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Abstract 

Background: 

Chemokines have a pathogenic role in atherosclerosis, but chemokine targeting strategies 

have been hampered by the redundancy of the chemokine/receptor network. Complexity is 

further complicated by atypical chemokines (ACKs) such as macrophage migration inhibitory 

factor (MIF), an inflammatory mediator that signals through CXCR2 and CXCR4 to promote 

atherogenic leukocyte recruitment. CXCR4 is also the bona fide receptor of the homeostatic 

chemokine CXCL12. Our laboratory recently developed a 31-residue anti-atherogenic ecto-

domain-derived peptide mimic of CXCR4, msR4M-L1, which selectively binds MIF but spares 

CXCL12 and this contributed to the characterization of the inhibitory profile of msR4M-L1. 

Moreover, guided by structure-activity studies on relevant CXCR4 ectodomain sequences, 

work in this PhD thesis also focused on the design of next generation mimics (NGMs) with a 

minimized size of only 20 residues, non-natural or native amino acid-based linkers, and 

improved solubility. 

 

Methods: 

Using freshly isolated primary human monocytes, LDL or oxLDL uptake assays were 

established to determine the inhibitory capacity of msR4M-L1 against MIF. DMR and receptor 

binding experiment were used to examine the selectivity of MIF between its receptors CXCR4 

and CD74. For NGMs, in vitro 2D and 3D cell migration and oxLDL uptake assays were 

performed to examine their potency and efficacy by constructing IC50 curves. The lead 

minimized peptide NGM-D3 was chosen for degradation and stability studies. Additionally, 

Apoe–/– mice were treated with NGM-D3 to evaluate its therapeutics in atherosclerosis and 

bulk RNA sequencing of plaque tissue was performed. 
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Results: 

As the proof-of-concept CXCR4 ectodomain-derived peptide inhibitor, msR4M-L1 showed 

robust and specific inhibition on MIF-driven inflammatory responses in vitro and in vivo. 

LDL/oxLDL uptake in macrophages induced through MIF/CXCR4 were dose-dependently 

blocked by msR4M-L1. msR4M-L1 selectively targeted the MIF/CXCR4 pathway without 

interfering MIF/CD74. NGMs were generated with improved conformational flexibility and 

solubility, while maintaining the preferential selectivity of binding to MIF over CXCL12. NGMs 

such as NGM-D3 inhibited MIF-elicited macrophage foam cell formation and attenuated MIF-

induced chemotaxis as determined by constructing IC50 curves. Dose titrations of NGMs 

revealed IC50 values in the range of 10-100 nM for all bioassays. NGM-D3 exhibited favorable 

stability and half-life in human plasma ex vivo, partially due to its binding capacity to albumin 

as indicated by albumin binding assays using TAMRA-NGM-D3. Although NGM-D3 did not 

reduce plaque size and macrophage burden in a 5-week high-fat diet (HFD) Apoe–/– mice 

model of early atherogenesis, it led to reprogramming of the transcriptional profiles of the 

atherosclerotic plaque tissue. Extracellular matrix regulatory and pro-inflammatory signatures 

were found to be significantly downregulated in plaque tissue of NGM-D3-treated mice 

compared to vehicle control, exemplified by enrichment in extracellular matrix organization, 

cell adhesion and migration, and TNF signaling pathway. In addition, NGM-R3 not only block 

MIF-driven pathways, but also CXCL12-mediated signaling. 

 

Conclusions: 

The first generation ectodomain mimic msR4M-L1 and minimized ectodomain mimics of 

CXCR4 (“NGMs”) such as NGM-D3 were designed and verified to selectively bind to MIF. They 

are promising inhibitors of atherogenic MIF activities in vitro. NGM-D3 modulates atherogenic 

transcriptional signatures in vivo in an early mouse model of atherosclerosis. Interestingly, 

dual-specific NGMs such as NGM-R3 binding to MIF and CXCL12 could have a utility in 

conditions driven by MIF and CXCL12.
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1 Introduction 

1.1 Atherosclerosis 

1.1.1 Pathogenesis and Pathological features 

The latest Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2019 reported 

that cardiovascular diseases (CVD) led to approximate one-third of mortality globally (1). The 

increasing prevalence of major risk factors, including dietary risks, high low-density lipoprotein 

cholesterol, air pollution, high body mass index, and smoking, largely attribute to the high death 

rate for atherosclerotic cardiovascular diseases (ASCVD).  

 

Atherosclerosis is a disease, in which plaque grows on the inside of the wall of arteries. Plaque 

lesions are composed of fat, cholesterol, calcium, infiltrated immune cells, and other 

substances. Plaque build-up exerts detrimental effects, hardening and narrowing of the 

arteries and reducing the blood flow delivered to tissues. Tissue infarction and death could 

happen when obtaining non-sufficient oxygen and nutrients from the blood, resulting in severe 

clinical outcomes. Sometimes a piece of plaque can break-off and travel somewhere else 

throughout the circulation to block blood flow, causing ischemic damage or thrombotic 

occlusion. Atherosclerosis often doesn’t cause symptoms until an artery becomes more than 

50-70% obstructed. Some early signs warning of the presence of the disease include chest 

pain, intermittent claudication, and transient ischemic attack (TIA). The location of the vascular 

artery impacted presents with different clinical manifestations. 

 

Atherosclerosis has been a human disease for >3,500 years, dating back to when the 

pathology was found in Egyptian mummies (2). It was initially identified as a lipid-driven 

disease. The initial step occurs, when low-density lipoprotein (LDL) levels increase, particularly 

in body parts where the vessel wall undergoes disturbed or low laminar shear stress flow (3, 



                                                                                                                                 Introduction 

4 

 

4). Once the endothelial barrier disrupts, LDL particles can cross the endothelial layer, break 

through into the intima and start to accumulate. Those LDL droplets often undergo oxidative 

or other forms of modifications (5, 6), converting into pro-atherogenesis particles, setting off 

the innate inflammatory reactions within the intima. Activated endothelial cells (ECs) express 

elevated adhesion molecules like vascular cell adhesion molecule-1 (VCAM-1) and release 

cytokines and chemokines to attract monocytes, lymphocytes, and neutrophils and draw them 

into the intimal space. Upon entry, transmigrated circulating monocytes transform into 

macrophages in response to the local monocyte-colony stimulating factor (M-CSF) release, 

take up lipids, and transform into foam cells. Foam cells are the hallmark of atherosclerosis. 

Not only do they promote the enlargement of lipid-rich compartments, but they also secret a 

variety of inflammatory mediators. Another major resource of cellular components, vascular 

smooth muscle cells (VSMCs), may also give rise to lipid-laden cells and contribute to the 

disease progression by secreting various pro-inflammatory cytokines, such as interleukin (IL)-

1β, tumor necrosis factor (TNF) α and β, MCP-1, and IL-18. All those cellular components’ 

activation form an infinite loop, elaborating recruitment and proliferation of VSMCs, further LDL 

oxidation, and constant endothelial impairment and leukocyte recruitment (Figure 1). 

