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Graft versus host disease (GVHD) represents the major complication after allogeneic hematopoietic stem cell transplantation (Allo-SCT). GVHD-prone patients rely on GVHD prophylaxis (e.g. methotrexate) and generalized anti-GVHD medical regimen (glucocorticoids). New anti-GVHD therapy strategies are being constantly explored, however there is an urgent need to improve current treatment, since GVHD-related mortality reaches 22% within 5 years in patients with chronic GVHD. This review is an attempt to describe a very well-known receptor in lipoprotein studies – the low-density lipoprotein receptor related protein 1 (LRP1) - in a new light, as a potential therapeutic target for GVHD prevention and treatment. Our preliminary studies demonstrated that LRP1 deletion in donor murine T cells results in significantly lower GVHD-related mortality in recipient mice with MHC (major histocompatibility complex) -mismatched HSCT. Given the importance of T cells in the development of GVHD, there is a significant gap in scientific literature regarding LRP1’s role in T cell biology. Furthermore, there is limited research interest and publications on this classical receptor molecule in other immune cell types. Herein, we endeavor to summarize existing knowledge about LRP1’s role in various immune cells to demonstrate the possibility of this receptor to serve as a novel target for anti-GVHD treatment.
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Introduction

Allogeneic hematopoietic stem cell transplantation (AHSCT) is a treatment for hematological malignancies by transferring stem cells from a healthy person (the donor) to the patient (the recipient) after high dose chemotherapy or radiation. Graft versus host disease (GVHD) is one of the major causes of morbidity and mortality in patients undergoing AHSCT (1). During GVHD, T cells of donor origin identify antigens on recipient cells as foreign, thus targeting recipient tissues for destruction. Major and minor human leukocyte antigens (HLA) which present self and foreign antigens, play a significant role in GVHD pathogenesis. Usually, a patient receiving an allogeneic stem cell transplant will undergo some type of GVHD prevention (2, 3). The main principle for GVHD prevention and treatment/management is a suppression of T cell activity to avoid recipient tissue damage. Immunosuppression with corticosteroids is the first-line therapy in both acute and chronic GVHD (aGVHD and cGVHD, respectively), resulting in condition improvement of less than 50% in patients with aGVHD and only 40–50% in patients with cGVHD depending on initial disease stage (4).

Studies of the pathophysiological mechanisms of GVHD, as well as deeper understanding of T cell activation, have laid a foundation for novel therapeutic approaches in GVHD prophylaxis and management (2). Due to the relatively poor efficacy of current GVHD treatments, it is essential to explore novel molecules that have the potential to be exploited to generate new, innovative anti-GVHD therapies.

The low-density lipoprotein receptor-related protein (LRP1) is a member of the LDL receptor family. LRP1 plays diverse roles in multiple biological processes including lipoprotein metabolism, endocytosis, cell growth, cell migration, inflammation, and apoptosis. It is also involved in the regulation of platelet derived growth factor receptor, vascular tone, and blood brain barrier (BBB) permeability. Additionally, LRP1 is implicated in conditions such as neurodegenerative diseases, atherosclerosis, and cancer (5–7).

Being ubiquitously expressed, LRP1 can also be found on the surface of both innate and adaptive immune cells. The ability of LRP1 to bind multiple functionally-unrelated ligands, enables the protein to direct distinct functions in different types of immune cells (8). While expression of LRP1 is abundant on myeloid cells, it is poorly expressed on the surface of lymphocytes. In innate immune cells, such as macrophages and monocytes, LRP1 is mainly known as a modulator of inflammation, where it serves a dual role, both promoting and inhibiting inflammatory responses (9–11). In T- and B- lymphocytes, the role of LRP1 is largely unknown. Due to its low surface expression, it has been much more challenging to study its role in these cells. Recently, we report that LRP1 plays an important role in human T cell proliferation, and leukemia associated antigen Proteinase 3 can modulate immunity via direct interaction with LRP1 on T cells (12). Furthermore, we found a novel role for LRP1 in mouse model of GVHD, and T cells deficient in LRP1 results in tolerance with incomplete donor chimerism and prevention of GVHD (13).

This review is the first attempt to describe the connection LRP1 has to the immune system, with emphasis on each immune cell type.



LRP1 overview

The low-density lipoprotein receptor related protein-1 (LRP1) was first described through homology cloning with the LDL (low-density lipoprotein) receptor by Herz in 1988 (14). Based on the identification of specific sequence motifs within the protein, Herz et al. conjectured a role for LRP1 in the regulation of growth factor activity by way of proteolytic processing. Even during the initial characterization of LRP1, it was apparent this protein warranted further study.

LRP1 is now readily identified as a member of the LDL receptor family. This family of proteins contains structurally homologous receptors that are composed of uniformed structures. This receptor family currently consists of seven family members that are closely related, which includes the LDL receptor, very-low-density lipoprotein (VLDL) receptor, apoE receptor 2 or LRP8, multiple epidermal growth factor-like domains 7 (MEGF7), megalin or LRP2, LRP1, and LRP1b (15). Nevertheless, these proteins demonstrate some differences in their affinity to ligands, endocytosis rate, cellular localization etc., that may have an impact on their physiological roles.

LRP1 gene encodes a large 4525 amino acid protein, composed of a 515 kDa N-terminal extracellular subunit and an 85 kDa C-terminal transmembrane subunit, which are noncovalently linked with each other (16). LRP1 is a 600-kDa type I transmembrane protein processed by furin into a larger 515-kDa α- and a smaller 85-kDa β -subunit in the trans-Golgi network. To prevent premature binding of ligands to the newly synthesized LRP1, an endoplasmic reticulum chaperone - receptor-associated protein (RAP) binds to LRP1 on multiple sites enabling it to be successfully delivered to the plasma membrane (17). The resulted molecule consists of the extracellular domain also called the heavy α-chain containing four clusters (I–IV) of ligand-binding type cysteine-rich repeats (CRs) and the light β-chain (85 kDa) (14, 18). Interestingly, the β-chain provides binding sites for signaling adapter proteins, as well as various tyrosine residues, whose phosphorylation is imperative for LRP1-mediated signal transduction (17).

Due to its complex structure, LRP1 is known to bind more than thirty different ligands. LRP1 ligands include proteases, protease inhibitor complexes, extracellular matrix proteins, growth factors, toxins and viral proteins (5, 8, 19).. The ability of LRP1 to bind multiple ligands enables the protein to play a role in a number of biological processes such as lipid and glucose metabolism, protein clearance and degradation, signal transduction, maintenance of energy homeostasis, and regulation of extracellular matrix proteins. Additionally, LRP1 is involved in modulation of the blood brain barrier and neurotransmission (20–25). Furthermore, LRP1 can regulate numerous signaling pathways, including mitogen-activated protein kinase (MAPK), insulin receptor (IR), serine/threonine protein kinase (AKT), extracellular signal-regulated kinase (ERK), and c-jun N-terminal kinase (JNK) pathways. Studies of LRP1 gene deletion in various tissues and cell types acknowledge an important contribution of LRP1 in the vascular and central nervous systems, as well as in macrophages, endothelial cells and adipocytes (17, 26). The importance of LRP1 is revealed by the lethality of lrp1 gene deletion as it terminates mouse embryo development around the implantation stage (27).



LRP1 in cancer

Undoubtedly, the immune system and the development and/or progression of cancer are linked. Initial studies on LRP1’s possible role in cancer were mainly on tumor cell lines, and suggested that reduction of Lrp1 expression or even a complete loss of the gene is associated with cancer development (28). However, further studies determined that LRP1 expression is substantially increased by hypoxic conditions which are common in malignancies in vivo. Thus, the expression of LRP1 on cancer cells cultured in ambient oxygen-rich conditions may not be an accurate reflection of its level of expression in cancer (29).

