multifunctionality and importance of CD5L in the inflammatory 

response.  

Overall, we observed by flow cytometry an accumulation of myeloid (macrophages 

and inflammatory monocytes) and lymphoid (CD4+ TH1 cells) cells in the spleens of CD5L-

KO mice at day 28 post-infection (Fig. 6A). This accumulation suggests a marked and 

predominant TH1 response, which is further amplified by the increased production of IFN-g 

and TNF-a, which is observed 14- and 28-days post-infection in CD5L-KO mice (Fig. 6B). 

Importantly, we do not observe differences in total splenocyte numbers between WT and 

CD5L-KO mice. Although the polarization of TH1 type immunity is associated with protection 

against T. brucei infection, it is also described that it can be detrimental to the host and may 

influence the host in terms of immunopathology (41-44).  Thus, we hypothesized that there 

might be a correlation between the accumulation of TH1 cells, immunopathology, and the 

increased susceptibility of the CD5L-KO mice to T. brucei infection. Additionally, Sanjurjo 

and collaborators have shown that CD5L drives macrophages towards an M2 phenotype 

using in vitro experiments (11). This observation can be a possible explanation for the 

increased levels of TH1 cells that we detected in CD5L-KO mice. The deficiency of CD5L 

might block the polarization of macrophages towards an M2 phenotype, retaining a 

predominant TH1 response, which leads to the production of TH1-signature cytokines and 

consequently to an increased TH1 differentiation, thus maintaining a pro-inflammatory 

environment that can be detrimental in CD5L-KO mice. The increased ratio of TH1/Treg that 

is observed in CD5L-KO mice can indirectly support this hypothesis (Fig. 6C). Since M2 

macrophages are an important source of IL-10, which is a key cytokine for Treg 

differentiation, the absence of CD5L may block the polarization to the M2 pro-healing 

phenotype and consequently downregulate the production of IL-10 and upregulate the 

production of IL-12, promoting a positive feedback loop that amplifies the TH1 cell response. 

Additionally, IFN-g and TNF-a also play dual roles in T. brucei infection. On one 

hand, they are linked to host resistance; however, on the other hand they are associated 

with disease severity. It has been proposed that T. brucei parasites penetrate the blood-

brain barrier (BBB) in an IFN-g and TNF-a dependent manner, whereby TNF-a can induce 

the expression of adhesion molecules (such as ICAM-1 and VCAM-1) in brain endothelial 

cells, and early IFN-g production can promote the penetration of T cells and parasites into 

the brain (45, 46). Moreover, higher levels of TNF-a are correlated with the severity of 

neuropathological symptoms in the human sleeping sickness (47). Although no significant 

differences were observed between WT and CD5L-KO mice in the ex vivo brain 

bioluminescence analysis, it is possible to observe an increase in the CD5L-KO brain 

bioluminescence at day 28 post-infection (Fig. 5B-C). Moreover, we do not know whether 
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this difference in the bioluminescent signal could reflect a significant or biological difference 

in parasite burden that impacts on the increased susceptibility observed in CD5L-KO mice. 

Overall, all these observations may suggest that the early and massive IFN-g and TNF-a 

production observed in CD5L-KO mice might be associated with the invasion of parasitic 

cells into the brain in early time-points, followed by early neuropathological symptoms that 

could lead to increased susceptibility. 

It is also plausible that the susceptibility mechanism in CD5L-KO mice occurs due 

to the increased numbers of macrophages, inflammatory monocytes, and TH1 cells 

observed in CD5L-KO mice, followed by the dramatic enhancement of IFN-g and TNF-a 

production. Through these observations, we hypothesized that the abrogation of CD5L 

could lead to the amplification of a type 1 immune response loop and the maintenance of a 

chronic pro-inflammatory environment, followed by the increase of an autoreactive 

inflammatory immune response that could impact dramatically on the survival of T. brucei 

infected mice. 

Collectively, our results attribute to CD5L a role as a PRR for parasitic cell wall 

components. In addition, our data strongly suggest that CD5L can modulate the immune 

response by promoting the shift between a pro-inflammatory to an anti-inflammatory 

environment. 
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The capacity to recognize invasive pathogens defines one of the most critical events 

in our body. In this thesis we have identified a new PRR member – SSC4D, which can 

recognize protozoan parasites, Gram-negative, and Gram-positive bacteria. We also focus 

on CD5L, a well-established PRR for bacteria and fungi. Interestingly, E. coli bioparticle 

phagocytosis by macrophages is augmented in the presence of SSC4D, in contrast with 

what is witnessed for CD5L that does not impact on phagocytosis.  

CD5L is a very complex molecule with different functions in our system, namely in 

the modulation of the immune response, and we have additionally found a novel type of 

interactions between CD5L and parasites that advances our current knowledge on the 

CD5L spectrum of pathogen recognition. We found that expressing levels of circulating 

CD5L are dramatically augmented upon infection with Trypanosoma brucei parasites but 

not with Leishmania infantum or Plasmodium berghei. Moreover, CD5L-KO mice are much 

more susceptible to T. brucei infection when compared with WT mice. Curiously, we do not 

observe differences in the number of parasites within the tissues nor in the number of 

circulating parasites in CD5L-KO mice. Rather, we observed a dysregulated immune 

response which is correlated with an increase of macrophages, inflammatory monocytes, 

and CD4+ TH1 cells. Moreover, the inflammatory response in the CD5L-KO mice is further 

amplified with a significant increase of IFN-g and TNF-a. 

 

In this section, I discuss the major findings obtained in this thesis and integrate them 

with several key studies that have contributed to our current understanding of the processes 

underlying pathogen recognition and inflammatory responses. 

Pathogen recognition – the unifying function for the SRCR proteins?  

Since the elegant and fascinating theory of PRRs proposed by Charles Janeway, 

followed by the pioneering discovery of the first toll-like receptor by Jules Hoffmann, a 

myriad of molecules with the capacity to sense pathogenic microorganisms and to instruct 

the innate and adaptive immune system to respond to the invader pathogen have been 

identified (2, 60). In this particular matter, we and others have been characterizing SRCR-

SF group B proteins as PRRs. The SRCR-SF group B is comprised by a heterogeneous 

group of proteins that share high levels of structure similarities, highlighted by the presence 

of genetically conserved SRCR domains. Although there are extraordinary sequence 

similarities between all individual type B SRCR domains and a nearly perfect conservation 

of key residues, namely eight regularly spaced cysteine residues that establish intra-domain 

disulfide bonds in very defined combinations, and also sequences that are 100% conserved 
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in all known domains, especially in the β1 and β2 strands and in the boundaries between 

the α1 helix and the β4 strand, the SRCR-SF is characterized by a vast functional diversity 

(Results Chapter II, Figure 1A). In fact, no unifying function has been described for the 

superfamily (99).  

The multifunctionality among SRCR domain-containing proteins can be in part 

explained by the numerical variations of SRCR domain tandem repeats, by the presence of 

non-SRCR domains, namely CUB and ZP domains in some SRCR proteins, and by different 

protein expression patterns. These features impact significantly by generating multiple 

SRCR proteins with exclusive functions, which include: modulators of inflammation, iron 

homeostasis, T cell activation, cell apoptosis, among others (105, 297, 298). Nonetheless, 

the great majority of the group B SRCR members have been shown to act as immune 

sensors of different pathogens (99). Upon the recent identification of SSC4D as a PRR, six 

out of eight group B SRCR proteins were pinpointed with the ability to recognize and bind 

to microbial structures. SCART1and M160 are the only SRCR group B member without the 

described ability to bind pathogens; however, the full binding spectrum of SCART1 and 

M160 remain incomplete (299). Overall, these data highlight two key conclusions. First, they 

strongly suggest that the ability to bind to pathogens might be the unifying function for this 

superfamily of proteins. Secondly, these data strengthen the concept that SRCR-SF is a 

legitimate member of the broader family of PRRs. 

SRCR proteins vs. classic PRRs molecules 

Regarding their role as PRRs, group B SRCR-SF and classical PRRs families are 

functionally distinct. One of the major features of classic PRRs, such as TLRs, NLRs, and 

RLRs, is that each family displays high specificity to a certain antigen. These features are 

in deep contrast to what is known for the SRCR-SF. For instance, CD5L can bind to 

protozoan parasites, fungi, Gram-negative, and Gram-positive bacteria (121). Recently, we 

showed that SSC4D physically interacts with protozoan parasites, Gram-negative, and 

Gram-positive bacteria (Results Chapter II, Figure 4A, 6A and B; Results Chapter III, 
Figure 1A). The extracellular domains of the T cell antigens CD5 and CD6 can recognize 

fungal and helminths parasitic cell wall components (300). In addition, CD6 is reported to 

Gram-negative and Gram-positive bacteria, although these interactions remain 

controversial (118, 297). Recently our lab has shown that SSC5D can bind to both Gram-

negative and Gram-positive bacteria (118). DMBT1 bind to viruses, including HIV-1 and 
influenza A virus, and to Gram-negative and Gram-positive bacteria (115, 119, 301). 
Overall, these observations strongly suggest that each group B SRCR member recognizes 
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a broad range of microbial pathogens. We hypothesized that these promiscuous 

interactions between group B SCRC proteins and pathogens can be a potential 

immunological advantage. Most of these receptors are present in epithelial cells or in 

circulation, which means they patrol the main body entries, scavenging for putative invasive 

pathogens. Thus, upon microbial invasion, these promiscuous PRRs will recognize a myriad 

of pathogens, triggering a faster, even though unspecific, immune response. 

According to Medzhitov, the immune response pathway comprises four distinct 

functional categories: inducers, sensors, effectors, and mediators (59). Briefly, inducers 

(such as LPS) are signals that activate specific immune sensors (such as TLR4) that 

stimulate and induce an inflammatory response by effector cells (such as macrophages), 

producing immune mediators (such as TNF-a) that orchestrate all the inflammatory 

response. Thus, classical PRRs act exclusively as immune sensors of a specific antigen 

during the inflammatory response (59, 67). In contrast, recent observations have been 

addressing the role of some group B SRCR domain-containing proteins as mediators of 

inflammation. The better studied SRCR protein as mediator of inflammatory responses is 

CD5L. It is known that CD5L induces the polarization of macrophages into a pro-healing M2 

phenotype (143).  Additionally, in vitro experiments showed that CD5L inhibited monocyte 

TNFa and IL-1b production while enhancing IL-10 secretion upon stimulation with LPS (113, 

121, 143). Bárcena et al. tested the therapeutic potential of CD5L administration in an in 

vivo model of hepatic fibrosis. The results suggested that CD5L impacts directly on the 

hepatic stellate cells by inducing SMAD7 expression while repressing TGF expression, 

leading to the reduction of collagen deposition. Additionally, they also found a reduction in 

cell infiltration and a phenotypic shift between high inflammatory monocytes to resident 

monocytes (302). 