Additionally, many atherogenic molecules promote VSMCs to produce proteoglycans to 

augment the retention of LDL core proteins, increase lipid content and accelerate plaque 

formation (7, 8).  

 

The first visible evidence of atherosclerosis is a fatty streak, which is a yellow-colored streak 

on gross inspection. They mainly consist of macrophage foam cells stratified in adjacent layers 

(9). Up to this point, the pathologic alterations are considered reversible. As the disease 

progresses, lipid accumulation begins to form an extracellular lipid pool with decreased 

cellularity. 
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Figure 1: Initiation of atherosclerosis. Lipoprotein retention initiates innate immunity, which leads to 

the up-regulation of leukocyte adhesion molecules (such as VCAM-1 and ICAM-1) on the endothelium, 

facilitating the rolling, adherence, and eventually transmigration of blood neutrophils, monocytes, and 

lymphocytes to the subendothelial layer. Within the intima, macrophage-colony stimulating factor (M-

CSF) and granulocyte-macrophage colony stimulating factor (GM-CSF) promote monocytes to 

differentiate into macrophages which take up lipoproteins and transform into foam cells. Smooth muscle 

cells can migrate into the intima space and proliferate. In addition, SMCs have been recognized to 

undergo metaplasia and give rise to macrophage-like cells. Cholesterol crystals are a critical mediator 

in activating the inflammasome synthesis and causally releasing of IL-1β and its downstream signaling 

IL-6. IL-6 participates in the production of C-reative protein (CRP). Increased levels of CRP indicate an 

increased risk for atherosclerotic cardiovascular disease. Taken from Gisterå A et al, Nat Rev Nephrol 

2017 (10). 

 

The evolvement of atherosclerotic lesions is characterized by gradual enlargement over time. 

Accumulating lipid droplets within foam cells, the proliferation of VSMCs, and the production 

of intracellular matrix slowly constitute fibroatheroma. At this stage, macrophages and VSMCs 

could die in plaques through apoptosis (11). The defective clearance of apoptotic bodies is 

associated with secondary necrosis. Cellular debris arising from apoptotic cells, the release of 

cellular contents, and accumulating extracellular lipids aggressively distort the normal 
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architecture of the intima, ultimately forming enlarging pools termed lipid-rich necrotic cores 

(12-14). Fibrous tissue adds and forms in and around regions of the intima, in which lipid cores 

are stacked irregularly. (15). Sometimes the fibrous tissue represents the greater thickness of 

the lesion than the underlying lipid cores. As a result, arteries are narrowed with a higher 

occurrence of clinically relevant complications.  

 

In more advanced stages of plaque development, plaques can develop a thin cap and become 

unstable, which may lead to rupture (16, 17). Clinical morbidity and mortality are highly 

associated with this type of lesion, in which plaque rupture, hematoma or hemorrhage, and 

thrombosis are most likely to occur. They are often found among people at age ≥55 years, and 

the thickness for 95% of ruptured caps is below 65 µm (18). Ruptured lesions revealed heavy 

macrophage-derived foam cell infiltration and less VSMC content (17, 19). The imbalance 

between collagen production and proteolytic degradation facilitates plaques to rupture, 

inducing thrombotic formation eventually. The clinical consequences of thrombosis vary, 

largely depending on the regions and sites. It only becomes life-threatening when a major 

blood vessel is affected. Nevertheless, silent plaque ruptures are of utmost importance for 

plaque growth and acute coronary syndrome (20, 21). Scarring of fibrous tissue has been 

viewed as a cause for the constrictive remodeling seen in patients with severe stenosis (22).  

 

1.1.2 Inflammation in atherosclerosis 

Despite dyslipidemia, substantial experimental and clinical investigations indicate that the 

immune system fundamentally shapes atherosclerosis and contributes to the etiology of 

ischemic injuries. The initial insight that atherosclerosis is a lipid-driven inflammatory disease 

arises from studies of classical acute phase reactant proteins. For instance, concentrations of 

C-reactive protein (CRP) show associations with levels of creatine kinase (CK) MB, implicating 

that inflammation correlates to myocardial infarction (23). CRP levels are an independent risk 
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factor in predicting cardiovascular events. They could also be utilized as an indicator of 

vascular inflammation in patients with elevated lipid levels (24). 

 

As part of innate immunity, macrophages express multiple Toll-like receptors (TLRs), including 

TLR2 and TLR4, which are crucial sensors for pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs). In plaques, TLR2 and TLR4 

recognize and bind to their endogenous ligands LDL and its modified products. Apart from 

lipoproteins, Other endogenous and exogenous ligands, such as heat shock proteins (25), 

fibronectin (26), and bacterial toxins, might also active TLRs. The common downstream pro-

inflammatory pathways of TLRs were succeeded by the myeloid differentiation factor 88 

(MyD88) (27). Lack of MyD88 in mice causes reductions in lesion size, lipid content, and 

circulating levels of pro-inflammatory genes (28). 

 

Cellular immunity has been extensively investigated in atherosclerosis. CD4+ T cells recognize 

exogenous epitopes loaded on major histocompatibility complex (MHC) I, and CD8+ T cells 

recognize endogenous peptides presented by MHC class II on antigen-presenting cells (APCs). 

CD4+ T cells have the potential to differentiate into TH subset (TH1, TH2, TH9, TH17, TH22, 

follicular helper T (TFH) and CD28- T cells) or Treg subset (FOXP3+ Treg cells and type 1 

regulatory T (Tr1) cells) (29, 30). TH cells exert pro-inflammatory effects, whereas Treg cells 

hinder immune cell responses. Lack of CD4+ T cells has a protective impact on atherosclerotic 

lesion formation (31, 32). Among TH cells, TH1 cells are the dominant T cell population in 

lesions (33), which express the C-C motif chemokine receptor 5 (CCR5), which is needed 

explicitly for CD4+ T cell homing to the atherosclerotic plaques (34). The depletion of CD4+ 

Treg cells exacerbates atherosclerosis (35). CD8+ T cells compose a prominent population in 

atherosclerosis, especially in the advanced stage. The functions of CD8+ T cells have been 

debated. Both pro-atherogenic and atheroprotective observations have been made in 

experimental studies. CD8+ T cells promote vulnerable plaque development, and depletion of 
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CD8+ T cells led to a decrease in plaques with increased levels of IFN-γ and granzyme B in 

atheroprone mice, suggesting the pro-atherogenic effect of CD8+ T cells (36, 37). Conversely, 

one study suggests that mice developed less stable lesions with increased macrophage 

burden and necrotic core area in Ldlr-/- mice lacking CD8+ T cells (38).  