Despite non-hypoxic growth conditions, certain cancer cell lines including brain, liver, and lung do still exhibit high levels of LRP1 expression, suggesting upregulation in tumors (30). Importantly, though, numerous studies propose a dual role of LRP1 in cancer. LRP1 is reported to be upregulated in endometrial carcinomas, malignant glioma, triple negative breast cancer (31–33) and is linked with tumor metastasis and poor prognosis. In urothelial cancer and renal cancer LRP1 also serves as an unfavorable prognostic marker (34). Interestingly, tumor cell lines such as breast cancer, ovarian cancer, and melanoma do express LRP1, though at different levels, confirming that the relationship between expression of LRP1 and cancer development is complicated (35).

In contrast, inhibition of LRP1 expression in thyroid cancer intensifies the invasion ability of cancer cells to metastasize to lymph nodes and lungs (36). In this case, low cell surface expression of LRP1 is linked to high expression of urokinase-type plasminogen activator (uPA) which is known to induce tumor cell invasion (36). Supporting that, an increased expression of LRP1 results in a low metastatic potential of hepatocellular carcinoma (HCC) (37). In addition, low expression of LRP1 was reported in human endometrial carcinoma, prostate cancers, lung cancer, and Wilm’s tumors (38–41). Interestingly, there is a better overall survival of advanced melanoma patients with high LRP1 expression in monocytes (42). According to Human Protein Atlas, LRP1 in general has low cancer specificity to conclude that more studies are necessary to properly evaluate LRP1’s role in cancer (34). A recent publication demonstrated that LRP1 mediates Notch pathway activation, and knocking out LRP1 attenuates Notch-signaling-dependent invasion, migration and tumorigenesis of leukemia and breast cancer cells (43).



Expression in mice vs. humans

Humans and mice share approximately 85 percent sequence identity in protein-coding regions. And, importantly, many genes linked to diseases in humans have counterparts in the mouse, making mice a useful research tool (44). First studies in mice reported LRP1 expression in hepatocytes, however it is known most murine cells express LRP1, including immune cells (14, 45).

Murine and human LRP1 gene have more than 98% gene sequence homology when analyzed via BLAST, underscoring the essential role of mouse models for studying LRP1 biology (46). LRP1 knockout mice are embryonic lethal, as the blastocysts fail to implant (27). However, studies with conditional tissue specific lrp1 gene deletion in macrophages, dendritic cells (DCs) and T cells reveal interesting findings about the function of this protein, that are going to be discussed further.

Being ubiquitously expressed, especially with higher levels in the liver, brain and lung, LRP1 is also found on the surface of the immune cells in both mice and humans (17).



LRP1 in the innate immune system

Innate immunity is the first line of defense against pathogens. Innate immune cells such as neutrophils, NK cells, monocytes and macrophages initiate the first quick powerful, although not specific, immune response. The innate immune cells mediate nonspecific protection through the production of pre-synthesized effector molecules or acting as direct killers of the invading cells.

A subset of innate immune cells serves as antigen presenting cells (APCs). The expression of LRP1 on APCs has been shown to enhance T- and B- cell responses by facilitating antigen uptake (47, 48). LRP1 has been shown to modulate innate immune responses by binding pseudomonas exotoxin A and rhinovirus particles (49, 50). LRP1’s role in infection processes is immense. It can assist in battling the infection by scavenging bacterial membrane lipoproteins, resulting in pathogen clearance. Additionally, it can modulate the inevitable infection-induced inflammation by inhibiting an exaggerated inflammatory response to prevent further injury (11, 51). During tissue injury, LRP1-mediated signaling can determine the fate of the cell by promoting survival and blocking the destruction of the damaged yet salvageable cells within the injured tissue (52).



In monocytes

LRP1 is expressed on the surface of human peripheral blood monocytes, as well as monocytic cancer cell lines, such as THP1 (35, 53, 54).


Expression in different monocyte subsets

Human monocytes are divided in three major populations that can be identified by the level of expression of CD14 and CD16 molecules. Classical monocytes are described to be CD14+CD16−, whereas intermediate are CD14+CD16+ and non-classical are CD14dimCD16+ (55). Classical monocyte population represents the majority of phagocytic cells (80–95% of circulating monocytes) and are known to play a role in scavenging. Non-classical monocytes comprise about 2–11% of circulating monocytes with their main function to survey the endothelium in search of injury. Furthermore, non-classical monocytes also play a role in promoting inflammation, antigen presentation and T cell stimulation. Intermediate monocytes represents the smallest fraction with various functions, such as production of reactive oxygen species (ROS), antigen presentation, participation in the proliferation and stimulation of T cells, inflammatory responses, and angiogenesis (56, 57). According to the Human Protein Atlas, the highest Lrp1 gene expression is found in classical monocytes (34). Flow cytometry analysis confirms decreased expression of LRP1 in non-classical monocytes although donor heterogeneity has been noted (58). Dissimilar LRP1 expression on various monocyte populations have been linked to the development of atherosclerosis and cardio-vascular diseases (6, 59–61). LRP1 has been referred as monocyte differentiation antigen, which is expressed in different monocytic subpopulations (54, 58). It was shown that LRP1 is expressed intracellularly in these three above-mentioned subpopulation, and that 20% of total LRP1 protein is detected on the cell surface (58).



Implication in various diseases

A number of studies have demonstrated LRP1 overexpression in monocytes from patients with long-term, non-progressing HIV infection and from subjects who were still HIV-1-seronegative regardless of exposure to the virus, implying the fact that LRP1 may be involved in protection against HIV-1 infection (62–64). An increased LRP1 expression in monocytes of hemophilic patients has also been reported (63, 65).

An increased expression of LRP1 is observed in monocytes of vitiligo patients, when compared with healthy controls. Interestingly, this phenomena is still detected after repigmentation (66). A high expression of LRP1, among other factors such as environmental conditions, may determine an individual’s susceptibility to vitiligo. A high LRP1 expression in active vitiligo patients suggests that LRP1 may play a significant role in vitiligo progression and thus LRP1 represents a potential target for novel therapeutic approaches to modulate this autoimmune condition (66).

Atherosclerosis is another disease in which peripheral blood monocytes are involved. Circulating monocytes with pro-inflammatory profiles are known to be implicated in the early stages of atherosclerosis development (67). It has been shown that LRP1 is also engaged in atherosclerosis development, specifically in atherogenic plaque formation (6). It has been proposed that decreased LRP1 expression in pro-inflammatory monocytes is linked with development of atherosclerosis (67).




In macrophages

LRP1 is abundantly expressed in macrophages and is mainly associated with suppression of inflammation. Suppressive effects are demonstrated by the ability of the LRP1-expressing cells to engulf apoptotic cells (efferocytosis) and inhibit the production of inflammatory proteins.


Role in efferocytosis

The phagocytosis of apoptotic cells (ACs) - efferocytosis, is critical for self-tolerance and host defense. It is one of the many functions of phagocytic macrophages, where it is driven by LRP1. It was demonstrated that LRP1 together with its coreceptor calreticulin, interact with complement factor C1q to engulf apoptotic cells (68). To support this, studies with LRP1 knockout phagocytes show that LRP1 −/− macrophages demonstrate a decreased ability to engulf ACs, when compared with wild-type cells (69). Macrophage’s LRP1, when associated with calreticulin is known to promote efferocytosis. This process is balanced by “don’t eat me signals” such as CD47. CD47 is known to be increased in a number of cancers, making tumor cells less susceptible to phagocytosis (70). Additionally, it was demonstrated that macrophage LRP1 is required for anti-CD47 blockade that results in boosting the efferocytosis, decrease of atherogenesis, and lowering necrotic core formation (71).

Mouse model of atherosclerosis is a perfect representation for LRP1-driven efferocytosis of macrophages. Under normal conditions, macrophages enter the developing plaques at the early stage of the disease. To remove the excess of the cholesterol by the liver, the cholesterol is needed to be picked up by the macrophages first. In an unfavorable condition, such as when LRP1 levels are low on the macrophages, cholesterol-overloaded macrophages can become stuck and start breaking down in the arteries. Macrophage LRP1 exports excess cholesterol out of the cell, thus lowering the risk of atherosclerosis (72). Interestingly, it has been shown that deficiency of macrophage LRP1 leads to a decreased lipoprotein internalization and thus accelerates atherosclerosis progression (73).