We here took advantage of a mouse model where the cd5l gene was abrogated, to 

study the role of this protein in different experimental infectious diseases. Surprisingly, we 

did not find major differences in parasitic burdens between WT and CD5L-KO mice, even 

though the latter were much more susceptible to T. brucei infection. Instead, we found a 

dysregulated inflammatory response, which supports the concept that CD5L is a crucial 

player in the inflammatory response (Results Chapter III, Figure 4A-C). In agreement, 

different studies using CD5L-KO mice have defined CD5L as a key player in inflammation. 

Hasegawa et al. demonstrated that CD5L binds to the p19 subunit of IL-23 and activates 

the signal transduction and activator of transcription (STAT) 5, enhancing the generation of 

GM-CSF-producing CD4+ T cells. Consistent with these observations, the CD5L-deficient 

mice presented significantly alleviated EAE with reduced frequency of GM-CSF-producing 

CD4+ T cells in the CNS (151). Wang et al. have shown that CD5L mediates the 
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pathogenicity of TH17 cells by regulating the TH17-cell lipidome. Loss of CD5L converts non-

pathogenic TH17 cells into disease-inducing TH17 cells which leads to more severe clinical 

EAE (103). 

Binding affinities: SRCR protein-microbe interactions 

Recent observations from our lab have suggested that SSC5D and CD5L can bind 

with superior affinity to pathogenic strains of E. coli than to a non-pathogenic strain of E. 

coli. These results indicate that SRCR proteins may have discriminatory properties to 

different pathogenic antigens (118). Although the focus of this thesis is on the 

characterization of novel interactions between SRCR proteins and microbes, the results 

obtained may corroborate and give new insights to the hypothesis that SRCR proteins bind 

preferentially to highly pathogenic microbes. Here, we also show different intensities of 

binding even when we incubate the same concentration of an SRCR protein with the same 

amount of different microbes. To validate our results, we used a panel of well-established 

interactions between CD5L and three different E. coli strains (118). While E. coli BL21(DE3) 

is a well-characterized non-pathogenic bacterium strain commonly used in academic 

laboratories, E. coli RS218 is a virulent pathogenic strain associated with neonatal 

meningitis. E. coli IHE3034 is a pathogenic strain that also belongs to the same serotype 

(O18:K1:H7) and is also associated with neonatal meningitis. In addition, we also tested the 

binding affinity of CD5L to the uropathogenic E. coli CFT073 strain, which is a clinical isolate 

associated with ascending urinary infections. The binding of CD5L to E. coli RS218 and 

CFT073 strains gave the strongest intensity of binding, whereas the binding of CD5L to E. 

coli IHE3034 and BL21(DE3) were lower but gave similar intensities between both strains 

(Results Chapter II, Figure 4A). These results are consistent with previously SPR 

experiments where CD5L-E. coli RS218 interactions gave the highest sensor responses, 

while no differences between CD5L-E. coli IHE3034 and E. coli BL21(DE3) interactions 

were observed (118).  

Regarding SSC4D, it is possible to observe a different binding pattern when 

compared with CD5L, suggesting that SRCR proteins may have very defined discriminatory 

properties on different extracellular components of microbes. Indeed, our ELISA results 

show that recognition of LPS and LTA by SSC4D or CD5L was different, possibly reflecting 

a differential sensing of Gram-positive vs. Gram-negative bacteria (Results Chapter II, 
Figure 4C). Likewise, the two recombinant hemi-SSC4D forms, SRCR-d1d2 and SRCR-

d3d4, display distinct preferences of binding. SSC4D-d1d2 seems to have a higher affinity 

to Gram-negative bacteria. In contrast, the binding affinity of SSC4D-d3d4 to Gram-positive 

and Gram-negative bacteria is more homogeneous; nonetheless, the results may suggest 



Chapter IV | General discussion 

 115 

that SSC4D-d3d4 binds better to Gram-positive bacteria than does SSC4D-d1d2 (Results 
Chapter II, Figure 4B). We thus measured by ELISA the affinity of each one-half of the 

SSC4D molecule to each typical endotoxin of Gram-negative and Gram-positive. In general, 

the results corroborate the WB observations since the SSC4D-d1d2 binding affinity to LPS 

is higher than SSC4D-d3d4. The binding curves of each half of the SSC4D protein to LTA 

were indistinguishable between the two subunits (Results Chapter II, Figure 4C). Although 

the analysis of band intensity may suggest that SSC4D-d3d4 binds better to Gram-positive 

bacteria than does SSC4D-d1d2, the ELISA measurements show that SRCR-d1d2 and 

SRCR-d3d4 bind equally to LTA. This inconsistency may be explained by the fact that we 

used whole-live bacteria in the classic interactions, and SRCR-proteins may recognize other 

structures present in the surface of a bacteria. Indeed, it is known that CD5L can bind to 

LPS, LTA, and peptidoglycan (PGN) (121). Moreover, by comparing the intensity of bands, 

the results suggest that the binding capacity of CD5L to bacteria is superior when compared 

with SSC4D. In contrast, the affinity of SSC4D to parasites seems to be higher than CD5L 

(Results Chapter II, Figure 6A and C; Chapter III, Figure 1A). Importantly, all the 

interactions between SRCR-proteins and parasites were performed simultaneously. 

Overall, these data support the hypothesis that SRCR molecules have differential 

binding avidities to different antigens. These discriminatory properties of SRCR proteins are 

not exclusive for the distinction between microbes species but also include the ability to 

distinguish distinct levels of pathogenicity. In addition, the results with the two recombinant 

hemi-SSC4D forms suggest that an SRCR protein has multiple putative binding motifs that 

may be responsible for the binding of different antigens. This hypothesis is supported by 

the evidence that DMBT1 has a binding motif on the SRCR domains that are essential for 

the bacterial binding, which differs from the binding region responsible for the recognition 

of influenza A virus and Helicobacter pylori (303). 

CD5L: Anti-microbial, Anti-inflammatory or Pro-inflammatory protein? 

Over the last decade, many different observations have uncovered distinct roles for 

CD5L, ranging from the well-established function as an anti-apoptotic protein to a PRR 

molecule, autophagy, regulation of lipid metabolism or iron homeostasis, and cell 

polarization, among others. This CD5L multifunctionality impacts directly on the modulation 

of several key immunological events, namely on infection, metabolic disorders, cancer, 

autoimmune disease, and consequently during either an acute or chronic inflammatory 

process (304). However, different studies on CD5L have shown divergent or even 

contradictory results of its involvement, mostly related to its function as an anti-microbial 

protein or either by promoting or attenuating the inflammatory response.  
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The ability to recognize microbes is one of the most well-characterized functions 

attributed to the CD5L protein. In addition, it is also established that CD5L promotes 

bacterial aggregation (121). Therefore, since CD5L is mainly produced by phagocytic cells 

and binds to microbes, promoting bacterial aggregation, it was expected that CD5L would 

also enhance phagocytosis and contribute to pathogen clearance. Here we observed that 

ex vivo human monocytes incubated with E. coli pHrodo BioParticles in the presence of 

CD5L do not induce a significant increase in the phagocytic capacity (Results Chapter II, 
Figure 5A). This observation is consistent with a recent report showing that CD5L-polarized 

monocytes do not alter their phagocytic capacity to microspheres, E. coli, or S. aureus (143). 
Moreover, Kimura et al. showed that CD5L suppresses the phagocytosis of apoptotic 

neutrophils by bone marrow-derived macrophages or murine cell line RAW 265.7  (202). In 

addition, we did not observe significant differences in the whole-body bioluminescence 

imaging analysis nor in circulating parasite numbers in CD5L-KO mice infected either by T. 

brucei, P. berghei or L. infantum (Results Chapter III, Figure 2A-D; Figure 3A-C; Figure 
4A-C). These observations are in deep contrast with T. brucei infected TLR9-KO mice that 

have a marked increase in parasitic burden, which clearly suggest a role in sensing T. brucei 

derived structures and promoting anti-microbicidal activities (228). Although different 

studies have suggested that CD5L does not impact on phagocytosis, there is some 

controversy regarding this matter. During acute kidney injury (AKI), CD5L-KO mice 

exhibited abrogated debris clearance that consequently led to persistent renal inflammation. 

Curiously, immunofluorescence staining in AKI-induced WT mice demonstrated that CD5L 

accumulates on necrotic cell debris within the kidney proximal tubules (133). Furthermore, 

in a mouse model of Corynebacterium parvum-induced granuloma, the CD5L-deficient mice 

presented less phagocyted bacilli by macrophages (305). In addition to these in vivo 

observations, CD5L also has demonstrated the in vitro capacity to enhance phagocytosis 

of latex beads, cellular debris, and apoptotic cells (133, 142, 143). Overall, these data 

pointed to the fact that under few circumstances CD5L might act as an inducer of 

phagocytosis. 

This controversy regarding the role of CD5L in phagocytosis may depend on the 

experimental setup, the type of particle/microorganism to be internalized, and the molecular 

and cellular species analyzed. Nevertheless, based on our results we anticipate that the 

anti-microbial proprieties are not the leading function of CD5L. This hypothesis is reinforced 

by different observations that showed that CD5L mostly enhances phagocytosis of cellular 

debris and apoptotic cells rather than live bacteria (133, 143). 
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Although the role of CD5L during the inflammatory response is indisputable, whether 

CD5L promotes the enhancement of a pro-inflammatory response or promotes the 

maintenance of an anti-inflammatory environment remains unclear. 

Several studies have revealed that CD5L expression is up-regulated under 

inflammatory conditions, namely upon oropharyngeal administration of LPS, heat-killed 

Corynebacterium parvum injection, Listeria monocytogenes infection, endotoxin-induced 

fulminant hepatitis, in atherosclerotic lesions, and in the adipose tissue of obese mice (135, 
189, 202, 305, 306). Based on this premise we analyzed the expression of circulating CD5L 

upon infection with T. brucei, P. berghei, or L. infantum. These three species of parasites 

represent three different infection models, in which, T. brucei is a circulating extracellular 

parasite that leads to systemic infection and chronic disease, P. berghei is mostly 

intracellular but alternates with extracellular invasive stages that cause systemic infection 

and acute disease, and L. infantum is an intracellular parasite that targets the liver, spleen, 

and bone marrow and leads to asymptomatic disease. We observed that C57BL6 WT mice 

challenged with T. brucei produced significantly more CD5L when compared with the non-

infected mice. In contrast, infections with P. berghei or L. infantum do not impact significantly 

on the expression of CD5L (Results Chapter III, Figure 1B). The exact mechanism that 

leads to CD5L upregulation is still not fully understood. Arai et al. have shown that oxLDL 

uptake by macrophages impacts directly on CD5L overexpression; however, other 

observations may suggest additional mechanisms involved in the upregulation of CD5L 
(189). Our results showed that in both T. brucei and P. berghei experimental models, the 

CD5L expression is increased at day seven post-infection. Curiously, in the 

Corynebacterium parvum-induced granuloma model, the CD5L production peak occurs at 

day 10 after injection and is coincident with the IL-12 production peak and with the 

recruitment of Thy1.2 cells to the liver (305). Additionally, Sanjurjo et al. showed that IL-10 

polarized monocytes express significantly more CD5L than unstimulated, or IFN-g/LPS or 

IL-4 polarized monocytes (143). Taken together, these studies might indicate a correlation 

between the activation of the adaptive immune response and the upregulation of CD5L. 