 

Genome-wide association and transcriptomic studies highlight the fundamental role of B cells 

in atherosclerosis. As the reservoir of B cells in the body, splenectomy markedly sabotages 

atherosclerotic lesions in hypercholesterolemic apolipoprotein E knock-out mice (Apoe-/- mice). 

Those splenectomized mice receiving a transfer of spleen cells separated from Apoe-/- mice 

show decreased plaque size in contrast to the control (39). Similarly, Ldlr-/- mice with lethal 

irradiation grow increased lesions after injection of bone marrow from a B cell-deficient (uMT) 

donor (40). Those studies appear to favor an atheroprotective role of B cells. Nevertheless, B 

cells consist of multiple different functional subsets. Animal studies have demonstrated that 

distinct B cell subset targeting leads to contradictory outcomes, either pro-atherogenic or anti-

atherogenic effects. 

 

1.1.3 Chemokines and their receptors in atherosclerosis 

Chemokines are small molecule proteins (8-12 kDa) and belong to the large family of secreted 

proteins-cytokines. The fundamental function of chemokines is to regulate inflammatory 

responses with the ability to promote cell migration to target tissues, a biological process 

known as chemotaxis. Besides, chemokines are believed to participate in other processes 

beyond immune cell migration, such as embryogenesis, homeostasis, proliferation, and 

differentiation (41).  

 

Classical chemokines can be divided into four subtypes based on the presence of N-terminal 

conserved cysteine residues, including CC-, CXC-, C-, and CX3C-. Chemokine receptors 
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belong to the family of G-protein-coupled receptors (GPCRs) and specifically bind to their 

cognate chemokine ligands via a two-site model (42). Chemokines and their interactions with 

their receptors constitute a complex network. Multiple chemokine ligands can bind different 

receptors with close affinity. Some receptors also present a wide range of binding specificities, 

unraveling the abundance and redundancy of the interaction network between ligands and 

receptors (Figure 2). When interacting with different ligands, receptors may exert different bio-

activities by triggering specific downstream signaling. Regarding chemokine-receptor 

interactions, selectivity, specificity, and binding affinity are of prime importance. I will introduce 

several common relevant chemokine-receptor pathways in the context of ASCVDs (Figure 3). 

 

 

Figure 2: Complexity and specificity of chemokine-receptor network. The ligands are displayed 

outside the circle, while the receptors are depicted inside. The names of frequently used ligands are 

listed in brackets. The well-recognized nomenclature for chemokine ligands and receptors is employed. 

Some chemokines have more than one name. For the sake of simplicity, one of the names was chosen. 

Taken from Rajagopalan L et al, Biosci Rep 2006 (42). 
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CCL2/CCR2 axis 

The CC chemokine CCL2, also known as the monocyte chemoattractant protein-1 (MCP-1), 

is the first identified chemokine and elicits, but is not limited to, potent classical monocyte 

chemoattractant impacts through its cognate receptor CCR2 (43, 44). Its pro-atherosclerotic 

role has been extensively investigated since the evidence came out as early as 1998. CCL2 

plasma levels are linked to increased mortality in human acute coronary syndrome (45). Ldlr–

/– mice lacking the expression of CCL2 developed less lipid burden with less macrophage 

content (43). Ccr2-knockout in the Apoe–/– background also revealed reduced plaque 

development (46). The athero-driving feature is accomplished by directing leukocytes to the 

inflamed arterial sites.  

 

CXCL8-CXCR2 axis 

CXCL8 is one of the important inflammatory mediators that chemo-attract neutrophils and T 

cells in atherosclerosis. CXCL8 binds to receptor CXCR2 with greater affinity than that of 

receptor CXCR1 (47). Other than its chemoattractant effect, CXCL8 is an ELR+ chemokine, 

which promote angiogenesis (48, 49).  

 

CXCL8 has an emerging role in the metabolism of VSMCs, suppressing the proliferation and 

migration of VSMCs through AKT/GSK3ß/Cyclin D1 signaling (50). On the other hand, CXCL8 

was found to down-regulate ABCA1 expression, thereby decreasing cholesterol efflux via miR-

183 (51). However, further research must be done based on the latest contradictory outcomes 

to validate the findings. 
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Figure 3: Chemokine activities in cardiovascular disease. Chemokines impact the development of 

atherosclerosis and other cardiovascular diseases by mediating leukocyte recruitment, or involving in 

hematopoiesis in the bone marrow, or initiating survival signaling in myocardial infarction. Chemokine 

deposition in platelets also contributes to monocyte adhesion. ACKR3, atypical chemokine receptor 3; 

EC, endothelial cell; MIF, macrophage migration inhibitory factor; SMC, smooth muscle cell. Taken from 

Noels et al, Arterioscler Thromb Vasc Biol 2019 (52). 

 

CXCL12-CXCR4/ACKR3 axis 

CXCL12 (SDF-1) is an essential player in numerous physiological and pathological 

processes. It functions at various levels, regulating the homing of hematopoietic progenitor 

cells, endothelial cell functions, and migration of leukocytes (53-56). Interaction with receptor 

CXC chemokine receptor 4 (CXCR4) and atypical chemokine receptor 3 (ACKR3) enables 

CXCL12 to perform its functions under healthy and disease conditions. CXCL12 activity is 

exerted by the NH2-terminal amino acids with the remarkable dedication of the first two amino 

acids, lysine, and proline (57, 58). Additionally, the sequence RFFESH strengthens the binding 

of the NH2-terminal motif to CXCR4 by altering CXCL12 conformation (59). Even though this 

two-site binding model between the chemokine and the receptor has been established and 

recognized over decades, recent findings have shown the advances in chemokine-receptor 
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interaction where the interaction engages other domains (60). RFFESH-motif was shown to 

be important for the binding. But N-terminal binding to receptor helices V/VI induces a 

conformational change which leads to intracellular G-protein signaling activation (61, 62). 

CXCR4 action is predominantly conferred by a G protein-coupled signal and amplified by a 

continuous sequence of signaling cascades, such as mitogen-activated protein kinase (MAPK), 

phospholipase C and phosphatidylinositol-3-kinase pathways, leading to migration or 

neovascularization (63). 

 

From a clinical aspect, serum CXCL12 levels were associated with CVD severity (64, 65). In 

addition, a genome study disclosed the contributions of the CXCL12 gene to CVD and 

myocardial infarction (66).  