Other ways of suppressing inflammation

In addition to clearance of the apoptotic cells during atherosclerosis, high expression of LRP1 on macrophage can also inhibit inflammation. This is dependent upon the dissociation of the extracellular and intracellular components of the protein. The extracellular domain of LRP1 can undergo shedding via the process of regulated intramembrane proteolysis (RIP), where intracellular LRP1 beta chain is released into the cytoplasm and, under certain conditions, translocates into the nucleus to regulate gene transcription. In the case of atherosclerosis, lipopolysaccharide and other inflammatory mediators specifically promote LRP1 shedding. The cytoplasmic fragment can then relocate to the nucleus, where it binds to and promotes the export of interferon regulatory factor-3 from the nucleus leading to suppression of expression of pro-inflammatory target genes, thus inhibiting inflammation (74). In addition, LRP1 is involved in inhibition of Toll-like receptor (TLR)-induced inflammation in macrophages (75). LRP1-deficient macrophages demonstrate increased expression of pro-inflammatory mediators, including TNFα and IL6 (9). Further, LRP1-deficient macrophages exposed to apoptotic stimuli have decreased AKT phosphorylation and increased expression of pro-inflammatory cytokines such as IL1β and IL6 (69). As far as LRP1 role in macrophage migration capacity, there is evidence, although limited, that LRP1 located at the plasma membrane of macrophages can participate in actin polymerization, formation of cellular protrusions, co-localizing with β1-integrins (76).




In NK cells

LRP1 expression is not detected on murine nor human NK cells (58, 77).



In neutrophils

LRP1 is expressed on human neutrophils, however relevant studies are very limited. LRP1 expression has been reported to increase on human neutrophils upon treatment with TNFα (78, 79). Additionally, LRP1 on human neutrophils is involved in degranulation and migration in response to recombinant tissue plasminogen activator (r-tPA) (78).



Other innate immune subpopulations

Eosinophils, basophils and mast cells represent the rarest innate immune cell types. Based on early studies, LRP1 is not expressed in basophils (80). This observation is supported by more recent data, including from Human Protein Atlas, in which LRP1 is not detected in any of these innate immune cells (81, 82).



LRP1 in DCs

DCs are a heterogeneous population of bone marrow-derived cells that that are involved in immunosurveillance, antigen-presentation and immune-tolerance. Microenvironment or cell culture conditions may influence on differentiation of DC subtypes. Universally, DCs comprise of the conventional dendritic cells (cDC) and the plasmacytoid dendritic cells (pDC). Dendritic cells play an important role in initiating T cell responses. LRP1 expressed on DCs is associated with activation of DCs and cross-priming of T cells (45, 83). Notably, LRP1 expression varies on different DC subsets which could affect their ability to present antigen.


LRP1 on different DC subsets

As previously noted, different subtypes of human DCs express LRP1 at varying levels. For example, CD11c+ DCs with low levels of MHC Class II expression, exhibit LRP1 at higher levels compared to CD11c+ DCs with high MHC Class II (84). The expression of LRP1 is partially downregulated during differentiation of monocytes into monocyte-derived DCs (85). On the contrary, plasmacytoid DCs express low levels of LRP1, but in a donor-dependent manner (86, 87). LRP1 is also expressed on murine pDCs (88). Interestingly, LRP1 expression is age-dependent: it is significantly decreased in all DC subpopulations in spleens of old mice, whereas it was increased in the liver, probably due to inflammation (88). It may be explained by the fact that pDCs and CD4−CD8α+ DCs acquire lipids in various tissues during aging, which is associated with increased LRP1 expression, particularly in livers and mesenteric lymph nodes (88).

Studies with lrp1 gene deletion in dendritic cells reveal the important role of LRP1 in these immune cell populations. It has been shown that mice deficient in LRP1 expression specifically in DCs are more susceptible to chemically induced tumors compared to wild type mice (89). With tumor progression, LRP1 deficient DCs failed to present tumor antigens to T cells to stimulate anti-cancer immune response (89).

It was also demonstrated that LRP1 acts as a negative regulator of DC-mediated adaptive immune responses in house dust mite (HDM)-induced eosinophilic airway inflammation. Furthermore, it is proposed that LRP1can be a modulator of type 2 asthma, since circulating myeloid DCs of asthmatic patients demonstrate a reduced LRP1 expression (90).



Role in efferocytosis

Clearance of apoptotic cells through efferocytosis is imperative to impede the possibility of necrosis and further inflammation caused by the release of intracellular contents (91). Dendritic cells are also capable of efferocytosis to aid the immune system. It has been shown that LRP1 and AXL receptor tyrosine kinase cooperate to facilitate DC-mediated efferocytosis. Specifically, LRP1 is primarily involved in engulfment of AXL-bound apoptotic cells (92).




LRP1 in adaptive immune system

In addition to the innate mechanisms of host defense there is the adaptive immune system that has specificity for its target antigens. Responses of the adaptive immune system require the interaction of antigen-specific receptors expressed on the surfaces of T- and B- lymphocytes and their cognate antigens. After recognizing and binding specific antigens, these cells can then directly or indirectly initiate the killing and/or removal of the cell expressing the antigen of interest (93).



B cells

It is known that expression of LRP1 on B cells is very low, which makes exploration of its role in B cell biology difficult (94). It is likely that LRP1 is involved in the antigen presentation process in B cells. It has been shown that antigens chaperoned by the heat shock protein gp96 enter B cells as well as DCs through a specific, LRP1- and LOX-1-mediated mechanism, and are presented by MHC II molecules (48).



T cells


Adhesion and motility

LRP1 expression on steady-state T cells is very low, but this level increases upon stimulation (94–96). The low level of expression on unstimulated T cells is due to constitutive LRP1 shedding. Shedding of LRP1 plays a key role in the inhibition of T cell adhesion, which is crucial for effective function of T cells as well as maintenance of T cell surveillance. Shedding of LRP1, which is dependent on metalloproteinase ADAM10, results in the downregulation of adhesion capacity. As T cells encounter β1 and β2integrin ligands such as ICAM-1 and fibronectin and/or chemokines, specifically CXCL12, which binds to CXCR4, surface expression of thrombospondin-1 (TSP1) is induced. TSP1 has been shown to associate with LRP1 on T cells which then leads to the inhibition of LRP1 shedding. This in turn allows for induction and increased adhesion (in the case of integrin engagement) and enhanced motility (chemokine binding) (95, 96). Moreover when LRP1 is complexed with calreticulin (CRT) and TSP1, T cell adhesion is augmented by a subsequent crosslinking cascade via TSP1 and CD47 (97). Shedding of LRP1 from the surface of circulating T cell suppresses T cell adhesion to integrins. Thus, depletion of LRP1 from the T cell surface may promote T cell surveillance (95).



Activation of T cells

There are no reports in the scientific literature about LRP1’s role in T cell activation. However, it has been shown that in gliomas midkine (MDK) can bind to LRP1 on tumor-infiltrating CD8+ T cells leading to increased CCL4 expression on T cells. This may potentially lead to further immune cell infiltration and T cell stimulation (98).



T cell proliferation

LRP1 has been proposed to play a role in T cell proliferation. Co-culture of activated, LRP1+ human peripheral blood mononuclear cells (PBMCs) with proteinase-3 (P3)-expressing polymorphonuclear neutrophils (PMNs) resulted in inhibition of T cell replication. Interestingly, physical cell to cell contact is imperative for this inhibition, since using a trans-well system prevented this effect. The anti-LRP1 blocking antibody significantly reversed the inhibition and restored T cell proliferation (12).