Interestingly, we did not observe differences in the circulating levels of CD5L upon 

Leishmania infantum infection, which could be explained by the well-known ability of L. 

infantum parasites to subvert the activation of macrophages into a dormancy state, by 

decreasing the expression of PRRs, cytokine production. Thus, we hypothesize that CD5L 

production/secretion could also be impaired in infected macrophages (251, 257). 

The dramatic increase of CD5L expression upon T. brucei infection led us to 

consider a putative role for CD5L in Trypanosomatid infections. Nevertheless, we found no 

differences neither in parasitemia nor in the whole-body bioluminescence signal analysis 
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when we compared T. brucei infected-WT with infected CD5L-KO mice (Results Chapter 
III, Figure 4A-C). Strikingly, CD5L-KO mice show greatly enhanced susceptibility to T. 

brucei infection (Results Chapter III, Figure 4D). These findings highlight a scenario 

whereby a CD5L function as inflammatory mediator may be implied. In order to dissect the 

CD5L mechanism underlying T. brucei infection susceptibility, we conducted several 

analyses at day 28 post-infection. Although tissue ex vivo bioluminescence analysis 

revealed no statistical differences between WT and CD5L-KO tissues, it is possible to 

observe slight differences, including an increase in the bioluminescence of CD5L-KO brains 

(Results Chapter III, Figure 5B-C). We do not know whether this trend in the brain 

bioluminescent signal could reflect a biological difference in T. brucei numbers that further 

impacts on the increase of mouse susceptibility. 

In addition, flow cytometry analysis of T. brucei infected CD5L-KO splenocytes 

revealed a decrease of B cells (CD19+ cells) (Results Chapter III, Figure 6A). In both WT 

and CD5L-KO mice the numbers and percentage of B cells are drastically reduced (WT: 

~25%; CD5L-KO: ~10%) when compared with non-infected WT animals (~50% of B cells). 

It is known that T. brucei infection induces a non-specific polyclonal B-cell activation that 

leads to B-cell clonal exhaustion, destruction of the splenic B cell compartment, and the 

impairment of B-cell lymphopoiesis. Nevertheless, the reduction of the B cell population is 

even more considerable in the CD5L-KO mouse. It is hard, in the light of our current 

knowledge, to interpret this result since no direct link between CD5L and B cells has never 

made. Although CD5L is a well-established survival factor for macrophages, thymocytes, 

and NKT cells, whether CD5L also impacts on B cell survival remains unknown (105, 305). 

Furthermore, flow cytometry analysis of T. brucei infected CD5L-KO splenocytes 

presented an increase of macrophages (F4/80+ cells), inflammatory monocytes (F4/80- 

Ly6C+++ cells), and CD4+ TH1 cells (CD3+CD4+Tbet+) (Results Chapter III, Figure 6A). In 

addition, we also observed a significant augment of IFN-g at day 14 post-infection, and TNF-

a at days 14 and 28 post-infection (Results Chapter III, Figure 6B). The increased cell 

infiltration in the CD5L-KO mice, underlined by the statistical augment of CD4+ TH1 cells 

that likely leads to the observed increase of IFN-g and TNF-a that will further activate 

macrophages and monocytes, creates a positive feedback loop that amplifies TH1 cell 

responses. According to Sanjurjo et al., CD5L drives macrophages to a pro-healing M2 

phenotype, and thus we hypothesized that the increased levels of circulating CD5L in T. 

brucei infected-WT mice drive macrophages polarization to an M2 phenotype, which could 

impact decisively on the reduction of recruitment of high inflammatory monocytes, but also 

on the reduction of pro-inflammatory cytokines, while at the same time enhances regulatory 

mechanisms that contribute to balanced immune responses. On another hand, CD5L 
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abrogation could sustain a dominant immune type 1 response, whereby TH1 cells undergo 

massive clonal expansion producing large amounts of IFN-g that drive macrophages into 

an M1 phenotype and consequently leads to the production of ROS and other toxic 

components that impact dramatically on the increase of tissue damage and may lead to the 

increased susceptibility observed in CD5L-KO mice. 

 

 

Figure 1 - Role of CD5L in trypanosomatid infections. Our results demonstrated that CD5L can recognize 

and bind to Trypanosoma brucei (1). To dissect the role of CD5L in trypanosomatid infections, C57BL/6 WT and 
CD5L-KO mice were infected intraperitoneally with 5 x 104 of luciferase-expressing T. b. brucei GVR35 strain. 

Importantly, no differences in the whole-body bioluminescent analysis nor in parasitemia were found between 

WT and CD5L-KO mice. Although no significant differences were found in the number of parasites, we observed 
a small reduction in circulating parasites in both parasitemia peaks. Thus, we speculate based on different 

observations that CD5L may contribute to the enhancement of T. brucei and cell debris clearance (2). Central 

nervous system (CNS) invasion by T. brucei is usually associated with a poor prognostic. It is described that 

IFN-g and TNF-a can increase the expression of adhesion brain endothelial cells and thus promote the infiltration 

of T cells and T. brucei into the brain parenchyma. Although no statistical differences were observed in the brain 

bioluminescent signal quantification, we observed an increase of IFN-g and TNF-a 14 days post-infection. 

Although more data is needed, we do not exclude the possibility that increased susceptibility observed in CD5L-

KO mice might be due to early T. brucei invasion into the brain (3). We observed a decreased proportion of TH1 
cells and an increase of Treg cells among the CD4+ T cell population in WT mice. (Continues on the next page)  
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Figure 1 (Continuation) - Based on recent findings that showed that CD5L promotes the polarization from M1 

to M2 phenotype, we hypothesized that in WT mice, high levels of circulating CD5L promote the switch between 

a pro-inflammatory profile to an anti-inflammatory profile that leads to the secretion of different anti-inflammatory 
cytokines, including IL-10 that will further promote the expansion of Treg cells (4). Overall, we believe these 

findings and assumptions may contribute to the promotion of tissue regeneration (5).  In deep contrast, flow 

cytometry analysis revealed an increase of macrophages, inflammatory monocytes, and TH1 in CD5L-KO mice. 

In addition, we also observed a significant augment of IFN-g at day 14 post-infection, and TNF-a at days 14 and 

28 post-infection. These results indicate an exacerbated pro-inflammatory response highlighted by the 

amplification of the TH1 immune response (6). We hypothesized that this leads to increased tissue damage and 

consequently increased susceptibility (7). 

Final remarks and future directions 

Altogether, the recent findings on the SRCR protein interactions provide a 

considerable part of our current understanding of SRCR-SF functionalities. Nevertheless, 

the full spectrum of binding of a significant number of SRCR proteins remains unclear. 

Additionally, it is also evident that many other questions remain unanswered. Many SRCR 

protein ligands persist unidentified, the mechanism following microbe opsonization remains 

uncertain for many SRCR proteins, and whether SRCR proteins interact with other PRRs 

providing a stronger and efficient activation of the innate immune response is still 

undisclosed. Although we might have uncovered some important observations regarding 

the ability of some SRCR members to discriminate between different species, strains, or 

even between different levels of pathogenicity, we still know very little about this 

mechanism. Further binding assays involving a more refined array of pathogenic and non-

pathogenic microbes, using high-throughput screening technologies, are required to 

address the avidity and specificity of SRCR proteins toward microbes. 

Additionally, since the SRCR are extracellular proteins, expressed at the surface of 

immune cells or secreted and therefore in circulation, we hypothesized that they have 

exceptional features to fast intercept, recognize, and induce a proper immune response that 

ultimately leads to the elimination of the invasive pathogen. Moreover, some SRCRs have 

been described with the capacity to modulate the inflammatory response. Thus, we 

hypothesized a putative therapeutic potential for some SRCR proteins. Indeed, some SRCR 

proteins have been explored in therapy, even though the mechanisms underlying their 

functions are still far to be completely understood. 

In this thesis, we have focused our attention on the characterization of biological 

and functional roles of the circulating human proteins SSC4D, one of the least scrutinized 

members of the SRCR-SF. Working with SSC4D was challenging since the availability of 

commercial tools to study this scavenger protein is very limited. Thus, the production of 
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other resources, including SSC4D-KO mice and recombinant mouse SSC4D proteins, are 

crucial for the understanding and further characterization of SSC4D. 

In addition, we also provided new insights into the multifunctionality of CD5L. It is 

indisputable that CD5L is a key inflammatory mediator; nevertheless, the biological 

complexity of CD5L makes interpretation of some data very challenging. We found that in 

the absence of CD5L, there is a clear and predominant pro-inflammatory response that we 

link directly to the enhanced susceptibility observed in CD5L-KO mice. Although we 

speculate that CD5L-KO animals presented high tissue damage resulting from the 

persistent and dominant pro-inflammatory response, no data were shown in this particular 

matter. Histopathology evaluation from different infected tissues (lung, brain, liver, and 

spleen), together with the analysis of biochemical circulating parameters, must be 

performed to test our hypotheses. Finally, it would be of great value to test whether the 

injection of recombinant CD5L protein improved the survival of T. brucei infected mice. 