 

Due to its role in the regulation of progenitor cells, CXCL12 was shown to promote the healing 

process of injured vasculature by boosting endothelial progenitor cell recruitment (67). In the 

context of atherosclerosis, CXCL12 demonstrates a cell-specific effect. Global CXCL12 

knockout did not alter lesion phenotype, whereas non-hematopoietic and EC-knockout models 

developed less lesions and increased collagen content (68). The data suggest the pro-

atherosclerotic role of CXCL12. Atherosclerotic studies were also done on the CXCL12-

CXCR4 axis with a focus on CXCR4. Bone marrow CXCR4 deficiency promoted lesion growth 

in Apoe-/- mice, and antagonizing CXCR4 with AMD3465 resulted in a more significant number 

of leukocytes and fewer SMCs presented in the lesions (69). In 2018, Döring et al. elucidated 

the comprehensive cell-specific actions of the CXCL12/CXCR4 pathway in EC- and VSMC-

deficiency models. Both mice models showed a more severe atherosclerotic phenotype, 

pinpointing to a protective function of CXCL12/CXCR4 pathway (70). Overall evidence 

suggests debated functions of CXCL12-CXCR4 pathway in atherosclerosis. Because CXCR4 

has two ligands, CXCL12 and MIF, future research needs to separate each axis to understand 

this chemokine-receptor relationship. 
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1.1.4 Anti-inflammatory therapy 

Considerable evidence from preclinical experimental models has inculpated inflammation in 

the prevalence of atherosclerosis and its complications (71, 72). Unfortunately, several trials 

have failed to alter cardiovascular outcomes. One adhesion molecule, P-selectin, augments 

acute inflammation complicated by thrombosis. SELECT-ACS trial (Effects of the P-Selectin 

Antagonist Inclacumab on Myocardial Damage After Percutaneous Coronary Intervention for 

Non-ST-Segment Elevation Myocardial Infarction) did not reduce adverse events in patients 

with acute coronary syndrome (73). Methotrexate inhibits the synthesis of DNA and might also 

have an impact on JAK/STAT protein kinase pathway to confer the anti-inflammatory effect. 

Patients receiving low-dose methotrexate did not show reduced clinical outcomes in CIRT 

(Cardiovascular Inflammation Reduction Trial) (74). However, the CANTOS (Canakinumab 

Anti-inflammatory Thrombosis Outcomes Study) raised the attention to targeting inflammation 

in atherosclerosis (75). Neutralizing IL-1β antibody reduced recurrent cardiovascular events in 

patients with acute myocardial infarction 30 days before enrollment. Another anti-inflammatory 

agent, colchicine, pioneered the utilization of colchicine to prevent coronary artery events 

(LoDoCo trial, Low-Dose Colchicine for Secondary Prevention of Cardiovascular Disease) (76). 

Other potential immunotherapies target IL-2, IL-6, NLPR3, and vaccine strategies.  

 

Beyond CANTOS trial, there are trials targeting chemokines and their receptors ongoing. 

Maraviroc, a small molecule CCR5 inhibitor decreased various markers of cardiovascular risk 

in HIV patients accompanied by atherosclerosis (77). The inhibition of CXCR2 with AZD5069 

in coronary heart disease is under evaluation (78).  

 

1.2 MIF and its receptors 

1.2.1 MIF 

Macrophage migration inhibitory factor (MIF) was first discovered as a lymphokine in guinea 

pig, in which its expression levels were associated with delayed hypersensitivity and cellular 
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immunity (79, 80). The human MIF is located in chromosome 22q, and its cDNA was 

successfully isolated in 1989 (81). Mouse MIF was discovered in 1993 (82). Having access to 

recombinant MIF allows for a deeper understanding of MIF functions in different disease 

models. In 1994, Paralkar and Wistow reported the small genetic structure of human MIF that 

has three exons separated by two introns (83). Next year, one study found that the structure 

of mouse Mif gene resembles its human counterpart (84). Unlike the human MIF gene, mouse 

Mif maps to chromosome 10 and has nine processed pseudogenes on chromosomes 1, 2, 3, 

7, 8, 9, 12, 17, and 19 (84).  

 

MIF gene is highly conserved across many species, including mammals, nematodes, bacteria, 

and plants (85, 86). Human MIF sequence is 90% similar to mouse and rat Mif (87). Two 

polymorphisms in the gene that have been associated with human disease. One is a single 

nucleotide polymorphism (SNP) -173 G/C (rs755622) that reveals an association with 

autoimmune, infections, and age-related diseases, and the other one is CATT- repeat -794, 

which correlates with kidney and heart disease (88, 89). 

 

MIF protein is comprised of 114 amino acids. It can present as monomer, dimer, and trimer. 

The monomer features two anti-parallel α-helices and a four-stranded β-sheet. Even if there is 

no extended sequence similarity between MIF and classical chemokines, the conformation of 

the MIF monomer resembles the dimer of CXCL8 and other CXC chemokines (90). Only the 

homotrimer harbors the unique tautomerase enzymatic activity of MIF, which mediates the 

tautomerization of the non-physiological substrates D-dopachrome and hydroxylphenyl 

pyruvate (4-HPP). The essential amino acid for the MIF enzymatic activity is proline residue at 

the N-terminal (proline-2). Blockade of the site would slow down the enzymatic reaction. 

 

MIF was identified as a protein secreted by anterior pituitary cells upon stimulation with 

lipopolysaccharide (LPS) in 1993 (82). It appeared to be a critical molecule in the toxic 
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circumstances in dealing with endotoxemia or septic shock. This unraveled a key role for MIF 

as inflammatory cytokine. Later, one paper recapitulated the notions of MIF being a pituitary 

mediator that functions as a counter-regulatory hormone for glucocorticoid actions in immunity 

(91). MIF could balance the potent inhibition of steroids in the immune response. MIF can be 

detected in various tissues and is localized in intracellular vesicles, the nucleus, and the 

exosomes (92-94). Due to the lack of an N-terminal signal required for the classical 

translocation into the endoplasmic reticulum (ER), MIF secretion follows a non-classical 

secretory pathway mediated by ATP binding cassette transporter subfamily 1 (ABCA1) (95, 

96). The intracellular reservoir of MIF has been implicated to be driven through clathrin-

mediated endocytosis (97, 98). However, the underlying mechanisms of how MIF passes 

endosomal or other vesicular membranes have yet to be known. Release of MIF can be 

triggered by several stimuli, including LPS, corticosteroids, and adrenocorticotrophic hormone 

(ACTH). A recent study suggested that the release of MIF is regulated by necroptosis and 

pyroptosis (99). 

 

MIF exerts biological actions through extracellular and intracellular pathways, while by far most 

of the evidence is available for MIF’s extracellular cytokine/chemokine activity (Figure 4). The 

ultimate effects are determined by which receptor or intracellular protein MIF interacts with. 

MIF acts at sites in a paracrine or autocrine manner and binds to intracellular proteins or 

surface receptors to initiate signal transductions. The intracellular actions of MIF encompass 

its binding to a couple of different intracellular effectors to alter their signaling pathways. 

Subunit 5 of COP9 signalosome (CSN5) is one of the best understood proteins. MIF is 

expected to be an anti-inflammatory mediator concerning its intracellular interaction with 

CSN5/c-Jun signaling (100, 101). The extracellular chemokine-like functions of MIF are 

regulated through the interaction with classical chemokine receptors CXCR2 and CXCR4 as 

a non-canonical ligand. It is an atypical chemokine. In 2007, Bernhagen et al established its 
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pro-inflammatory effect by facilitating leukocyte influx, particularly in the pathogenesis of 

atherosclerosis (102). 