Indirect effect of LRP1 on T cells

LRP1 expression on other cell types may have an impact on T cell biology. LRP1 is a known receptor for a number of proteins involved in T cell activation. For example, various heat shock proteins (HSPs) bound to LRP1 can be internalized to be trafficked to MHCI for representation by APCs. These HSPs-loaded MHCI complexed can be important in further stimulation of CD8 T cells (29). As far as CD4 T cells, LRP1-induced APC maturation results in priming of CD4 T cells. Specifically, binding of HSPs to LRP1 on APCs initiates signaling cascade to activate nuclear factor kappa B, that is responsible for cytokine production. Various cytokines in the microenvironment dictate priming of specific T helper cell subsets (99).

Free unattached LRP1 has been shown to affect T cell function as well. It has been shown that the i.p. administration of LRP1-derived peptide into abortion-prone pregnant mice significantly decreased the abortion rate by increasing immunomodulating Tregs. Increased LRP1-derived peptide-Treg expansion coupled with upregulated IL2 and IL10 in mouse serum, as well as decreased expression of co-stimulatory molecules of APCs resulted in successful pregnancies in mice (100).



Anti-leukemia immunity and allogeneic cell transplantation complications

We have been investigating the role of leukemia specific antigen Proteinase 3 (P3) in modulating anti-tumor immune response and identified LRP1 on T cells as the direct mediator of T cell proliferation (12). Membrane P3 (mP3) on acute myeloid leukemia (AML) blasts inhibits T cell proliferation through LRP1 and mP3 interaction, resulting in the evasion of anti-leukemia T cell immune response. Interestingly, LRP1 was identified as one of the genes in exome-wide association study affecting survival outcomes after unrelated-donor stem cell transplant (101). LRP1 is among the four donor genes significantly associated with overall survival (101), and 27 variants within LRP1 contributed to this association.

We generated a conditional T cell specific deletion of LRP1 (LRP1fx/fxLckCre+) mice to investigate the capacity of LRP1 in regulating T cell proliferation in vivo (13). LRP1-deficient T cell development is overall normal in the thymus, spleen, lymph node and blood, including no significant differences in naïve, memory, or effector subsets compared to control T cells from WT mice (LRP1fx/fx). Using the MHC-mismatched mouse model of GVHD, we demonstrate that LRP1 regulates alloimmune responses in GVHD. Recipient mice with LRP1-deificient T cell donor have significantly lower GVHD-related mortality and morbidity compared to WT control. The numbers of donor-derived cells and CD8 T cell subset were reduced in the spleen of recipient mice; while the percentage of naïve T cells (CD62L+CD44+) including both CD4 and CD8 subsets, and Tregs were increased. In addition, proinflammatory cytokines such as TNFα, IL17, IFNγ and IL2 were decreased in the serum of these recipient mice (13). The data support a novel role for LRP1 as a potential target for regulating T cell function and preventing GVHD.




Discussion

In this review, we provide a detailed discussion of the diverse role of LRP1 in both innate and adaptive immune cell types, and how this molecule may serve as a potential target in hematological diseases. Among all immune cell subsets LRP1 has been studied most extensively in macrophages, where it contributes to its pivotal role – removal of apoptotic cells, or efferocytosis, as well as other processes (68, 69) (Figure 1, left panel). On the other hand, T cells – important mediators of adaptive cellular immunity – have low LRP1 expression on their surface at steady state (94–96). Recently the biology of LRP1 on T cells has drawn the attention of researchers. It is hypothesized that LRP1 may play an essential role in various T cell functions, such as proliferation, motility/adhesion balance, activation etc., that is summarized in Figure 1, right panel.




Figure 1 | Role of LRP1 in macrophages vs. T cells.



GVHD development and progression involves various immune subpopulations. Since T cells are the main mediators of GVHD, adaptive immunity is a key to this process. However, there is clear evidence that the innate immune system is an irrevocable counterpart to adaptive immunity during the course of GVHD, highlighted by the fact that the first step of GVHD initiation is stimulation of host APCs, a part of the innate immune system. Additionally, there is evidence that recognition of damage- and/or pathogen-associated molecular patterns during GVHD can lead to activation of neutrophils, macrophages and monocytes that results in GVHD aggravation (102). The link between innate immune receptor polymorphisms and GVHD severity was observed in patients receiving allogeneic HCT (103). As data mounts, it has become obvious that immune cells from both the adaptive and innate immune system branches are implicated in GVHD. Because LRP1 has been shown to play a significant role in orchestrating both activation and inhibition signals in various cells of both the innate and adaptive immune systems, we believe that this molecule can serve as an important target for exploration of novel anti-GVHD treatment strategies.

We propose the potential molecular interrelationship between a T cell, acute myeloid leukemia (AML) cell and macrophage in Figure 2. LRP1 in association with its ligand calreticulin has been shown to be expressed on macrophages (51, 71, 72), as well as AML cells (12, 104). In phagocytic synapse (Figure 2, right side), the binding of signaling regulatory protein alpha (SIRPα) on macrophage to CD47 on AML (or other tumor cell) results in inhibition of phagocytosis (70). This elusive mechanism facilitates tumor escape by inhibiting phagocytic clearance of the tumor cells by the immune system. This process acts similarly to the PD1/PDL1 inhibitory pathway. Recently, it has been proposed that LRP1/Calreticulin/CD47 axis along with TSP1 are also implicated in T cell biology, specifically in T cell adhesion and motility in antigen-induced T cell stimulation (95, 96). Our findings show that interaction of LRP1 on T cells with membrane-bound Proteinase 3 (mP3) on neutrophils or AML in ex vivo settings leads to inhibition of T cell proliferation, suggesting that LRP1 is directly involved in T cell proliferation (12). Our preliminary findings in MHC-mismatched induced GVHD mouse models show that LRP1- deficient T cells fail to trigger GVHD in recipient mice, also suggesting an important role of LRP1 in T cell function (13). Overall, we believe that there is a lack of knowledge on LRP1 biology in various immune cell compartments. By drawing parallels with known molecular mechanisms, such as in phagocytosis between macrophages and tumor cells, we might be able to map out a new LRP1 mechanism to reveal its function(s) in T cells.




Figure 2 | Proposed molecular interrelationships between a T cell, AML cell and macrophage.





Author contributions

JM, OS, LS, and QM substantial contributions to the conception or design of the work; or the acquisition, analysis, or interpretation of data for the work; drafting the work or revising it critically for important intellectual content; provide approval for publication of the content, agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors contributed to the article and approved the submitted version.



Acknowledgments

Both figures in this manuscript were created with BioRender.com.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. DeFilipp, Z, Alousi, AM, Pidala, JA, Carpenter, PA, Onstad, LE, Arai, S, et al. Nonrelapse mortality among patients diagnosed with chronic GVHD: an updated analysis from the chronic GVHD consortium. Blood Adv (2021) 5(20):4278–84. doi: 10.1182/bloodadvances.2021004941

2. Martinez-Cibrian, N, Zeiser, R, and Perez-Simon, JA. Graft-versus-host disease prophylaxis: Pathophysiology-based review on current approaches and future directions. Blood Rev (2021) 48:100792. doi: 10.1016/j.blre.2020.100792

3. Hamilton, BK. Current approaches to prevent and treat GVHD after allogeneic stem cell transplantation. Hematol Am Soc Hematol Educ Prog. (2018) 2018(1):228–35. doi: 10.1182/asheducation-2018.1.228

4. Garnett, C, Apperley, JF, and Pavlu, J. Treatment and management of graft-versus-host disease: improving response and survival. Ther Adv Hematol (2013) 4(6):366–78. doi: 10.1177/2040620713489842

5. Herz, J, and Strickland, DK. LRP: a multifunctional scavenger and signaling receptor. J Clin Invest (2001) 108(6):779–84. doi: 10.1172/JCI200113992

6. Boucher, P, and Herz, J. Signaling through LRP1: Protection from atherosclerosis and beyond. Biochem Pharmacol (2011) 81(1):1–5. doi: 10.1016/j.bcp.2010.09.018