In conclusion, our studies added new evidence to the puzzling role of CD5L during 

the inflammatory response. Additionally, our data widens the avenues that lead to the full 

characterization of SRCR proteins as PRRs.
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Physical Interactions With Bacteria
and Protozoan Parasites Establish
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Recognition Receptor
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Since the pioneering discoveries, by the Nobel laureates Jules Hoffmann and Bruce
Beutler, that Toll and Toll-like receptors can sense pathogenic microorganisms and
initiate, in vertebrates and invertebrates, innate immune responses against microbial
infections, many other families of pattern recognition receptors (PRRs) have been
described. One of such receptor clusters is composed by, if not all, at least several
members of the scavenger receptor cysteine-rich (SRCR) superfamily. Many SRCR
proteins are plasma membrane receptors of immune cells; however, a small subset
consists of secreted receptors that are therefore in circulation. We here describe the first
characterization of biological and functional roles of the circulating human protein SSC4D,
one of the least scrutinized members of the family. Within leukocyte populations, SSC4D
was found to be expressed by monocytes/macrophages, neutrophils, and B cells, but its
production was particularly evident in epithelial cells of several organs and tissues, namely,
in the kidney, thyroid, lung, placenta, intestinal tract, and liver. Similar to other SRCR
proteins, SSC4D shows the capacity of physically binding to different species of bacteria,
and this opsonization can increase the phagocytic capacity of monocytes. Importantly, we
have uncovered the capacity of SSC4D of binding to several protozoan parasites, a
singular feature seldom described for PRRs in general and here demonstrated for the first
time for an SRCR family member. Overall, our study is pioneer in assigning a PRR role
to SSC4D.
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INTRODUCTION

The initial sensing of an invasive pathogen is one of the most
critical events during an infection and is mediated by germline-
encoded pattern recognition receptors (PRRs), which identify
and bind conserved pathogen-associated molecular patterns
(PAMPs) of microbes. Many different families of PRRs
displaying either target-specific or broad recognition of
different types of microbes have been described. Membrane-
bound Toll-like receptors (TLRs) or C-type lectin receptors bind
or sense microbe-exposed PAMPs and initiate signaling cascades
to trigger innate immune cell activation, whereas intracellular
pathogens or their by-products are recognized by intracellular
PRRs such as cytoplasmic NOD-like receptors or by RIG-I-like
receptors and endosomal TLRs that identify microbial genetic
material (1–4).

Recent work has revealed that pattern recognition is a
common feature of many scavenger receptor cysteine-rich
(SRCR) proteins. The macrophage scavenger receptor type I
(MSR1) and MARCO plasma membrane trimeric proteins have
long been known to bind bacteria or bacterial endotoxins and to
promote microbial phagocytosis (5, 6), but only more recently it
was described that the cell surface receptors CD6 and CD163 of
T cells and macrophages, respectively, can recognize Gram-
positive and Gram-negative bacteria (7, 8). By contrast, CD5
has not been shown to bind bacteria, but its extracellular domain
interacts with fungal cell wall components (9).

A small subset of SRCR consists of secreted receptors that are
therefore in circulation and as such they have exceptional
features to intercept, recognize, and neutralize invasive
microbes and thus to contain infections. Galectin-3-binding
protein (MAC2BP, LGALS3BP) is a small mosaic protein that
contains, besides an SRCR domain, a BTB dimerization domain
and a BACK domain (10). Although historically viewed as a
malignant tumor-associated antigen, this protein has recently
been identified as a possible biomarker for human sepsis (11).
Better known for their infection-related immune functions, the
circulating proteins CD5 antigen-like (CD5L), also known as
apoptosis inhibitor expressed by macrophages (AIM) or secreted
protein a (Spa) (12, 13), soluble scavenger protein with 5 SRCR
domains (SSC5D) (14), and deleted in malignant brain tumors 1
(DMBT1) (15), containing respectively three, five, and 14 SRCR
domains, display characteristic PRR features including a strong
avidity to bind Gram-positive and Gram-negative bacteria
(16–18).

Compared with the wealth of information gathered on the
various roles of, for example, CD5L, spreading across a multitude
of functions in numerous biological systems and phenomena
(19), the attention on the very similar SSC4D protein has been
almost inexistent. SSC4D is a 575-amino acid (aa)-long protein
containing an N-terminal signal peptide, no transmembrane-
encoding sequence, and four SRCR domains, all indicating that
SSC4D is the last member of the subgroup of circulating SRCR
proteins (20). In fact, SSC4D can be found in human blood
plasma, albeit at a very low concentration (1 ng/ml) (21, 22).
Although no extensive protein characterization, tissue
distribution, or functional studies have been performed,

northern blotting analyses imply that SSC4D is well expressed
in the human kidney and placenta and moderately expressed in
the liver, small intestine, spleen, and thymus (20).

Here, we describe the first comprehensive data on the roles
and distribution of the SSC4D glycoprotein in a mammalian
organism and how the evidence obtained clearly indicates that
SSC4D functionally belongs to the PRR arm within the
SRCR family.

MATERIALS AND METHODS

Recombinant Scavenger Receptor
Cysteine-Rich Proteins
Recombinant soluble proteins were produced in human
embryonic kidney 293T cells and supplied in lyophilized form
by INVIGATE GmbH. Specifically, recombinant forms of
human CD5L and of the extracellular domain of human CD6
were produced from templates already described (17, 23) and
modified to obtain chimeric proteins containing a signal peptide,
the specific CD5L (Ser20 to Gly347) or CD6 (Asp25 to Glu398)
sequences, HA and BirA recognition sequences, and 8—12-His
tag sequences. Recombinant human SSC4D (UniProtKB
accession no. Q8WTU2) was produced in a similar manner to
include the specific protein sequence spanning domains 1–4
(Leu48-Ser575) of SSC4D. Recombinant human SSC4D-d1d2
(spanning SRCR domains 1 and 2) and SSC4D-d3d4 (domains
3 and 4) were produced to result in the SSC4D sequences Leu48-
Gly318 and Ser324-Ser575 being fused to 8·His tag sequences.

For the expression in Caco-2 cells of full-length SSC4D fused to
citrine and containing an HA tag, cDNA was amplified by PCR
from Hep G2 cells using forward (5′-TAGACGCGTATGCA
CAAGGAAGCAGAGA-3′) and reverse (5′-CTAGGATCCC
GAGCGTAGTCTGGGACGTCGTATGGGTATGAAGGCT
GGCACAGGACACT-3′) primers. The resulting PCR product was
cloned into the lentiviral expression vector pHR-mCitrine, using
MluI and BamHI restriction sites, to be under the control of the
spleen focus-forming virus (SFFV) promoter and transduced into
Caco-2 cells.

Analysis of SSC4D Protein Expression
Cell lysates were prepared using radioimmunoprecipitation assay
(RIPA) lysis buffer containing a mixture of protease and
phosphatase inhibitors (Sigma-Aldrich). Protein concentration
was measured by Bradford assay (Bio-Rad), and 60 mg of each
sample were denatured in Laemmli’s sample buffer at 95°C for 10
min. Cell lysates and supernatants were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes using Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were
blocked with 5% non-fat dried milk in Tris-buffered saline,
0.1% Tween 20 (TBS-T) for 1 h and probed with rabbit anti-
SSC4D polyclonal antibody (raised against polypeptides
corresponding to sequences R346-C364 and E470-R485 of
mouse SSC4D; BIOTEM), followed by a goat anti-rabbit
horseradish peroxidase (HRP) secondary ant ibody
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(Sigma-Aldrich). Immunoblots were developed using enhanced
chemiluminescence (ECL) detection reagent (GE Healthcare Life
Sciences), and luminescence signals were detected using the
Fujifilm FPM-100A film processor (Fujifilm).

To determine the molecular mass of the recombinant
proteins, 5 mg of recombinant SSC4D, SSC4D-d1d2, and
SSC4D-d3d4 were run on SDS-PAGE, and proteins were
detected by Coomassie blue staining; also, 0.5 mg of each
recombinant protein were detected by western blotting.

Cells and Cell Lines
Human peripheral blood mononuclear cells (PBMCs) were
obtained from buffy coats of healthy adult volunteers at Banco
de Sangue, Hospital São João, Porto, and were separated by
Lymphoprep density gradient (STEMCELL Technologies).
CD14+ monocytes were then isolated by positive magnetic cell
sorting using CD14 microbeads (Miltenyi Biotec).

Differentiation of ex vivo monocytes into macrophages was
achieved using 30 ng/ml of macrophage colony-stimulating
factor (M-CSF) for 6 days in culture. Macrophages were then
polarized toward an M1-like phenotype with 100 ng/ml
lipopolysaccharide (LPS; Escherichia coli O111:B4; Sigma) and
25 ng/ml interferon (IFN)-g (PeproTech), an M2a-like
phenotype using 20 ng/ml interleukin (IL)-4 (PeproTech), or
an M2c-like phenotype using 25 ng/ml IL-10 (PeproTech), all for
24 h. Polarization of undifferentiated monocytes was done
similarly but for 72 h. Cell surface labeling using CD80 APC
(2D10), CD206 PE (15.2), and CD163 BV421 (6H1/61) mAbs
(all from BioLegend) confirmed the polarization of monocytes
and macrophages into the correct subtype. Treatments with
CD5L (1 mg/ml) or SSC4D (1 mg/ml) were assayed to check
whether either of these stimuli would polarize cells toward any
given subtype. Data were acquired in FACSCanto II (BD
Biosciences). Post-acquisition analysis was performed using
FlowJo software v10 (Tree Star).

Cell lines used in this study were Hep G2 (24), K562 (25),
Caco-2 (26), E6.1 (27), JEG-3 (28), HEK 293T (29), TCCSUP
(30), Raji (31), HL-60 (32), THP-1 (33), and HeLa (34). All lines
were maintained at 37°C in a 5% CO2 humidified incubator in
RPMI 1640 supplemented with 10% fetal calf serum (FCS), 1
mM sodium pyruvate, 2 mM L-glutamine, 50 U/ml penicillin G,
and 50 mg/ml streptomycin, except HEK 293T, HeLa, Hep G2,
and Caco-2 that were grown in Dulbecco’s modified Eagle’s
medium (DMEM)/high-glucose medium containing 10% FCS, 1
mM sodium pyruvate, 4 mM L-glutamine, 50 U/ml penicillin,
and 50 mg/ml streptomycin.

Flow Cytometry and Cell Sorting
Blood from buffy coats was added to red blood cell (RBC) lysis
buffer (BioLegend), and after washing, 1 × 106 leukocytes were
incubated with FcR blocking (Miltenyi Biotec) for 10 min at 4°C.
Cells were stained with mAbs CD14 Pacific Blue (63D3), CD177
APC/Cy7 (MEM-166), CD19 PE/Cy7 (HIB19), CD4 Alexa
Fluor 488 (OKT4), and CD8 APC (HIT8a) (all from
BioLegend), fixed, and permeabilized with the eBioscience
fixation/permeabilization kit (Thermo Fisher Scientific).

Intracellular staining was performed with rabbit anti-SSC4D
polyclonal antibody, followed by anti-rabbit PE labeling (Life
Technologies). Data were acquired in the FACSCanto II and
post-acquisition analysis performed using FlowJo v10.

For cell sorting, blood from buffy coats was added to RBC
lysis buffer, and 1 × 107 leukocytes were stained with mAbs CD14
APC (63D3), CD177 APC/Cy7 (MEM-166), CD19 PE/Cy7
(HIB19), and CD3 PerCP/Cy5 (OKT3). The labeled cells were
sorted with FACSAria (BD Biosciences).