 

1.2.2 CD74 

The first identified cognate receptor for MIF is cluster of differentiation 74 (CD74). CD74 is a 

type II transmembrane glycoprotein containing an N-terminal cytosolic tail and an extended C-

terminal luminal/extracellular region. CD74 is widely expressed in classical antigen-presenting 

cells (APCs) as a cofactor for MHCII (103, 104). A small portion of CD74 is expressed on the 

cell surface and binds to MIF (105).  

 

MIF interacts with CD74 with high affinity (Kd=1.4 nM) and triggers the protein kinase A-

dependent phosphorylation of the intracellular portion of CD74, which subsequently leads to 

kinase-1/2 MAP kinase cascade activation (105, 106). This effect relies on the coordination of 

CD74 and CD44 (107). One of the major biological functions of MIF regulated through the 

MIF/CD74 signaling is to sustain monocyte and macrophage activation (108). On the other 

hand, CD74 participates in the mediation of cell proliferation (105, 109, 110). The interaction 

between MIF and CD74 triggers the Syk tyrosine kinase and the PI3K/Akt pathway (111, 112). 

A novel form of CD74 termed soluble CD74 (sCD74) was found in liver cells that is produced 

from proteolytic shedding of the ectodomain area (113). One study suggested the release of 

sCD74 is driven by either a disintegrin and metalloproteinase-mediated cell-surface cleavage 

or cysteine-protease-mediated lysosomal cleavage (114). However, more data are needed to 

deeply understand the molecular mechanism of sCD74. 

 

In cardiac ischemia-reperfusion injury (IRI), MIF/CD74 signaling exhibits beneficial effects. 

During IRI, MIF is released from the cardiomyocytes under hypoxia and oxidative stress. This 

locally secreted MIF triggers the AMP-activated protein kinase (AMPK) pathway via the 

interaction with the CD74/CD44 complex, boosting glucose metabolism to provide a protective 
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influence for injured tissue (115, 116). As a result, the ischemic heart tissue undergoes 

metabolic adaption to recover. Moreover, MIF appeared defensive of ischemic damages, given 

its capacity of inhibiting stress kinase JNK during the reperfusion phase, which reduced 

cardiomyocyte apoptosis (117). Those findings emphasize the protective impacts of MIF/CD74 

signaling in ischemia. 

 

Figure 4: MIF signaling pathways. Secreted extracellular MIF or endogenously generated MIF 

interaction with Jab1/CSN5 mediates cullin-ring ligase (CRL) substrate proteasomal degradation and c-

Jun phosphorylation/AP-1 activity. Moreover, MIF binds to CD74 in cooperation with CD44 or CXCR2 

and CXCR4 to trigger MAPK and/or PI3K/Akt signaling. Taken from Noet al, Front Immunol  2020 (118). 

 

1.2.3 CXCR2 and CXCR4 

CXCR2 was cloned in 1991 (119). It is expressed in several immune cell types. CXCR2 is a 

crucial chemokine receptor on neutrophils with the highest binding affinity to CXCL8 (120). 

Other ligands include CXCL1, 2, 3, 5, 6, and 7 and the atypical chemokine MIF (102, 121).  

MIF possesses an indispensable motif for receptor interaction, named “pseudo-(E)LR”, 

mimicking the N-terminal ELR motif in the CXC- chemokines (90). The MIF motif consists of 

Asp45-X-Arg12 with the substitution of glutamate (Glu/E) with an aspartic acid (Asp/D) (90, 

122). Mutagenesis studies in MIF showed a partial or complete loss of CXCR2 binding and 
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leukocyte arrest activity. Later, the N-like loop in MIF, particularly the region 50-65, was 

uncovered to be involved in the binding to CXCR2 (123-126). Site-specific mutations within 

the fragment caused MIF activity disruption. On the CXCR2 side, the extracellular loops, ECL2 

and ECL3, are the interaction regions for MIF (123). The binding model of MIF/CXCR2 follows 

a similar pattern to that of between CXCL8 and CXCR2.  

 

Leukocyte recruitment process consists of three steps: rolling, adhesion, and transmigration. 

Chemokines trigger leukocyte integrin activation to facilitate leukocyte arrest on the 

endothelium through their corresponding GPCRs, inducing inside-out signaling activating 

integrins. MIF was confirmed to induce monocyte/neutrophil adhesion through CXCR2 (102). 

Like other chemokines, this process is mediated by the activation of leukocyte integrins, 

lymphocyte function-associated antigen 1 (LFA1), and very late antigen 4 (VLA4, integrin α4β1) 

(102). Gαi proteins and PI3K cascade is suggested to be the downstream mediators for 

CXCR2 to regulate leukocyte adhesion. Also, MIF could trigger CXCR2-dependent calcium 

influx. Nonetheless, little 

 is known about the precise molecular mechanism of MIF-triggered integrin activation.  

 

CXCR4 is also named cluster of differentiation 184 (CD184). The CXCR4 gene maps to 

chromosome 2, encoding two alternative isoforms: isoform 1 and isoform 2. Both isoforms are 

functionally active. Isoform 1 is predominant in all tissue tested (127). The protein is comprised 

of 352 amino acids, featuring an extracellular N-terminal domain, seven transmembrane 

helices, three extracellular loops (ECLs), three intracellular loops (ICLs), and an intracellular 

C-terminal end (128). There are multiple multimerization states of CXCR4 on the membrane, 

including monomer, dimer, oligomer, or nanoclusters (129). CXCR4 could also form 

heterodimers with ACKR3 (another receptor bound to MIF, known as CXCR7) and CD74, 

exerting distinctive signaling functions (130). 
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CXCR4 was initially recognized as a co-receptor on CD4+ T cells in human immunodeficiency 

virus (HIV) cell entry. After that, CXCL12 was discovered to be its cognate ligand (131). From 

the structural perspective, CXCR4 has two unique, longer helical turns than other receptors at 

the end of helix VII, which enables a disulfide bond formation between Cys274 and Cys2, 

contributing to the interaction with CXCL12 (132, 133). Many tissues and cells express CXCR4 

in physiological and pathological conditions, not only in myeloid-derived cells and lymphocytes 

but also in lung, spleen, small intestine, and non-hematopoietic cells (127). The intracellular 

signaling of CXCR4 is mediated by heterotrimeric G proteins, among which Gαi1, Gαi2, Gαi3, 

Gαq, and Gαo are reported to be responsible for CXCR4 activation (134). Activated downstream 

pathways include MEK/ERK pathway, phospholipase C (PLC) beta and gamma 2, 

PI3K/Akt/mTOR pathway, and nuclear factor κB (NF-κB) pathway (135, 136), which are 

involved in regulating vasculopathy, inflammation, and proliferation (132, 137). 