7. May, P, Woldt, E, Matz, RL, and Boucher, P. The LDL receptor-related protein (LRP) family: an old family of proteins with new physiological functions. Ann Med (2007) 39(3):219–28. doi: 10.1080/07853890701214881

8. Spuch, C, Ortolano, S, and Navarro, C. LRP-1 and LRP-2 receptors function in the membrane neuron. trafficking mechanisms and proteolytic processing in alzheimer's disease. Front Physiol (2012) 3:269. doi: 10.3389/fphys.2012.00269

9. Mantuano, E, Brifault, C, Lam, MS, Azmoon, P, Gilder, AS, and Gonias, SL. LDL receptor-related protein-1 regulates NFkappaB and microRNA-155 in macrophages to control the inflammatory response. Proc Natl Acad Sci USA (2016) 113(5):1369–74. doi: 10.1073/pnas.1515480113

10. Yang, L, Liu, CC, Zheng, H, Kanekiyo, T, Atagi, Y, Jia, L, et al. LRP1 modulates the microglial immune response via regulation of JNK and NF-kappaB signaling pathways. J Neuroinflammation (2016) 13(1):304. doi: 10.1186/s12974-016-0772-7

11. Potere, N, Del Buono, MG, Mauro, AG, Abbate, A, and Toldo, S. Low density lipoprotein receptor-related protein-1 in cardiac inflammation and infarct healing. Front Cardiovasc Med (2019) 6:51. doi: 10.3389/fcvm.2019.00051

12. Yang, TH, St John, LS, Garber, HR, Kerros, C, Ruisaard, KE, Clise-Dwyer, K, et al. Membrane-associated proteinase 3 on granulocytes and acute myeloid leukemia inhibits T cell proliferation. J Immunol (2018) 201(5):1389–99. doi: 10.4049/jimmunol.1800324

13. Sizova, O, Li, D, Ma, Q, St John, L, Clise-Dwyer, K, Trujillo-Ocampo, A, et al. LRP1-deficient T cells protect against acute graft versus host disease in MHC-mismatched mice. Blood (2022) 140(Supplement 1):4483–4. doi: 10.1182/blood-2022-167517

14. Herz, J, Hamann, U, Rogne, S, Myklebost, O, Gausepohl, H, and Stanley, KK. Surface location and high affinity for calcium of a 500-kd liver membrane protein closely related to the LDL-receptor suggest a physiological role as lipoprotein receptor. EMBO J (1988) 7(13):4119–27. doi: 10.1002/j.1460-2075.1988.tb03306.x

15. Nykjaer, A, and Willnow, TE. The low-density lipoprotein receptor gene family: a cellular Swiss army knife? Trends Cell Biol (2002) 12(6):273–80. doi: 10.1016/S0962-8924(02)02282-1

16. Herz, J, Kowal, RC, Goldstein, JL, and Brown, MS. Proteolytic processing of the 600 kd low density lipoprotein receptor-related protein (LRP) occurs in a trans-golgi compartment. EMBO J (1990) 9(6):1769–76. doi: 10.1002/j.1460-2075.1990.tb08301.x

17. Lillis, AP, Van Duyn, LB, Murphy-Ullrich, JE, and Strickland, DK. LDL receptor-related protein 1: unique tissue-specific functions revealed by selective gene knockout studies. Physiol Rev (2008) 88(3):887–918. doi: 10.1152/physrev.00033.2007

18. Daly, NL, Scanlon, MJ, Djordjevic, JT, Kroon, PA, and Smith, R. Three-dimensional structure of a cysteine-rich repeat from the low-density lipoprotein receptor. Proc Natl Acad Sci USA (1995) 92(14):6334–8. doi: 10.1073/pnas.92.14.6334

19. Strickland, DK, Gonias, SL, and Argraves, WS. Diverse roles for the LDL receptor family. Trends Endocrinol Metab (2002) 13(2):66–74. doi: 10.1016/S1043-2760(01)00526-4

20. Loukinova, E, Ranganathan, S, Kuznetsov, S, Gorlatova, N, Migliorini, MM, Loukinov, D, et al. Platelet-derived growth factor (PDGF)-induced tyrosine phosphorylation of the low density lipoprotein receptor-related protein (LRP). evidence for integrated co-receptor function betwenn LRP and the PDGF. J Biol Chem (2002) 277(18):15499–506. doi: 10.1074/jbc.M200427200

21. Hofmann, SM, Zhou, L, Perez-Tilve, D, Greer, T, Grant, E, Wancata, L, et al. Adipocyte LDL receptor-related protein-1 expression modulates postprandial lipid transport and glucose homeostasis in mice. J Clin Invest (2007) 117(11):3271–82. doi: 10.1172/JCI31929

22. Rohlmann, A, Gotthardt, M, Hammer, RE, and Herz, J. Inducible inactivation of hepatic LRP gene by cre-mediated recombination confirms role of LRP in clearance of chylomicron remnants. J Clin Invest (1998) 101(3):689–95. doi: 10.1172/JCI1240

23. Kounnas, MZ, Church, FC, Argraves, WS, and Strickland, DK. Cellular internalization and degradation of antithrombin III-thrombin, heparin cofactor II-thrombin, and alpha 1-antitrypsin-trypsin complexes is mediated by the low density lipoprotein receptor-related protein. J Biol Chem (1996) 271(11):6523–9. doi: 10.1074/jbc.271.11.6523

24. May, P, Rohlmann, A, Bock, HH, Zurhove, K, Marth, JD, Schomburg, ED, et al. Neuronal LRP1 functionally associates with postsynaptic proteins and is required for normal motor function in mice. Mol Cell Biol (2004) 24(20):8872–83. doi: 10.1128/MCB.24.20.8872-8883.2004

25. Yepes, M, Sandkvist, M, Moore, EG, Bugge, TH, Strickland, DK, and Lawrence, DA. Tissue-type plasminogen activator induces opening of the blood-brain barrier via the LDL receptor-related protein. J Clin Invest (2003) 112(10):1533–40. doi: 10.1172/JCI200319212

26. Strickland, DK, Au, DT, Cunfer, P, and Muratoglu, SC. Low-density lipoprotein receptor-related protein-1: role in the regulation of vascular integrity. Arterioscler Thromb Vasc Biol (2014) 34(3):487–98. doi: 10.1161/ATVBAHA.113.301924

27. Herz, J, Clouthier, DE, and Hammer, RE. LDL receptor-related protein internalizes and degrades uPA-PAI-1 complexes and is essential for embryo implantation. Cell (1992) 71(3):411–21. doi: 10.1016/0092-8674(92)90511-A

28. Van Leuven, F, Cassiman, JJ, and Van Den Berghe, H. Demonstration of an alpha2-macroglobulin receptor in human fibroblasts, absent in tumor-derived cell lines. J Biol Chem (1979) 254(12):5155–60. doi: 10.1016/S0021-9258(18)50573-1

29. Gonias, SL, and Campana, WM. LDL receptor-related protein-1: a regulator of inflammation in atherosclerosis, cancer, and injury to the nervous system. Am J Pathol (2014) 184(1):18–27. doi: 10.1016/j.ajpath.2013.08.029

30. Vitols, S, Peterson, C, Larsson, O, Holm, P, and Aberg, B. Elevated uptake of low density lipoproteins by human lung cancer tissue in vivo. Cancer Res (1992) 52(22):6244–7. doi: 10.1016/0169-5002(93)90206-D

31. Catasus, L, Llorente-Cortes, V, Cuatrecasas, M, Pons, C, Espinosa, I, and Prat, J. Low-density lipoprotein receptor-related protein 1 (LRP-1) is associated with highgrade, advanced stage and p53 and p16 alterations in endometrial carcinomas. Histopathology (2011) 59(3):567–71. doi: 10.1111/j.1365-2559.2011.03942.x