Immunostaining
SSC4D protein expression was detected in sections of
human tissues kindly provided by the Unidade Local de Saúde
de Matosinhos–Hospital Pedro Hispano. All ethical and legal
issues were secured, along with the guarantee of confidentiality/
no disclosure or violation of personal information or other data
of the patients.

Four-micrometer sections of paraffin-embedded human
blocks were deparaffinized and hydrated. Antigen retrieval was
performed in 10 mM sodium citrate buffer for 30 min in a 96°C
water bath.

Immunohistochemistry (IHC) was performed using
UltraVision Quanto Detection System HRP DAB (Thermo
Scientific). Endogenous peroxidase activity and nonspecific
background staining were blocked using Hydrogen Peroxidase
Block and Ultra V Block reagents, respectively. Tissues were
immunostained with mouse anti-human SSC4D mAb 46-M or
with a negative control normal mouse IgG sc-2025 (Santa Cruz
Biotechnology) at 4°C overnight (ON), incubated with the
primary antibody amplifier for 10 min followed by incubation
with HRP Polymer Quanto and developed with 3, 3'-
diaminobenzidine (DAB). The slides were counterstained with
hematoxylin and visualized under light microscopy.

Colon, stomach, and liver sections were analyzed by
immunofluorescence (IF). Non-specific staining was blocked
with PBS containing 1% bovine serum albumin (BSA) for 1 h
at room temperature (RT). Slides were then immunostained at
4°C ON with rabbit anti-SSC4D polyclonal followed by
incubation with goat anti-rabbit Alexa Fluor 488-conjugated
antibody (Life Technologies) for 1 h at RT. Nuclei were stained
with "4′,6-diamidino-2-phenylindole (DAPI)" (Invitrogen), and
cell preparations were mounted with Vectashield mounting
media (Vector Laboratories). The slides were analyzed using
confocal microcopy (Leica TCS SP5).

Fluorescence-activated cell sorting (FACS)-separated blood
cells were adhered to poly-L-lysine (Sigma-Aldrich)-treated
coverslips followed by blocking of non-specific staining with
PBS containing 1% BSA for 1 h at RT. SSC4D was then detected
with rabbit anti-SSC4D antibody ON at 4°C followed by
incubation with goat anti-rabbit Alexa Fluor 488- conjugated
antibody for 1 h at RT. Nuclei were stained with DAPI, and cell
preparations were mounted with Vectashield. The slides were
analyzed using confocal microcopy.

Bacteria and Parasites
E. coli strains [BL21(DE3), IHE3034, RS218, and CFT073] were
kindly provided by Claire Poyart (Institut Cochin, Paris), Listeria
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monocytogenes strain EGD-e and Salmonella enterica serovar
typhimurium were provided by Didier Cabanes (i3S, Porto), and
Streptococcus agalactiae [group B streptococcus (GBS)] strain
BM110 was provided by Patrick Trieu-Cuot (Institut Pasteur,
Paris). Klebsiella pneumoniae, Enterococcus faecalis, and
Pseudomonas aeruginosa were also used in this study. Bacteria
were grown to mid-logarithmic phase (OD600 of 0.45) in brain
heart infusion medium at 37°C. Mycobacterium avium strain
2447 was prepared as described previously (35).

Parasites were prepared as previously described: Neospora
caninum tachyzoites (Nc-1, ATCC 50843) (36), Plasmodium
berghei ANKA strain blood merozoites (clone 676cl1) (37),
Trypanosoma brucei brucei Lister 427 bloodstream forms (38),
Leishmania major strain LV39, and Leishmania tarentolae strain
Parrot-TarII promastigotes (39). A green fluorescent protein
(GFP)-expressing T. brucei brucei Lister 427 line was engineered
by cloning an enhanced gfp into amodified pHD1034 vector where
the puromycin resistance cassette was replaced by the hygromycin
resistance from the pHD1145 vector. Transfected parasites were
selected with 5 µg/ml hygromycin (38).

Scavenger Receptor Cysteine-Rich
Protein–Microbial Cell Binding Assays
Binding of SRCR proteins to microbial cells was performed as
described previously (17) using 2 mg of each protein interacting
with 1 × 108 live bacteria or 1 × 107 live parasites in binding
medium (TBS with 1% BSA, 5 mM Ca2+) for 1 h in an orbital
shaker at 4°C. Microbe-bound proteins were detected using
mouse anti-Tetra HIS mAb (Qiagen) followed by incubation of
anti-mouse HRP-conjugated antibody (BioLegend) for 1 h at RT.
Immunoblots were developed using ECL. Sample loading was
evaluated with a rabbit anti-Leishmania infantum cysteine
synthase (at 1:2,000 dilution) for Leishmania parasites and a
rabbit anti-T. brucei aldolase (1:5,000) for T. brucei.

For the visualization of SSC4D binding to T. brucei
bloodstream forms by IF, a GFP-expressing T. brucei Lister
427 line was incubated with 2 mg of HA-tagged SSC4D-FL in
the binding medium. The cell pellet was transferred onto poly-L-
lysine-treated coverslips and fixed with PFA 4% for 15 min at RT,
and the presence of SSC4D was detected using anti-HA mAb
16B12 (BioLegend) followed by incubation with anti-mouse
Alexa Fluor 568-conjugated antibody (Invitrogen). Nuclei were
stained with DAPI, and the preparations were mounted with
Vectashield. The slides were analyzed using confocal microcopy.

Scavenger Receptor Cysteine-Rich
Protein–Endotoxin Binding Assays
High-binding 96-wellmicrotiter plateswere coatedONwith 10mg/
ml of purified LPS (E. coliO111:B4; Sigma) or 10mg/ml lipoteichoic
acid (LTA; Staphylococcus aureus; Sigma) in PBS at 4°C. The plates
were blockedwithPBS, 1%BSA, for 1h atRT. Serial 2-folddilutions
of HIS-tagged SRCR proteins were added to the plates and
incubated for 2 h at RT. Bound proteins were detected using
mouse anti-HIS mAb for 1 h at RT, followed by goat anti-mouse
HRP-conjugated antibody for 1 h at RT. Reactions were developed
using SIGMAFAST o-Phenylenediamine dihydrochloride (OPD)

for30minatRTandstoppedwith1MH2SO4.Absorbancewas read
at 490 nm using Synergy 2 (BioTek).

To calculate the calibration of the LPS- and LTA-binding
assays, samples of serially diluted HIS-tagged SRCR proteins were
directly coated on 96-well microtiter plates ON in PBS at 4°C.
Plates were blocked with blocking solution for 1 h at RT, followed
by detection of bound protein, as described above.

In between each step, plates were washed four times with PBS,
0.1% Tween-20.

Scavenger Receptor Cysteine-Rich
Protein–Eukaryotic Cell Binding Assays
To detect binding of SSC4D to putative ligands in eukaryotic
plasma membranes, 2 × 105 primary monocytes or Caco-2, Hep
G2, Raji, K562, HL-60, THP-1, HeLa, or E6.1 cells were
incubated with 3 mg of recombinant soluble extracellular CD6
(sCD6) or SSC4D-FL, or left untreated, in binding medium for
1 h at 4°C. Cells were then washed twice and incubated with
fixable viability dye (Invitrogen) to exclude dead cells. The
presence of SRCR proteins was detected with anti-HIS primary
antibody followed by incubation with anti-mouse Alexa Fluor
647-conjugated antibody (Invitrogen) at 4°C. Data were acquired
in FACSCanto II, and post-acquisition analysis was performed
using FlowJo v10.

Phagocytosis Assays
Monocytes were plated at a density of 2 × 105 cells/well using
imaging media (RPMI without phenol red, 10% FBS, 50 U/ml
penicillin, and 50 mg/ml streptomycin) in 96-well plates
(CellCarrier Ultra, PerkinElmer). After ON incubation,
imaging media were removed without disturbing the
monolayer and replaced with new media containing Hoechst
for 45 min at 37°C. Then, 40 mg/ml of Invitrogen™ pHrodo™

Red E. coli BioParticles™ (Fisher Scientific) were added to the
cells alone or with 5 mg/ml of recombinant SSC4D or CD5L.
Immediately after, the 96-well plates were inserted in the IN Cell
Analyzer (GE Healthcare Life Sciences), previously heated for
37°C, and nine images per well were collected 45 and 120 min
after the addition of the BioParticles. Images were analyzed using
FIJI software, and the percentage of cells containing E. coli
BioParticles was determined.

SSC4D Secretion Upon Infection
of Caco-2 Cells
Caco-2 cells expressing an SSC4D-citrine-HA fusion protein
were plated at a density of 3.5 × 105 cells/well in 12-well plates.
After cell attachment, cultures were infected for 1 h with live
E. coli RS218 or L. monocytogenes EGD-e with a multiplicity of
infection (MOI) of 1:50 or left uninfected. Cells were then
washed with PBS and supplied with new media containing 20
mg/ml gentamicin. Supernatants were collected 2, 8, and 24 h
after infection and resuspended in Laemmli’s sample buffer for
SDS-PAGE and western blotting. SSC4D from supernatants was
detected using mouse anti-HA mAb followed by anti-mouse
HRP-conjugated antibody and ECL detection.
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RESULTS

Human SSC4D Protein Structure
and Expression
SSC4D belongs to the group B of SRCR domain-containing
proteins characterized by having an extraordinary sequence
similarity between all individual domains and a nearly perfect
conservation of key residues, namely, eight regularly spaced
cysteine residues that establish intra-domain disulfide bonds in
very defined combinations, also sequences that are 100%
conserved in all known domains, especially in the b1 and b2
strands and in the boundaries between the a1 helix and the b4
strand (14) (Figure 1A). One other characteristic feature of this
family of extracellular proteins consists of its extended level of
glycosylation, as assessed by the high number of putative O-
GalNAc glycosylation sites, characteristic of mucins. In
particular, the four SRCR domains of SSC4D are interspaced
with sequences rich in O-linked sugars, as predicted by
NetOGlyc 4.0 (41) (Figure 1B). However, a certain separation
can be established between the SRCR group B members that are
secreted from those that are membrane bound, such as CD5,
CD6, CD163, and CD163 antigen-like 1 (M160), in that in this
latter set, N-linked glycosylation seems to be more prevalent,
despite that the whole level of sequence similarity between the
different proteins would not predict that sort of cleavage (14, 42).
In fact, neither SSC4D nor CD5L, which are here investigated,
contain any N-linked sugars as predicted by NetNGlyc 1.0 (43),
contrasting with the extracellular domain of CD6 that contains
seven such modifications.