 

The vast majority of classical chemokines bind to their receptors following the two-site binding 

pattern (42, 138). Site one refers to the interaction between the chemokine N-loop and the 

receptor N-terminal area. Site two involves the N-terminal residues of the chemokine and the 

extracellular loops of the receptor. Previous studies have addressed the structure elements 

critically required for the interaction of MIF with CXCR4 (139). The N-like loop of MIF required 

for CXCR4 interaction encompasses the residues 43-98, which have an extended length than 

what is observed in CXCL12. There is an overlap between the CXCL12/CXCR4 and 

MIF/CXCR4 interaction regarding the interaction region on the CXCR4 side. The N-terminus 

of CXCR4 for CXCL12 and MIF are located in close proximity. ECL1 and ECL2 of CXCR4 take 

part in the second binding site of MIF/CXCR4. But no evidence showed the interaction of MIF 

with the transmembrane cavity. Moreover, using a MIF catalytic inhibitor and mutation of the 

catalytic site suppressed CXCR4 signaling induced by MIF stimulation, indicating the catalytic 

site Pro-2 contributes to the MIF/CXCR4 binding. MIF acts as a partial allosteric agonist, 

distinguishing its interaction with CXCR4 from that of the cognate CXCL12 (Figure 5). Another 
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study came out identifying the Arg-Leu-Arg (RLR) sequence at the C-terminal end of MIF 

participates in the site one interaction between MIF and CXCR4 (140). Those findings provide 

valuable insights into understanding the structural basis for MIF/CXCR4 interaction. It also 

helps to illuminate the path for designing structure-based MIF inhibitors.  

 

Figure 5: Structural comparison between CXCL12/CXCR4 and MIF/CXCR4 binding models. Two-

site binding models are established for CXCL12/CXCR4 and MIF/CXCR4 axes. They partially overlap 

in the N-terminal end of CXCR4 bound to CXCL12 and MIF. The CXCR4 transmembrane cavity 

attached to CXCL12 does not interact with MIF. A higher concentration of CXCR4 antagonist AMD3100 

could inhibit MIF-initiated signaling. MIF is considered an allosteric agonist in contrast to CXCL12. Kindly 

provided by J. Bernhagen. 

 

1.2.4 ACKR3/CXCR7 

As another important category in the chemokine receptor family, atypical chemokine receptors 

(ACKRs) share structural similarities with classical chemokine GPCRs. But given the lack of a 

specific amino acid motif, they fail to couple with G-proteins. Thus, ACKRs do not play a role 

in leukocyte recruitment that relies on the GPCR-dependent intracellular pathways. 

Nevertheless, ACKRs are confirmed to regulate receptor internalization and scavenging (141, 

142). Among them, ACKR3 can interact with CXCL12 and MIF. ACKR3 is primarily 

documented to negatively regulate CXCL12 actions by internalizing it for lysosomal 

degradation (143). The activation of ACKR3 occurs through β-arrestin binding (144, 145). 
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MIF/ACKR3 binding triggers multiple pathways, including phosphoinositide-3-kinase-Akt 

signaling, JAK2/STAT3 pathway, and ERK1/2 pathway (146, 147). In vivo study also showed 

that Ackr3-knockout mice would die in utero because of defective cardiovascular system 

development (148). In atherosclerosis, the functions of ACKR3 remain debated (147, 149-151). 

Due to its emerging role as an alternative receptor for CXCL12 and MIF in cardiovascular 

disease, ACKR3 further complicates the CXCL12/MIF/CXCR4 signaling.  

 

1.2.5 MIF in atherosclerosis 

In hyperlipidemia, MIF expression was shown to be higher in cells, like ECs, VSMCs, 

monocytes, and T cells (152, 153). As hyperlipidemia is proven to be a high-risk factor for 

atherogenesis, enhanced MIF levels could imply detrimental function of MIF in lesion growth. 

In 2007, Bernhagen et al. discovered a chemokine-like activity of MIF and identified CXCR2 

and CXCR4 as non-cognate MIF receptors (102). Furthermore, MIF was implicated in 

promoting atherogenic leukocyte arrest, inflammation, and epithelial-mesenchymal interaction 

in tumors through its engagement of these two chemokine receptors (102, 154). MIF triggers 

T cell, neutrophil, and monocyte chemotaxis in an integrin-dependent way. In vitro flow assay 

indicated that aortic endothelium stimulated with MIF induced increased leukocyte arrest, 

implying a significant role of MIF in driving immune cell recruitment. High plasma MIF levels 

correlate with coronary events in patients with CVD and type 2 diabetes mellitus (155). MIF 

markedly contributes to atherosclerosis exacerbation through the regulation of leukocyte 

recruitment. MIF was found to be up-regulated in human atherosclerotic plaques, particularly 

in unstable plaques (156), but a recent study found no difference in MIF mRNA expression 

levels between stable and unstable atherosclerotic plaques obtained from carotid 

endarterectomy. Animal studies showed that MIF depletion in Ldlr–/– caused a marked 

reduction in lesion sizes in the abdominal aorta and decreased intimal thickening in the arch 

(157). When treated with monoclonal MIF antibody, Apoe–/– mice developed decreased 

macrophage content together with lower expression of inflammatory molecules, but no 
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prominent change in plaque size was shown (158). In addition, the blockade of MIF reduced 

foam cell content and increased VSMCs and collagen in mice, meaning MIF positively impacts 

advanced plaque stability (159). In Apoe–/– mice, lack of MIF reduced lesions in brachiocephalic 

artery (BC) and abdominal aorta, and correlated with enhanced B cell hypersensitivity (160). 

MIF can also induce B cell migration by coordinating CXCR4 and CD74 (161). The effect was 

linked to a rapid calcium flux and F-actin polymerization. Recent study implied a complex 

function of MIF in aged mice with atherosclerosis (162). Transcriptomic analysis indicated MIF- 

and aging-dependent pathways enriched in lipid synthesis, metabolism and storage. The 

observed MIF atheroprotection is lost upon aging. All those data highlight the profound role of 

MIF in atherosclerosis. Targeting MIF represents a promising novel therapeutic approach for 

atherosclerosis.  

 

1.3 Anti-MIF therapeutic strategies  

Leukocyte recruitment is a hallmark of inflammation. Based on the essential role of MIF in the 

leukocyte recruiting process, MIF inhibition could be effective for patients with pronounced 

inflammatory responses, for example atherogenic inflammation. Accordingly, MIF-directed 

therapeutics could potentially benefit atherosclerotic patients with high background MIF levels. 