32. Gopal, U, Bohonowych, JE, Lema-Tome, C, Liu, A, Garrett-Mayer, E, Wang, B, et al. A novel extracellular Hsp90 mediated co-receptor function for LRP1 regulates EphA2 dependent glioblastoma cell invasion. PloS One (2011) 6(3):e17649. doi: 10.1371/journal.pone.0017649

33. Pires, LA, Hegg, R, Freitas, FR, Tavares, ER, Almeida, CP, Baracat, EC, et al. Effect of neoadjuvant chemotherapy on low-density lipoprotein (LDL) receptor and LDL receptor-related protein 1 (LRP-1) receptor in locally advanced breast cancer. Braz J Med Biol Res (2012) 45(6):557–64. doi: 10.1590/S0100-879X2012007500068

34. Uhlen, M, Fagerberg, L, Hallstrom, BM, Lindskog, C, Oksvold, P, Mardinoglu, A, et al. Proteomics. tissue-based map of the human proteome. Science (2015) 347(6220):1260419. doi: 10.1126/science.1260419

35. Li, Y, Wood, N, Parsons, PG, Yellowlees, D, and Donnelly, PK. Expression of alpha2-macroglobulin receptor/low density lipoprotein receptor-related protein on surfaces of tumour cells: a study using flow cytometry. Cancer Lett (1997) 111(1-2):199–205. doi: 10.1016/S0304-3835(96)04520-X

36. Sid, B, Dedieu, S, Delorme, N, Sartelet, H, Rath, GM, Bellon, G, et al. Human thyroid carcinoma cell invasion is controlled by the low density lipoprotein receptor-related protein-mediated clearance of urokinase plasminogen activator. Int J Biochem Cell Biol (2006) 38(10):1729–40. doi: 10.1016/j.biocel.2006.04.005

37. Huang, XY, Shi, GM, Devbhandari, RP, Ke, AW, Wang, Y, Wang, XY, et al. Low level of low-density lipoprotein receptor-related protein 1 predicts an unfavorable prognosis of hepatocellular carcinoma after curative resection. PloS One (2012) 7(3):e32775. doi: 10.1371/journal.pone.0032775

38. Meng, H, Chen, G, Zhang, X, Wang, Z, Thomas, DG, Giordano, TJ, et al. Stromal LRP1 in lung adenocarcinoma predicts clinical outcome. Clin Cancer Res (2011) 17(8):2426–33. doi: 10.1158/1078-0432.CCR-10-2385

39. Foca, C, Moses, EK, Quinn, MA, and Rice, GE. Differential expression of the alpha(2)-macroglobulin receptor and the receptor associated protein in normal human endometrium and endometrial carcinoma. Mol Hum Reprod (2000) 6(10):921–7. doi: 10.1093/molehr/6.10.921

40. Kancha, RK, Stearns, ME, and Hussain, MM. Decreased expression of the low density lipoprotein receptor-related protein/alpha 2-macroglobulin receptor in invasive cell clones derived from human prostate and breast tumor cells. Oncol Res (1994) 6(8):365–72.

41. Desrosiers, RR, Rivard, ME, Grundy, PE, and Annabi, B. Decrease in LDL receptor-related protein expression and function correlates with advanced stages of wilms tumors. Pediatr Blood Cancer (2006) 46(1):40–9. doi: 10.1002/pbc.20566

42. Stebbing, J, Bower, M, Gazzard, B, Wildfire, A, Pandha, H, Dalgleish, A, et al. The common heat shock protein receptor CD91 is up-regulated on monocytes of advanced melanoma slow progressors. Clin Exp Immunol (2004) 138(2):312–6. doi: 10.1111/j.1365-2249.2004.02619.x

43. Bian, W, Tang, M, Jiang, H, Xu, W, Hao, W, Sui, Y, et al. Low-density-lipoprotein-receptor-related protein 1 mediates notch pathway activation. Dev Cell (2021) 56(20):2902–19 e8. doi: 10.1016/j.devcel.2021.09.015

44. Mouse Genome Sequencing, C, Waterston, RH, Lindblad-Toh, K, Birney, E, Rogers, J, Abril, JF, et al. Initial sequencing and comparative analysis of the mouse genome. Nature (2002) 420(6915):520–62. doi: 10.1038/nature01262

45. Basu, S, Binder, RJ, Ramalingam, T, and Srivastava, PK. CD91 is a common receptor for heat shock proteins gp96, hsp90, hsp70, and calreticulin. Immunity (2001) 14(3):303–13. doi: 10.1016/S1074-7613(01)00111-X

46. Altschul, SF, Madden, TL, Schaffer, AA, Zhang, J, Zhang, Z, Miller, W, et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res (1997) 25(17):3389–402. doi: 10.1093/nar/25.17.3389

47. Bowers, EV, Horvath, JJ, Bond, JE, Cianciolo, GJ, and Pizzo, SV. Antigen delivery by alpha(2)-macroglobulin enhances the cytotoxic T lymphocyte response. J Leukoc Biol (2009) 86(5):1259–68. doi: 10.1189/jlb.1008653

48. Matsutake, T, Sawamura, T, and Srivastava, PK. High efficiency CD91- and LOX-1-mediated re-presentation of gp96-chaperoned peptides by MHC II molecules. Cancer Immun (2010) 10:7.

49. Kounnas, MZ, Morris, RE, Thompson, MR, FitzGerald, DJ, Strickland, DK, and Saelinger, CB. The alpha 2-macroglobulin receptor/low density lipoprotein receptor-related protein binds and internalizes pseudomonas exotoxin a. J Biol Chem (1992) 267(18):12420–3. doi: 10.1016/S0021-9258(18)42291-0

50. Hofer, F, Gruenberger, M, Kowalski, H, Machat, H, Huettinger, M, Kuechler, E, et al. Members of the low density lipoprotein receptor family mediate cell entry of a minor-group common cold virus. Proc Natl Acad Sci USA (1994) 91(5):1839–42. doi: 10.1073/pnas.91.5.1839

51. May, P. The low-density lipoprotein receptor-related protein 1 in inflammation. Curr Opin Lipidol (2013) 24(2):134–7. doi: 10.1097/MOL.0b013e32835e809c

52. Potere, N, Del Buono, MG, Niccoli, G, Crea, F, Toldo, S, and Abbate, A. Developing LRP1 agonists into a therapeutic strategy in acute myocardial infarction. Int J Mol Sci (2019) 20(3). doi: 10.3390/ijms20030544

53. Deng, N, Li, M, Shen, D, He, Q, Sun, W, Liu, M, et al. LRP1 receptor-mediated immunosuppression of alpha-MMC on monocytes. Int Immunopharmacol (2019) 70:80–7. doi: 10.1016/j.intimp.2019.01.036

54. Moestrup, SK, Kaltoft, K, Petersen, CM, Pedersen, S, Gliemann, J, and Christensen, EI. Immunocytochemical identification of the human alpha 2-macroglobulin receptor in monocytes and fibroblasts: monoclonal antibodies define the receptor as a monocyte differentiation antigen. Exp Cell Res (1990) 190(2):195–203. doi: 10.1016/0014-4827(90)90185-D

55. Ziegler-Heitbrock, L, Ancuta, P, Crowe, S, Dalod, M, Grau, V, Hart, DN, et al. Nomenclature of monocytes and dendritic cells in blood. Blood (2010) 116(16):e74–80. doi: 10.1182/blood-2010-02-258558

56. Wong, KL, Tai, JJ, Wong, WC, Han, H, Sem, X, Yeap, WH, et al. Gene expression profiling reveals the defining features of the classical, intermediate, and nonclassical human monocyte subsets. Blood (2011) 118(5):e16–31. doi: 10.1182/blood-2010-12-326355

57. Kapellos, TS, Bonaguro, L, Gemund, I, Reusch, N, Saglam, A, Hinkley, ER, et al. Human monocyte subsets and phenotypes in major chronic inflammatory diseases. Front Immunol (2019) 10:2035. doi: 10.3389/fimmu.2019.02035