We assessed the expression of SSC4D in lysates of several
human cell lines and detected by western blotting the expression
of the SSC4D protein in Hep G2, Caco-2, K562, and HeLa cells,
and the molecular mass of intracellular SSC4D was calculated to
be 70.8 kDa (Figure 1C). Few smaller bands of lower intensity
could be observed in the blots, and these could hypothetically
represent alternative splicing-dependent isoforms. Indeed, a
common property of most SRCR members is the generation of
alternative splicing-dependent isoforms, many of them resulting
in the absence of individual or multiple SRCR domains, as
described for DMTB1, CD6, CD163, and M160 (44–46).
Padilla et al. (20) had in fact detected by northern blotting
different transcripts that could account for alternative SSC4D
isoforms, and one SSC4D mRNA isoform described in a
transcriptome-wide study does miss the sequences encoding
domains 3 and 4 (44). However, it is unlikely that the smaller
bands in the gel correspond to this isoform because the detecting
antibody was raised against sequences within domains 3 and 4 of
the protein; rather, they either are unspecific blot bands or may
represent degradation products.

Nevertheless, for the purpose of this study, we generated and
expressed recombinant human full-length SSC4D and two
recombinant hemi-SSC4D forms, each corresponding to one-
half of the molecule and consisting of either the SRCR domains 1
and 2 (SSC4D-d1d2) or 3 and 4 (SSC4D-d3d4) (Figure 1B). The
recombinant proteins were run on SDS and stained with
Coomassie blue (Figure 1D) and detected by western blotting

using an anti-SSC4D-d3d4 polyclonal antibody (Figure 1E). The
molecular mass of the mature full-length extracellular
protein was measured at 90.6 kDa, suggesting that the secreted
protein undergoes posttranslational modifications, possibly
O-linked glycosylation.

SSC4D Expression in Human Epithelia
and Leukocytes
Based on the reported tissue distribution of the mRNA coding for
human SSC4D (20), we screened by PCR different human cell lines
for the presence of SSC4DmRNA.We found that SSC4D is mostly
expressed in cell lines with epithelial morphology like Hep G2
(hepatocellular carcinoma), Caco-2 (colorectal adenocarcinoma),
JEG-3 (placental choriocarcinoma), HEK 293T (adenovirus 5
DNA-transfected embryonic adrenal precursor cells), and HeLa
(cervical adenocarcinoma), but not in TCCSUP (urinary bladder
carcinoma) (Supplementary Figure S1). Also, SSC4DmRNA was
detected inhematopoietic-derived cells such asK562 (myelogenous
leukemia) andvery faintly inE6.1 (acuteT-cell leukemia), but not in
Raji (Burkitt’s lymphoma).

We then assessed the expression of the protein in human
organs. Relevant expression was observed in the gastrointestinal
tract, with SSC4D being detected in intestinal crypts, namely, in
mucous goblet cells in the colon, while in the stomach, staining
was visualized in the simple columnar epithelium of the gastric
mucosa and showing a broad distribution in gastric glands,
compatible with SSC4D being expressed by surface mucous
cells, mucous neck cells, and chief cells (Figure 2A). SSC4D
was also expressed in the parenchyma of hepatic lobules
in hepatocytes.

Regarding the genitourinary tract, strong SSC4D expression
was detected in the epithelial cells of the tubules (Figure 2B).
SSC4D was also found in follicular and parafollicular cells of the
thyroid and in pneumocytes of the alveolar ducts. Interestingly,
strong and specific expression of SSC4D was found in chorionic
villi in placenta, mostly in the outer layer corresponding to the
syncytiotrophoblasts.

We additionally assessed the expression of SSC4D in
leukocyte subpopulations by flow cytometry and IF of FACS-
sorted cells and detected the presence of intracellular SSC4D in
monocytes, neutrophils, and B cells, but not in CD4+ or CD8+ T
lymphocytes (Figure 3). Being a secreted protein, we questioned
whether SSC4D could bind and exert any effect in target cells. For
that purpose, we tested the binding of recombinant SSC4D to a
panel of cell lines; however, none of the cells used were bound by
SSC4D, whereas recombinant soluble extracellular CD6 (sCD6),
used as a positive control, displayed the characteristic pattern of
binding to cells that express its ligand, CD166 (47)
(Supplementary Figure S2). This raises the possibility that
SSC4D does not have a binding receptor at the surface of
human cells or that a hypothetical receptor is not widespread.

SSC4D Physically Binds to Gram-Positive
and Gram-Negative Bacteria
The SSC4D-related proteins CD5L and SSC5D are able to
identify a large spectrum of bacterial species and strains
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(16, 17); moreover, the ectodomain of CD6 was reported to bind
and induce the aggregation of bacteria through the recognition of
the bacterial endotoxins LTA and LPS (8). We investigated
whether SSC4D could also detect different bacterial species and
how the strength of interactions would compare with those of
other SRCR family members.

Recombinant SSC4D, CD5L, and sCD6 were incubated with
samples of live E. coli strains BL21(DE3), IHE3034, and RS218, with
L. monocytogenes EGD-e, and with GBS BM110, followed by

centrifugation and immunoblotting of the pelleted bacteria. As
anticipated, we observed a strong interaction between CD5L and
all tested bacteria, particularly in the presence of calcium given that
many SRCR protein-mediated interactions are Ca2+-dependent
(Figure 4A). By contrast, the interactions between sCD6 and the
different bacteria were not visually detectable. Importantly, SSC4D
clearly bound all bacteria tested, demonstrating its ability to
physically interact with conserved structures present at the surface
of these microorganisms.

A

B

D EC

FIGURE 1 | Amino acid sequence and structure of group B scavenger receptor cysteine-rich (SRCR) domains of SSC4D, CD5L, and CD6. (A) SRCR domains are
typically ~100–110 amino acids in length compacted into a heart-shaped fold, where a six/seven-stranded b sheet cradles a core a1-helix. Each line represents one
SRCR domain of the indicated protein. Amino acid sequences were aligned using Clustal Omega and MView (40). Amino acid side chain color codes for conserved
residues: Green/black, aliphatic; Green/white, aromatic; Blue, anionic; Red, cationic; Cyan, polar; Magenta, amide; Yellow, sulfur-containing. Intrachain disulfide
bonds established between conserved cysteine residues are shown on the top by connecting lines. (B) Schematic representation of the protein structures of
SSC4D-FL, SSC4D-d1d2, SSC4D-d3d4, CD5L, and extracellular domain of CD6 (sCD6). SRCR domains are represented as dark cylinders. Putative O-linked
glycosylation sites are represented as short vertical lines and N-linked glycosylation sites as lines topped with red circles. N and C termini of the proteins are
indicated by “N” and “C,” respectively. Design was created using BioRender.com. (C) SSC4D protein expression detected by western blotting from cell lysates of
Hep G2, Caco-2, K562, and HeLa cells. The molecular mass of intracellular SSC4D was calculated as 70.8 kDa. (D) Recombinant SSC4D, SSC4D-d1d2, and
SSC4D-d3d4 were run on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and gels were stained with Coomassie blue. The size of
recombinant extracellular full-length SSC4D was measured as 90.6 kDa, SSC4D-d1d2 as 45 kDa, and SSC4D-d3d4 as 36 kDa. (E) Recombinant SSC4D, SSC4D-
d1d2, and SSC4D-d3d4 were run on SDS-PAGE, transferred to nitrocellulose membranes, and detected by immunoblotting. SSC4D and SSC4D-d3d4 were
confirmed at the correct sizes, while SSC4D-d1d2 is not detected given that the polyclonal antibodies recognize sequences within domains 3 and 4.
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Consequently, we included in our bacteria binding assays the two
recombinant hemi-SSC4D forms, SRCR-d1d2 and SRCR-d3d4.
Performing the assays using the same bacterial samples, we observed
in several cases that the two halves of the molecule had differential
binding profiles, such that SSC4D-d3d4 bound well to Listeria and
GBS, whereas binding of SSC4D-d1d2 to these bacteria wasmuch less
evident (Figure 4A, lower panels). Conversely, althoughnot as clear as
the above, it seemed that theE. coli strains, with the exception ofE. coli
CFT073, were better recognized by SSC4D-d1d2.

We hypothesized that each half of SSC4D might bind
preferentially to different groups of bacteria and therefore
increased the sampling of our assays by adding supplementary
bacterial species. In each assay, recombinant SSC4D-d1d2 or
SSC4D-d3d4 was incubated with live Gram-negative S. enterica,
K. pneumoniae, and P. aeruginosa and with Gram-positive E.

faecalis or M. avium (Figure 4B). Although there was not an
absolute compartmentalization in the recognition profiles, in
general, it appears that SSC4D-d1d2 displays a preference for
binding Gram-negative bacteria. Although the converse
correlation cannot be fully established for SSC4D-d3d4, as this
half of the molecule is more homogeneous in the identification of
both bacterial groups, it appears that SSC4D-d3d4 binds better to
Gram-positive bacteria than does SSC4D-d1d2 (Figure 4B).

We thus evaluated whether each typical endotoxin of Gram-
negative and Gram-positive bacteria would be a preferential target
of one-half of the SSC4Dmolecule over the other using anELISA to
measure the affinity of each protein to LPS and LTA. We first
assessed the sensitivity of the detecting antibody to plate-bound
purified SRCR proteins (Supplementary Figure S3A), following
whichwemeasured thebindingof seriallydilutedHIS-taggedSRCR

A

B

FIGURE 2 | SSC4D distribution in human organs. (A) Detection of SSC4D by immunofluorescence (IF) in sections of the colon, stomach, and liver from normal
human subjects. SSC4D labeling in mucous goblet cells (G) in the colon, simple columnar epithelium cells (E) in the stomach, and hepatocytes (H) in hepatic lobules
is shown by arrows. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; white). No unspecific staining was seen following incubation with secondary
antibody alone, confirming specificity of the primary antibody. Scale bar, 50 mm. (B) Immunohistochemical analysis of SSC4D expression in sections of the kidney,
thyroid, lung, and placenta. On the left column, SSC4D labeling was visualized by horseradish peroxidase (HRP) and substrate chromogen 3, 3'-diaminobenzidine
(DAB). Positive staining of tubular epithelial cells (E) in the kidney, follicular (F) and parafollicular cells (PF) in the thyroid, pneumocytes (P) of the alveolar ducts, and of
syncytiotrophoblasts (S) in the placenta is indicated by arrows. On the right column, images of sections labeled with unspecific mouse IgG mAb (negative control, sc-
2025). Scale bar, 50 mm. Immunohistochemistry (IHC) and IF experiments were performed multiple times using samples from at least three different individuals.
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proteins to microtiter plates coated with 10 mg/ml of purified LTA
or LPS (Supplementary Figure S3B). The conversion of the
obtained values to binding detection units showed that both
SSC4D hemi-forms bound to LPS and LTA in a dose-dependent
manner, butwhereas in fact LPSwas superiorly targeted by SSC4D-
d1d2 than by SSC4D-d3d4 at higher protein concentrations, the
plots for binding to LTA were indistinguishable between the two
subunits (Figure 4C).