The established anti-MIF approaches can be divided into three categories, small molecule 

drugs (SMDs), antibodies, and peptides. Figure 6 gives a detailed overview of three MIF-

targeted inhibition approaches with a focus on atherosclerosis (163).  
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Figure 6: Summary of inhibition strategies to target MIF-receptor axes in atherosclerosis. The 

current availability of three categories of MIF inhibitory agents that mitigate atherosclerosis evolution 

include small molecule drugs (SMDs), antibodies, and peptides. Inhibitors targeting MIF or one of the 

receptors are depicted by scoring their features with +, +/-, or -. The text boxes are color-coded (red, 

pro-atherogenic; green, athero-/cardioprotective). Taken from Sinitski et al, Thromb Haemost 2019 

(163) . 

 

1.3.1 Small molecule inhibitors 

SMDs are the most common type of drugs in conventional drug development. MIF inhibitors 

have been identified through either virtual or high-throughput screening with a particular 

interest in the tautomerase activity site. Even though physiological substrates have not been 

documented yet, the MIF inhibitors targeting the tautomerase could possibly alter MIF activities 

by inducing structural changes, in particular to block MIF/CD74-mediated pathological 

pathways such as in cancer (139, 164-166).  

 

The commonly used inhibitors, iso-oxazoline compound ISO-1 (167), 4-iodo-6-

phenylpyrimidine (4-IPP) (168), and SCD-19 (169), act at the MIF tautomerase site. In 

autoimmune encephalomyelitis and multiple sclerosis, mice receiving ISO-1 revealed less 

severe phenotype (170). 4-IPP suppresses tumor growth and angiogenesis in experimental 

melanoma (171). Ebselen induces MIF trimer dissociation to disrupt MIF/CD74 signaling (172). 
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p425 interferes with CD74 binding by binding to the MIF trimer surface (173). In the clinic 

application, it is worth noting that ibudilast is a non-competitive inhibitor, harnessing the MIF 

enzymatic activity. It can decrease mononuclear cell migration and synthesis of MIF-stimulated 

cytokines (174). Unfortunately, none of those compounds have been studied in atherosclerosis 

or CVD models. Future research needs to be done in the field of CVD.  

 

1.3.2 Antibody-based inhibitors 

Monoclonal antibody therapy is viewed as being specific and efficacious. As mentioned in the 

prior chapter, neutralization of MIF with antibody, NIH/IIID.9, has been examined in 

atherosclerotic models. It is generated against the full-length mouse MIF, although the epitope 

has not been recognized. IIID.9 has been shown to slow down disease progression in various 

inflammatory, autoimmune and cardiovascular conditions (158, 175, 176). The MIF antibody 

imalumab has undertaken clinical trials against colorectal cancer and lupus nephritis (177). It 

demonstrates potent anti-inflammation capacity, reducing circulating TNF-α, IL-6, and CCL2 

and alleviating disease severity in glomerulonephritis and cancer.  

 

Antibodies against CD74 harness many signaling pathways that can be blocked by MIF 

antibodies. However, it should be pointed out that the utility of CD74-directed strategies might 

be confined in CVD due to the protective effect of the CD74/AMPK metabolic pathway. In 

addition, CXCL12/CXCR4 axis has homeostatic functions and presumable cardio-protective 

actions. Thus, caution should be taken while developing CXCR4 antibody without sparing 

CXCL12. The first GPCR-directed antibody, erenumab, was approved in 2018 (178). As an 

emerging class of drugs, discovering and developing other GPCR antibodies have a long way 

to go. In MIF/CXCR2/CXCR4 axes, both receptors could be promising targets in vascular 

inflammation.  
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1.3.3 Peptide-based inhibitors 

Peptides represent a unique form of pharmaceutical agent. They are well-ordered natural 

amino acids with molecular weights ranging from 500-5000 Da (179). The first peptide drug 

was insulin, which came out in 1921. More peptide hormones and their receptors with 

therapeutic capacity were discovered and characterized in the late 20th century (180). With the 

advancement of technologies required for protein purification, sequencing, and structure 

elucidation, 40 therapeutic peptides so far have been approved globally, and more than 170 

peptides are actively undergoing clinical development with more of them in pre-clinical studies 

(179, 180).  

 

Peptide drugs usually take effect in the outer space of cells. They bind to cell surface receptors 

or to receptor ligands, and may exhibit relatively high binding affinities. The physiochemical 

natures of peptides allow them to block proteins over a larger surface than small molecules. 

They can bind to the grooves or clefts on an interacting face (181). Besides, amino acids can 

interact with other residues at protein-protein interfaces (182). Of note, peptides show less 

immunogenicity and can be manufactured at lower production costs than antibodies (183, 184). 

SMDs have a long therapeutic history and have a good reputation for low production costs, 

oral administration, and intrinsically good membrane penetration rate (185). On the flip side, 

the therapeutic effects of SMDs often come with various side effects, given their low specificity 

and selectivity. More importantly, their small size makes it difficult to interfere with large surface 

interactions, such as protein-protein interactions (PPIs) (186). On the contrary, the biophysical 

characteristics of peptides allow them to become a better candidate for PPI suppression (187). 

Regardless of all the advantages, peptide drugs have some drawbacks, like poor stability, 

rapid renal clearance, and membrane impermeability. The weak membrane permeability of 

peptide drugs limits their use against intracellular targets (180). Due to small sizes and lack of 

(secondary or) tertiary structure, peptides could be easily digested by abundant enzymes and 

eliminated through the urinary tract in a living organism (188).  
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PPIs exist in most cellular pathways and biological functions in human diseases, presumably 

making them excellent therapeutic targets. Investigation of the structure-activity relationships 

(SARs) enables identifying the crucial amino acids or fragments for PPIs. Chemokine-

chemokine or chemokine-receptor interactions account for a large group of intrinsic PPIs. 

Selective inhibition of their interactions could favor disease resolution without compromising 

defensive host immunity. For example, designed peptide inhibitors that specifically interrupt 

CCL5-CXCL4 pro-inflammatory effects avoid the side effects of simply targeting CCL5 (189, 

190). Because of the extraordinary complexity of the chemokine-receptor network and their 

cell- or tissue-specific effects, rational peptide drug design should take into account the 

specificity and selectivity of signaling pathways to reduce the off-target effects. 

 

Peptide drugs have been explored in atherosclerosis, including targeting lipid metabolism and 

inflammatory regulators (189, 191). Apolipoprotein A-I (apoA-I) serves as the major component 

of high-density lipoprotein (HDL), facilitating off-loading and elimination of cholesterol through 

the liver. Peptides mimicking the structure of apoA-I revealed protective functions against CVD 

(191). CCL5-derived peptides MKEY and CKEY interfere with pro-inflammatory CCL5-CXCL4 

interaction, subsequently slow down plaque progression (189). Also, some peptides have been 

designed and synthesized to block MIF pathways. For example, C36L1, a 17-mer peptide 

bound to CD74, inhibits immunosuppressive activities in melanoma models (192, 193). Other 

peptides disrupting MIF/CD74 axis have been developed and tested in experimental 

autoimmune encephalomyelitis and multiple sclerosis (194, 195). However, the utility of CD74 

inhibitors in cardiovascular conditions should be well considered because of the protective 

function of the MIF/CD74 axis in ischemic heart disease. 