58. Ferrer, DG, Jaldin-Fincati, JR, Amigone, JL, Capra, RH, Collino, CJ, Albertini, RA, et al. Standardized flow cytometry assay for identification of human monocytic heterogeneity and LRP1 expression in monocyte subpopulations: decreased expression of this receptor in nonclassical monocytes. Cytometry A (2014) 85(7):601–10. doi: 10.1002/cyto.a.22455

59. Llorente-Cortes, V, and Badimon, L. LDL receptor-related protein and the vascular wall: implications for atherothrombosis. Arterioscler Thromb Vasc Biol (2005) 25(3):497–504. doi: 10.1161/01.ATV.0000154280.62072.fd

60. Zawada, AM, Rogacev, KS, Schirmer, SH, Sester, M, Bohm, M, Fliser, D, et al. Monocyte heterogeneity in human cardiovascular disease. Immunobiology (2012) 217(12):1273–84. doi: 10.1016/j.imbio.2012.07.001

61. Boucher, P, Gotthardt, M, Li, WP, Anderson, RG, and Herz, J. LRP: role in vascular wall integrity and protection from atherosclerosis. Science (2003) 300(5617):329–32. doi: 10.1126/science.1082095

62. Altisent, C, Montoro, JB, Ruiz, I, and Lorenzo, JI. Long-term survivors and progression of human immunodeficiency virus infection. N Engl J Med (1996) 334(16):1065–6. doi: 10.1056/NEJM199604183341616

63. Kebba, A, Stebbing, J, Rowland, S, Ingram, R, Agaba, J, Patterson, S, et al. Expression of the common heat-shock protein receptor CD91 is increased on monocytes of exposed yet HIV-1-seronegative subjects. J Leukoc Biol (2005) 78(1):37–42. doi: 10.1189/jlb.0105049

64. Stebbing, J, Gazzard, B, Kim, L, Portsmouth, S, Wildfire, A, Teo, I, et al. The heat-shock protein receptor CD91 is up-regulated in monocytes of HIV-1-infected "true" long-term nonprogressors. Blood (2003) 101(10):4000–4. doi: 10.1182/blood-2002-11-3353

65. Franchini, M, Urbani, S, Amadei, B, Rivolta, GF, Di Perna, C, Riccardi, F, et al. LRP1/CD91 is up-regulated in monocytes from patients with haemophilia a: a single-centre analysis. Haemophilia (2013) 19(3):e126–32. doi: 10.1111/hae.12098

66. Piquero-Casals, J, Martinez-Martinez, L, Alomar, A, Rozas-Munoz, E, Juarez, C, and Puig, L. LRP1/CD91 is highly expressed in monocytes from patients with vitiligo - even after repigmentation. Exp Dermatol (2021) 30(3):390–5. doi: 10.1111/exd.14249

67. Albertini, RA, Nicolas, JC, Actis Dato, V, Ferrer, DG, Tinti, ME, Capra, RH, et al. Decreased low-density lipoprotein receptor-related protein 1 expression in pro-inflammatory monocytes is associated with subclinical atherosclerosis. Front Cardiovasc Med (2022) 9:949778. doi: 10.3389/fcvm.2022.949778

68. Donnelly, S, Roake, W, Brown, S, Young, P, Naik, H, Wordsworth, P, et al. Impaired recognition of apoptotic neutrophils by the C1q/calreticulin and CD91 pathway in systemic lupus erythematosus. Arthritis Rheumatol (2006) 54(5):1543–56. doi: 10.1002/art.21783

69. Yancey, PG, Blakemore, J, Ding, L, Fan, D, Overton, CD, Zhang, Y, et al. Macrophage LRP-1 controls plaque cellularity by regulating efferocytosis and akt activation. Arterioscler Thromb Vasc Biol (2010) 30(4):787–95. doi: 10.1161/ATVBAHA.109.202051

70. Willingham, SB, Volkmer, JP, Gentles, AJ, Sahoo, D, Dalerba, P, Mitra, SS, et al. The CD47-signal regulatory protein alpha (SIRPa) interaction is a therapeutic target for human solid tumors. Proc Natl Acad Sci USA (2012) 109(17):6662–7. doi: 10.1073/pnas.1121623109

71. Mueller, PA, Kojima, Y, Huynh, KT, Maldonado, RA, Ye, J, Tavori, H, et al. Macrophage LRP1 (Low-density lipoprotein receptor-related protein 1) is required for the effect of CD47 blockade on efferocytosis and atherogenesis-brief report. Arterioscler Thromb Vasc Biol (2022) 42(1):e1–9. doi: 10.1161/ATVBAHA.121.316854

72. Xian, X, Ding, Y, Dieckmann, M, Zhou, L, Plattner, F, Liu, M, et al. LRP1 integrates murine macrophage cholesterol homeostasis and inflammatory responses in atherosclerosis. Elife (2017) 6. doi: 10.7554/eLife.29292

73. Overton, CD, Yancey, PG, Major, AS, Linton, MF, and Fazio, S. Deletion of macrophage LDL receptor-related protein increases atherogenesis in the mouse. Circ Res (2007) 100(5):670–7. doi: 10.1161/01.RES.0000260204.40510.aa

74. Zurhove, K, Nakajima, C, Herz, J, Bock, HH, and May, P. Gamma-secretase limits the inflammatory response through the processing of LRP1. Sci Signal (2008) 1(47):ra15. doi: 10.1126/scisignal.1164263

75. Luo, L, Wall, AA, Tong, SJ, Hung, Y, Xiao, Z, Tarique, AA, et al. TLR crosstalk activates LRP1 to recruit Rab8a and PI3Kgamma for suppression of inflammatory responses. Cell Rep (2018) 24(11):3033–44. doi: 10.1016/j.celrep.2018.08.028

76. Ferrer, DG, Dato, VA, Jaldin-Fincati, JR, Lorenc, VE, Sanchez, MC, and Chiabrando, GA. Activated alpha2 -macroglobulin induces mesenchymal cellular migration of Raw264.7 cells through low-density lipoprotein receptor-related protein 1. J Cell Biochem (2017) 118(7):1810–8. doi: 10.1002/jcb.25857

77. Sedlacek, AL, Kinner-Bibeau, LB, and Binder, RJ. Phenotypically distinct helper NK cells are required for gp96-mediated anti-tumor immunity. Sci Rep (2016) 6:29889. doi: 10.1038/srep29889

78. Liberale, L, Bertolotto, M, Minetti, S, Contini, P, Verzola, D, Ameri, P, et al. Recombinant tissue plasminogen activator (r-tPA) induces in-vitro human neutrophil migration via low density lipoprotein receptor-related protein 1 (LRP-1). Int J Mol Sci (2020) 21(19). doi: 10.3390/ijms21197014

79. Dalli, J, Norling, LV, Montero-Melendez, T, Federici Canova, D, Lashin, H, Pavlov, AM, et al. Microparticle alpha-2-macroglobulin enhances pro-resolving responses and promotes survival in sepsis. EMBO Mol Med (2014) 6(1):27–42. doi: 10.1002/emmm.201303503

80. Virgolini, I, Li, SR, Yang, Q, Koller, E, Sperr, WR, Leimer, M, et al. Characterization of LDL and VLDL binding sites on human basophils and mast cells. Arterioscler Thromb Vasc Biol (1995) 15(1):17–26. doi: 10.1161/01.ATV.15.1.17

81.Human protein atlas. Available at: https://www.proteinatlas.org/ENSG00000123384-LRP1/single+cell+type.