Comparing the binding forces to LPS and LTA between CD5L,
SSC4D, and sCD6, againbindingof theproteins to the endotoxins is
differentiated: SSC4D binds to LPS with higher avidity than CD5L,

whereas binding to LTA is not significantly different between these
two proteins (Figure 4D). In accordance with the previous
experiments and our earlier work (17), binding of sCD6 to either
liveorfixedbacteria, or tobacterial endotoxins, althoughdetectable,
is inferiorwhen comparedwith themicrobe-binding capacity of the
natural circulating SRCR proteins.

SSC4D Promotes Phagocytosis but Does
Not Induce Macrophage Polarization
Because SSC4D is produced by phagocytes and binds to bacteria,
we questioned whether this circulating molecule could have a

A B

C

FIGURE 3 | SSC4D expression in human leukocytes. (A) Flow cytometry gating strategy for the identification of monocytes, neutrophils, B cells, and CD4+ and CD8+

T cells from human blood. (B) Intracellular labeling of SSC4D in different human cell populations, visualized by flow cytometry. In the control samples, the anti-SSC4D
antibody was omitted. Representative results shown are from one of four independent experiments. (C) Representative single-cell images of FACS-sorted leukocytes,
immunostained for SSC4D (green) and visualized by immunofluorescence (IF). White indicates DAPI staining. Representative results shown are from one of three
independent experiments using different donors.
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FIGURE 4 | Continued
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direct impact on pathogen clearance. To measure protein-
mediated phagocytosis, monocytes were incubated with
pHrodo™ Red E. coli BioParticles™ in the presence of CD5L
or SSC4D or in the absence of the recombinant proteins. These
BioParticles become fluorescent in acidic pH, only identifying
those bacteria that are inside phagosomes (48). Monocyte
phagocytosis of the E. coli particles increased over time but was
not different whether CD5L was present or not (Figures 5A, B).
By contrast, the presence of SSC4D induced a significant increase
in the phagocytic capacity. To test whether SSC4D could mediate
the internalization of the bacteria through an interaction to a
putative cellular receptor in the phagocyte, we checked for a
direct interaction between recombinant SSC4D and monocytes.
However, as can be seen in Figure 5C, no such interaction is
obvious, whereas sCD6, used as a binding control, is able to
interact slightly with monocytes, given that these cells express
low levels of CD166. An alternative explanation is that the
increase in phagocytosis could be due to increased activation
of monocytes induced by SSC4D. Although conceivable, this
possibility is unlikely, given that SSC4D was added to the cells at
the same time as the E. coli particles and the duration of the
experiment was perhaps too short to allow for a vigorous
monocyte activation-mediated phagocytosis.

Also displaying opposite effects from CD5L, SSC4D did not
induce the polarization of macrophages toward an M2
phenotype (Figure 5D). Differentiation of ex vivo monocytes
with CD5L for 3 days had an equivalent result as utilizing IL-4 in
the development of an M2a-like phenotype, as previously
reported (49). However, in no other differentiation and
polarization protocol did SSC4D, nor CD5L, induce monocyte/
macrophage polarization, including no effect on an M1-
type phenotype.

SSC4D is normally detected in cell culture media at very low
levels, so we questioned whether SSC4D secretion could escalate
due to any type of immune response and what would be the
external cues that could stimulate this secretion. Caco-2 cells that
were engineered to produce a chimeric protein consisting of
SSC4D fused to mCitrine and an HA-tag sequence
(Supplementary Figure S4A) were incubated with live E. coli
RS218 or L. monocytogenes EGD-e at a 1:50 MOI or left
uninfected. Culture supernatants were collected at different
time points, and the presence of SSC4D was assessed by
western blotting. As seen in Figure 5E, secreted SSC4D was
detected at 24 h post infection, but there were no differences
between infected (with E. coli or L. monocytogenes) and non-

infected cultures. It is possible that in this specific case, the
detection of SSC4D in the media could result from cell death
instead of induced, or passive, secretion; nonetheless, in all other
tested conditions using different immune-inflammatory
mediators or bacterial endotoxins to stimulate SSC4D
secretion, there was no single specific stimulus that would
further augment the rate of secretion (Supplementary Figures
S4B, C). Instead, SSC4D was being continuously released into
the medium at moderate levels, independently of any tested
external cues.

SSC4D Physically Binds to
Protozoan Parasites
PRRs are able to recognize not only bacterial but also fungal,
viral, or protozoan conserved structural components. In order to
test whether the binding properties of SSC4D could be expanded
to protozoan targets, protein binding assays were performed with
live parasites. We first assessed the binding of SSC4D to
bloodstream forms of T. brucei, the parasite that causes
African trypanosomiasis. Recombinant SSC4D was incubated
with 1 × 107 parasites, followed by centrifugation and
immunoblotting of the cell pellet. As illustrated in Figure 6A,
full-length SSC4D and each SSC4D half were capable of
physically interacting with the parasite in a Ca2+-dependent
manner. To image this interaction by confocal microscopy, a
GFP-expressing T. brucei Lister 427 strain was incubated with
HA-tagged SSC4D, and binding of the protein to T. brucei cells
was detected using anti-HA mAbs (visualized in red, Figure 6B).

We extended our protein–parasite binding assays to
Leishmania major and Leishmania tarentolae promastigotes,
Plasmodium berghei merozoites, and Neospora caninum
tachyzoites. SSC4D and its half-forms bound to all tested
parasites, with the exception of SSC4D-d1d2 that did not bind
to P. berghei merozoites, the stage that infects red blood cells.
Noteworthy, in the absence of Ca2+, all SSC4D–parasite
interactions were abolished or markedly reduced.

DISCUSSION

In this study, we show for the first time the capacity of SSC4D to
physically bind to bacteria and protozoan parasites. SSC4D has
been one of the most neglected SRCR proteins, and no functional
data were available, but by simple analogy with other family
members, we anticipated that this protein could reveal some PRR

FIGURE 4 | SSC4D physically binds to bacteria and bacterial endotoxins. (A) Two micrograms of each recombinant protein SSC4D, CD5L, sCD6, SSC4D-d1d2, and
SSC4D-d3d4 were incubated with suspensions of 1 × 108 CFU of live Escherichia coli strains BL21(DE3), RS218, IHE3034, or CFT073, Listeria monocytogenes strain
EGD-e, or GBS strain BM110 in the presence or absence of Ca2+. Cell-bound proteins were detected by immunoblotting using anti-HIS mAb. Blots are representative of at
least three independent experiments. (B) Recombinant SSC4D-d1d2 and SSC4D-d3d4 (2 mg each sample) were incubated with suspensions of 1 × 108 CFU of live
Salmonella enterica, Klebsiella pneumoniae, Enterococcus faecalis, Pseudomonas aeruginosa, or Mycobacterium avium in the presence of Ca2+. Bacteria-bound proteins
were detected by immunoblotting using an anti-HIS mAb. The sensitivity of detection of this mAb for each of the recombinant hemi-forms of SSC4D can be evaluated by
the detection, shown on the left side of the membranes, of 2 and 0.2 ng of purified SSC4D-d1d2 (upper blot) or 4 and 0.4 ng of purified SSC4D-d3d4 (lower blot).
(C) Binding of SSC4D-d1d2 and SSC4D-d3d4 to plate-bound lipopolysaccharide (LPS) and lipoteichoic acid (LTA). Proteins were added at the indicated concentrations,
and signals were detected by anti-HIS mAb followed by horseradish peroxidase (HRP)-conjugated antibody and o-Phenylenediamine dihydrochloride (OPD) substrate.
Absorbance was read at 490 nm. Binding values shown were interpolated from standard curves of detection of plate-bound SSC4D-d1d2 and SSC4D-d3d4, shown in
Supplementary Figure S3. Graphs show the mean ± SD of two independent experiments performed in duplicate. (D) Binding of SSC4D, CD5L, and sCD6 to plate-
bound purified LPS and LTA. Detection and measurement of binding were as in panel (C).
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FIGURE 5 | SSC4D promotes phagocytosis without binding to a ligand on human monocytes and does not induce macrophage polarization. (A) Escherichia coli
pHrodo BioParticles (40 mg/ml) were added to isolated human monocytes, together with 5 mg/ml of SSC4D (middle panels) or CD5L (bottom panels), or no protein
(top panels). Images were acquired for each well at 45 and 120 min after the addition of E. coli BioParticles using an IN Cell Analyzer, followed by analysis using FIJI
software. Blue indicates DAPI staining, and red indicates phagocytosed E. coli BioParticles. (B) The percentage of monocytes containing E. coli BioParticles was
quantified. Graph shows the mean ± SD of three independent experiments performed in duplicate. Statistical analysis was performed using Student’s t test. *p <
0.05. (C) Ex vivo monocytes were incubated with 3 mg of SSC4D or sCD6 or left unstained. Cell-bound proteins were detected with anti-HIS antibody followed with
Alexa Fluor 647-conjugated anti-mouse antibody and analyzed by flow cytometry. Gray histograms represent control cells, not stained with scavenger receptor
cysteine-rich (SRCR) protein but incubated with secondary antibody, red histograms represent labeling with SSC4D, and blue histograms represent labeling with
sCD6. (D) Flow cytometry analysis of ex vivo monocytes (left column) and macrophage colony-stimulating factor (M-CSF)-differentiated macrophages (right column).
Monocytes received for 72 h the appropriate stimuli to polarize toward M1 [interferon (IFN)-g/lipopolysaccharide (LPS)], M2a [interleukin (IL)-4], or M2C (IL-10)
subtypes. Macrophages received the same treatment, but for 24 h. CD80, CD206, and CD163 labeling confirms the polarization of monocytes and macrophages
into the correct subtype. Stimulations with SSC4D or CD5L had no effect on cell polarization except for a slight effect of CD5L in polarizing macrophages into an
M2a-like phenotype. Representative histograms are from one of three independent experiments. (E) SSC4D secretion upon culture infection with live bacteria. Caco-
2 cells were engineered to express SSC4D fused to citrine and were cultured for 3 days at 3 × 105 cells/well in a 12-well plate. Live E. coli RS218 or L.
monocytogenes EGD-e were added at 1:50 multiplicity of infection (MOI). Supernatants were collected at the indicated time points, and the presence of HA-tagged
SSC4D-citrine was detected by western blotting. The blot shown is representative of two independent experiments.
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functions. The identity of bacterial targets of SSC4D does not
significantly differ from those of CD5L or SSC5D; however, these
proteins do not display identical binding patterns between
themselves or even among their own single domains. We have
previously shown relevant differences of binding avidities
between SSC5D and CD5L toward different types of bacteria

(17). We here advance on this conclusion by showing that
different parts of SSC4D have preferential binding toward
different groups of bacteria.