82. Thul, PJ, Akesson, L, Wiking, M, Mahdessian, D, Geladaki, A, Ait Blal, H, et al. A subcellular map of the human proteome. Science (2017) 356(6340). doi: 10.1126/science.aal3321

83. Binder, RJ, and Srivastava, PK. Essential role of CD91 in re-presentation of gp96-chaperoned peptides. Proc Natl Acad Sci USA (2004) 101(16):6128–33. doi: 10.1073/pnas.0308180101

84. Ebrahimi-Nik, H, Corwin, WL, Shcheglova, T, Das Mohapatra, A, Mandoiu, II, and Srivastava, PK. CD11c(+) MHCII(lo) GM-CSF-bone marrow-derived dendritic cells act as antigen donor cells and as antigen presenting cells in neoepitope-elicited tumor immunity against a mouse fibrosarcoma. Cancer Immunol Immunother (2018) 67(9):1449–59. doi: 10.1007/s00262-018-2202-4

85. Cappelletti, M, Presicce, P, Calcaterra, F, Mavilio, D, and Della Bella, S. Bright expression of CD91 identifies highly activated human dendritic cells that can be expanded by defensins. Immunology (2015) 144(4):661–7. doi: 10.1111/imm.12418

86. De Filippo, A, Binder, RJ, Camisaschi, C, Beretta, V, Arienti, F, Villa, A, et al. Human plasmacytoid dendritic cells interact with gp96 via CD91 and regulate inflammatory responses. J Immunol (2008) 181(9):6525–35. doi: 10.4049/jimmunol.181.9.6525

87. Di Blasio, S, Wortel, IM, van Bladel, DA, de Vries, LE, Duiveman-de Boer, T, Worah, K, et al. Human CD1c(+) DCs are critical cellular mediators of immune responses induced by immunogenic cell death. Oncoimmunology (2016) 5(8):e1192739. doi: 10.1080/2162402X.2016.1192739

88. Gardner, JK, Mamotte, CD, McGonigle, T, Dye, DE, Jackaman, C, and Nelson, DJ. Lipid-laden partially-activated plasmacytoid and CD4(-)CD8alpha(+) dendritic cells accumulate in tissues in elderly mice. Immun Ageing (2014) 11:11. doi: 10.1186/1742-4933-11-11

89. Sedlacek, AL, Younker, TP, Zhou, YJ, Borghesi, L, Shcheglova, T, Mandoiu, II, et al. CD91 on dendritic cells governs immunosurveillance of nascent, emerging tumors. JCI Insight (2019) 4(7). doi: 10.1172/jci.insight.127239

90. Mishra, A, Yao, X, Saxena, A, Gordon, EM, Kaler, M, Cuento, RA, et al. Low-density lipoprotein receptor-related protein 1 attenuates house dust mite-induced eosinophilic airway inflammation by suppressing dendritic cell-mediated adaptive immune responses. J Allergy Clin Immunol (2018) 142(4):1066–79e6. doi: 10.1016/j.jaci.2017.10.044

91. Yin, C, and Heit, B. Cellular responses to the efferocytosis of apoptotic cells. Front Immunol (2021) 12:631714. doi: 10.3389/fimmu.2021.631714

92. Subramanian, M, Hayes, CD, Thome, JJ, Thorp, E, Matsushima, GK, Herz, J, et al. An AXL/LRP-1/RANBP9 complex mediates DC efferocytosis and antigen cross-presentation in vivo. J Clin Invest (2014) 124(3):1296–308. doi: 10.1172/JCI72051

93. Chaplin, DD. Overview of the immune response. J Allergy Clin Immunol (2010) 125(2 Suppl 2):S3–23. doi: 10.1016/j.jaci.2009.12.980

94. Covarrubias, R, Wilhelm, AJ, and Major, AS. Specific deletion of LDL receptor-related protein on macrophages has skewed in vivo effects on cytokine production by invariant natural killer T cells. PloS One (2014) 9(7):e102236. doi: 10.1371/journal.pone.0102236

95. Panezai, J, Bergdahl, E, and Sundqvist, KG. T-Cell regulation through a basic suppressive mechanism targeting low-density lipoprotein receptor-related protein 1. Immunology (2017) 152(2):308–27. doi: 10.1111/imm.12770

96. Sundqvist, KG. T Cell Co-stimulation: Inhibition of immunosuppression? Front Immunol (2018) 9:974. doi: 10.3389/fimmu.2018.00974

97. Li, SS, Liu, Z, Uzunel, M, and Sundqvist, KG. Endogenous thrombospondin-1 is a cell-surface ligand for regulation of integrin-dependent T-lymphocyte adhesion. Blood (2006) 108(9):3112–20. doi: 10.1182/blood-2006-04-016832

98. Guo, X, Pan, Y, Xiong, M, Sanapala, S, Anastasaki, C, Cobb, O, et al. Midkine activation of CD8(+) T cells establishes a neuron-immune-cancer axis responsible for low-grade glioma growth. Nat Commun (2020) 11(1):2177. doi: 10.1038/s41467-020-15770-3

99. Pawaria, S, and Binder, RJ. CD91-dependent programming of T-helper cell responses following heat shock protein immunization. Nat Commun (2011) 2:521. doi: 10.1038/ncomms1524

100. Kedzierska, AE, Lorek, D, Slawek, A, Grabowski, T, and Chelmonska-Soyta, A. CD91 derived treg epitope modulates regulatory T lymphocyte response, regulates expression of costimulatory molecules on antigen-presenting cells, and rescues pregnancy in mouse pregnancy loss model. Int J Mol Sci (2021) 22(14). doi: 10.3390/ijms22147296

101. Zhu, Q, Yan, L, Liu, Q, Zhang, C, Wei, L, Hu, Q, et al. Exome chip analyses identify genes affecting mortality after HLA-matched unrelated-donor blood and marrow transplantation. Blood (2018) 131(22):2490–9. doi: 10.1182/blood-2017-11-817973

102. Zeiser, R. Activation of innate immunity in graft-versus-Host disease: Implications for novel targets? Oncol Res Treat (2015) 38(5):239–43. doi: 10.1159/000381296

103. Maeda, Y. Pathogenesis of graft-versus-host disease: innate immunity amplifying acute alloimmune responses. Int J Hematol (2013) 98(3):293–9. doi: 10.1007/s12185-013-1421-x

104. Fucikova, J, Truxova, I, Hensler, M, Becht, E, Kasikova, L, Moserova, I, et al. Calreticulin exposure by malignant blasts correlates with robust anticancer immunity and improved clinical outcome in AML patients. Blood (2016) 128(26):3113–24. doi: 10.1182/blood-2016-08-731737



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Sizova, John, Ma and Molldrem. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1166189-g002.jpg
Immune synapse Phagocytic synapse

o
Calreticulin





OEBPS/Images/fimmu.2023.1166189_cover.jpg
& frontiers | Frontiers in Immunology






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Multi-faceted role of LRP1 in the immune system

      

        		

          Introduction

        



        		

          LRP1 overview

        



        		

          LRP1 in cancer

        



        		

          Expression in mice vs. humans

        



        		

          LRP1 in the innate immune system

        



        		

          In monocytes

        

          		

            Expression in different monocyte subsets

          



          		

            Implication in various diseases

          



        



        



        		

          In macrophages

        

          		

            Role in efferocytosis

          



          		

            Other ways of suppressing inflammation

          



        



        



        		

          In NK cells

        



        		

          In neutrophils

        



        		

          Other innate immune subpopulations

        



        		

          LRP1 in DCs

        

          		

            LRP1 on different DC subsets

          



          		

            Role in efferocytosis

          



        



        



        		

          LRP1 in adaptive immune system

        



        		

          B cells

        



        		

          T cells

        

          		

            Adhesion and motility

          



          		

            Activation of T cells

          



          		

            T cell proliferation

          



          		

            Indirect effect of LRP1 on T cells

          



          		

            Anti-leukemia immunity and allogeneic cell transplantation complications

          



        



        



        		

          Discussion

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1166189-g001.jpg
"Eat me" in
efferocytosis

Adhesion & motility
LRP1

Inhibition of TLR-
induced
inflammation

Cholesterol uptake

Migration through

actin polymerization

Indirectly: through
APC

Exogenous LRP1:
Treg expansion