Contrasting with the strong binding of CD5L, SSC4D, and
SSC5D to a variety of bacterial species and strains, the
extracellular domain of CD6 displays a significantly lower

A B

C

FIGURE 6 | SSC4D binds to protozoan parasites. (A) Two micrograms of recombinant SSC4D, or of the hemi-forms SSC4D-d1d2 and SSC4Dd3d4, were
incubated with suspensions of 1 × 107 live Trypanosoma brucei brucei bloodstream forms in the presence or absence of Ca2+. Parasite-bound proteins were
detected by immunoblotting using anti-HIS mAb. Membranes were reprobed with an anti-aldolase immune serum for loading control. Results shown are of one of
three independent experiments. (B) Representative images of SSC4D interacting with green fluorescent protein (GFP)-expressing T. brucei. In both panels, GFP+

parasites (green) were allowed to interact with SSC4D (red), being the primary antibody omitted in the left panel, as control. DAPI (white) indicates DNA staining. The
results shown are representative of four independent experiments. (C) Two micrograms of recombinant SSC4D, SSC4D-d1d2, and SSC4D-d3d4 were incubated
with suspensions of 1 × 107 live Leishmania major and Leishmania tarentolae promastigotes, Plasmodium berghei merozoites, and Neospora caninum tachyzoites.
Interactions were detected as in panel (A), and membranes were reprobed with an anti-L. infantum cysteine synthase immune serum for loading control of L. major
and L. tarentolae.
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binding potency. CD6 is a plasma membrane glycoprotein that
modulates T-cell activation (23), and it was somewhat
unexpected that such a receptor involved in antigen-dependent
signal transduction would be directly involved in the recognition
of unprocessed pathogenic determinants (8). Although there was
some controversy as to which extent CD6 binding to bacteria
would reflect a physiological characteristic of the molecule (50,
51), it seems undisputable that CD6 does protect from bacterial
infection-induced septic shock in mouse models possibly via its
function as a circulating extracellular form (sCD6), shed from
the surface of lymphocytes in pathological conditions (52).
Nonetheless, the fact that the levels of bacterial binding of
SSC4D, like CD5L and SSC5D, are so much more evident than
those of sCD6 clearly suggests that a main function of SSC4D is
indeed of pathogen pattern recognition.

SSC4D is expressed by many epithelial cells of several organs
and by phagocytic leukocytes, but unlike what has been
described for other circulating SRCR proteins, we could not
identify any stimulus, cue, or microbial challenge that increased
the rate of secretion of the protein. The estimated plasma
concentration of SSC4D is in effect very low (1 ng/ml) when
compared with those of the other circulating SRCR proteins
SSC5D (88 ng/ml), CD5L (4.3 mg/ml), and MAC2BP (7.1 mg/
ml) (21, 22), and the abundance of these proteins further
increases upon certain inflammatory and infectious
challenges or in oncological environments (11, 53, 54). Also,
the membrane-bound receptors CD5, CD6, and CD166,
expressed by different leukocytes, undergo cleavage of their
ecto-domains in particular pathological conditions, resulting in
their consequent release into circulation where they display
specific immune-related functions (55, 56). And yet, we have
not found any similar agonist-dependent behavior for SSC4D,
raising the possibility that SSC4D is being continuously
secreted at low constant rates either in steady-state or upon
external challenges.

Therefore, and despite sharing common functions with other
SRCR proteins, namely, as a PRR, SSC4D may be endowed with
some distinctive properties. SSC4D behaves differently from
CD5L in at least a few aspects, as in contrast with CD5L (16,
49), SSC4D is not involved in the polarization of macrophages
upon different inflammatory stimuli. On the other hand, SSC4D
can potentiate the phagocytosis of bacteria by macrophages,
contrary to human CD5L. Although our results on CD5L
concur with those previously reported by Sanjurjo et al. (49),
there is some controversy regarding the role of CD5L in
phagocytosis, which may depend on the experimental setup,
the type of particle/microorganism to be internalized, and the
molecular and cellular species analyzed. Mouse (m)CD5L was
shown to increase the phagocytosis of latex beads by mouse
macrophages (57); both mCD5L and human (h) CD5L increase
the clearance of debris by mouse macrophages (58); hCD5L
increases clearance of apoptotic cells by human monocytes (49);
and mCD5L increases phagocytosis by mouse macrophages and
neutrophils of S. aureus (59). However, the presence of hCD5L
did not change the phagocytosis of microspheres or E. coli or
S. aureus particles by human peripheral blood cells (49).

We here show that phagocytosis of E. coli particles by human
monocytes is in fact not influenced by CD5L but is increased in
the presence of SSC4D. Given that both E. coli particles and
SRCR proteins were added to the cells at the same time, it is
unlikely that the increase in phagocytosis is due to activation of
monocytes induced by SSC4D. It is possible, instead, that the
protein intermediates the interaction between monocytes and
bacteria. We have screened monocytes with recombinant
monovalent SSC4D for the existence of specific receptors and
could not detect any interaction by flow cytometry possible due
to the low sensitivity of the method. Although with no evidence
that SSC4D promotes large-scale bacterial aggregation, an
alternative hypothesis is that the coating of bacteria with
SSC4D may induce a more efficient recognition of multivalent
SSC4D opsonizing the bacteria either by low-affinity SSC4D
receptors or eventually by other sensors of microbial structures.

It is known that host defense against protozoan parasites
involves different classes of PRR, such as TLRs, C-type lectin
receptors, and NOD-like receptors (60–62). Nevertheless, the
knowledge on this field lags considerably behind those that focus
on the identification of bacterial, viral, and fungal PAMPs. Also,
many other components of the innate immune system
participate in antiparasitic defenses, including CD36, a
scavenger receptor class B that displays multiple functions and
a broad range of ligands, including a cytoadherence ligand on
Plasmodium falciparum-infected erythrocytes (63). However,
CD36 belongs to a different family of scavenger receptors
characterized by having two transmembrane domains flanking
a CD36-type multifunctional domain. SRCR proteins like
MARCO and MSR1 have been shown to have a role in defense
against protozoan parasites such that, for example, inhibition of
MSR1 function reduces P. berghei infection and the expression of
MARCO in macrophages of CBA/J mice is increased upon L.
major infection (64, 65). Still, to the best of our knowledge, ours
is the first study that describes a physical interaction of an SRCR
protein and protozoan targets. Together with its capacity to bind
bacteria and to promote macrophage phagocytosis, SSC4D can
thus be considered a bona fide broad-range PRR, and
importantly, this may help to strengthen the concept, so many
times overlooked, that the SRCR cluster is a legitimate member
of the wider collective family of pathogen PRRs.
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SUPPLEMENTARY MATERIAL 

METHODS 

mRNA analysis of SSC4D in human cell lines, and expression of SSC4D-citrine 

fusion protein in Caco-2 cells 

Total RNA of different cell lines was isolated using the TripleXtractor directRNA kit 

(Grisp). Using 5 µg of RNA per sample, cDNA was synthesized using Superscript 

III reverse transcriptase (Invitrogen). The cDNA obtained was used to analyze the 

SSC4D expression by PCR with GoTaq DNA Polymerase (Promega). Primer 

sequences were the following: forward, 5’-GGCGTCCACAATTGCTTTCA-3’; and 

reverse, 5’-ACGGATCTGTCTGCCAAG-3’. 

 

Measurement of SSC4D accumulation in Caco-2 cells  

SSC4D-expressing Caco-2 cells were plated at a density of 2 x 104 cells/well in a 

96-well plate (CellCarrier Ultra). Cell seeding was optimized to achieve a 

confluency of 70% allowing optimal cell segmentation. Cells were maintained in 

imaging media and incubated for 3 days for optimal attachment. Culture media 

was then removed without disturbing the monolayer and replaced by fresh media 

containing Hoechst, for 45 min at 37 ºC.  

For the 0 h time-point, cells were washed with sterile PBS and new medium was 

added, followed by image acquisition using the IN Cell Analyzer. A 20 x objective 

was used and 9 fields of view were collected in each well. Then, the plate was 

spun and different stimuli, IL-1b, IL-4, IL-6, IL-17, TNF-a, IFN-g, LPS, and LTA, at 

different concentrations were added to the cells together with 10 µg/ml of Brefeldin 

A, an inhibitor of protein transport from the ER to the Golgi complex, and thus of 

protein secretion.  

Image acquisition was done at 6 h post-stimuli, similar to the 0 h time-point. To 

quantify SSC4D intracellular accumulation in the Caco-2-SSC4D cells, first the 

nuclei of these cells were identified from the Hoechst channel, using a machine-

learning-based (bio)image analysis tool – ilastik (66). The resulting pixel probability 

maps were used for further image analysis and quantification of the mCitrine 

intensity values per cell using another cell image analysis software – CellProfilerTM 

(67). Briefly, the image analysis workflow consisted in (i) correction for uneven 
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illumination/lighting/shading on the mCitrine channel, (ii) segmentation of the 

nuclei from the probability maps, (iii) expansion of the nuclei by 10 pixels to create 

a bigger mask that covers the majority of the cell cytoplasm, (iv) then the nucleus 

mask has been subtracted from the previous expanded mask and then (v) the 

mean pixel intensity per cell on the mCitrine channel has been quantified. 

The mCitrine intensity for each cell was obtained and the average of for each field 

of view was then calculated. The intensity value of each field of view was 

normalized to the intensity value of the negative control (WT Caco-2 cells) 

followed by a normalization to the corresponding baseline condition (0 h). 

 

Measurement of SSC4D secretion upon cytokine stimuli 

Caco-2-SSC4D cells were plated at a density of 2 X 105 cells/well in a 12-well 

plate and incubated for 3 days for an optimum cell attachment. The culture 

medium was removed and new medium containing cytokines IL-1b, IL-4, IL-6, IL-

17, TNF-a or IFN-g in different concentrations (1, 10, and 100 ng/ml), or 

endotoxins LPS and LTA (at 10, 100, and 1000 ng/ml) was added to the cells. 

After the indicated times of incubation, supernatants were collected and then 

resuspended in Laemmli’s sample buffer for SDS-PAGE and western blotting. The 

presence of SSC4D in the culture supernatants was detected using mouse anti-

HA antibody followed by anti-mouse HRP conjugated antibody, and ECL 

detection. 
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