 

Some CXCR2 and CXCR4 peptide inhibitors have been synthesized through different 

development approach and assessed in disease models. A cyclic peptide CVX15, developed 
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by co-crystallization, was proven to interfere with HIV entry and inhibit tumor metastasis (128, 

196, 197). By mimicking part of the chemokine-receptor interface, CXCL12 N-terminus-

originated peptide inhibitors were generated with characteristic CXCL12/CXCR4 inhibition and 

tumor-resistant activity (198, 199). These examples highlight the new way of peptide drug 

discovery through the deep understanding of SARs. 

 

Figure 7: The design scheme for the generation of CXCR4 peptide inhibitor msR4M-L1. Figure 

taken from Kontos et al, Nat Commun 2020 (200). 

 

Former studies have identified the distinct binding interfaces for MIF/CXCR2 in relation to 

CXCL8/CXCR2 (201). Thus, peptide MIF (47-56), derived from the N-like loop sequence of 

MIF, was synthesized to competitively block MIF interaction with CXCR2, reducing leukocyte 

recruitment (201, 202). Similar principle applies to the MIF/CXCR4 interaction surface that is 

distinct from CXCL12/CXCR4 binding. Based on this theory, my host laboratory, in 

collaboration with Prof. Kapurniotu’s laboratory at Technical University of Munich (TUM), 

designed peptide drugs mimicking the extracellular domains of CXCR4 (Figure 7) in an 

attempt to inhibit detrimental MIF activities in disease models. The study about the proof of 

concept prototype, msR4M-L1, was published in 2020 in the field of atherosclerosis (200). I 

was involved in the study and took part in some of the cellular assays to assess the inhibitory 

capacity of the peptide. msR4M-L1 showed inhibitory effects on MIF/CXCR4 axis in vitro, and 

injection of msR4M-L1 mitigated early plaque formation in Apoe–/– mice. There are a few 
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limitations of msR4M-L1, such as relatively low solubility, length of still 31 residues, and the 

incorporation of two non-natural -chemical- moieties. To improve of some of these properties, 

next generation mimics (NGMs) were designed and synthesized by the collaborative laboratory 

for the optimization of CXCR4 ectodomain inhibitors. In my thesis, in addition to studying the 

in vitro inhibitory capacity of msR4M-L1, I focused on the characterization of the 

pharmacological features of NGMs and examined lead peptide called NGM-D3 in an 

atherosclerotic mouse model in vivo. 

 

Aims  

Atherosclerosis is a lipid-driven disease, involves inflammation from the inception to the 

emergence of complications. Atypical chemokine MIF is known to induce leukocyte recruitment 

through CXCR4 to further worsen the disease. Prior knowledge on MIF-CXCR4 binding model 

allows to identify their binding interface. Based on that, we developed novel CXCR4 

ectodomain mimics to block MIF pathways, including msR4M-L1 and NGMs. Therefore, the 

first aim of my thesis was to study the effect of msR4M-L1 on macrophage foam cell formation 

and MIF/CD74 cardio-protective signaling. My work was dedicated to characterize the 

functional roles of msR4M-L1 against MIF/CXCR4 signaling using LDL and oxLDL uptake in 

primary human macrophages and DMR, and determine impacts of msR4M-L1 on MIF/CD74 

surface interaction using competitive receptor binding assay. 

 

Secondary generation CXCR4 ectodomain mimics-NGMs consisting of minimal active binding 

sites were generated by our collaborator with improved conformational flexibility and solubility. 

Using primary human monocytes and murine splenic B cells to set up in vitro models including 

3D chemotaxis live imaging, foam cell formation, and Transwell chemotaxis, I aimed to 

determine the inhibitory potency and efficacy of NGMs against MIF in vitro by constructing IC50 

curves, and assess the potential inhibitory capacity of NGMs to CXCL12. Based on the in vitro 

data, the lead peptide NGM-D3 was evaluated for the enzymatic stability and in vivo 
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pharmacological study of early atherosclerosis. The impacts of NGM-D3 on plaques and 

macrophage content were set to be assessed. To delineate the therapeutic effects of NGM-

D3 at transcriptional levels, RNA was extracted from plaques and bulk RNA sequencing was 

performed.  
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2. Materials and Methods 

2.1 Materials 

2.1.1 Reagents and chemicals 

Substances and catalog number Manufacturer City, Country 

Albumin fraction V, NZ-origin, 8076.4 Carl Roth Karlsruhe, Germany 

CountBrightTM absolute counting 

beads, C36950 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Rat tail collagen type I, 50201 Ibidi GmbH Munich, Germany 

Rat tail collagen type I, 08115 Merck Millipore Darmstadt, Germany 

Dulbecco’s phosphate buffered saline 

(DPBS), D8537 

Sigma-Aldrich Deisenhofen, Germany 

Dimethylsulfoxid (DMSO), D2650 Sigma-Aldrich Darmstadt, Germany 

Low density lipoprotein from human 

plasma, DiI complex (DiI LDL), L3482 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Low density lipoprotein from human 

plasma, oxidized, DiI conjugate (DiI-

oxLDL), L34358 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

CozyHi prestained protein ladder, 

PRL0202 

highQu GmbH Kraichtal, Germany 

Tetramethylethylenediamine 

(TEMED), 1610801 

Bio-Rad Feldkirchen, Germany 
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Eosin Y solution, HT110232 Sigma-Aldrich Darmstadt, Germany 

Ethanol, 20821.310 VWR  Darmstadt, Germany 

Ethylenediaminetetraacetic acid 

(EDTA), A3234 

AppliChem  Darmstadt, Germany 

Epic 96 well cell assay microplate, 

fibronectin coated, 5082 

Corning New York, USA 

Ficoll-PaqueTM PLUS, 17144002 GE Healthcare Freiburg, Germany 

Fluorescent mounting medium, F4680 Sigma-Aldrich Darmstadt, Germany 

Kaisers Glycerin-Gelatine Phenol-

free, 6474.1 

Carl Roth Karlsruhe, Germany 

Mayer’s hematoxylin solution, MHS80 Sigma-Aldrich Darmstadt, Germany 

RBC lysis buffer (10x), 420301 BioLegend California, United States 

Oil Red O solution, O1516 Sigma-Aldrich Darmstadt, Germany 

Hanks’ balanced salt solution (HBSS), 

14025-050 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

HEPES, 7365-45-9 Carl Roth Karlsruhe, Germany 

Methanol, 0798.3 Carl Roth Karlsruhe, Germany 

Mounting medium with DAPI, H1200 Vector Laboratories California, United States 



                                                                                                                Materials and Methods 

32 

 

Tricine 10 to 20% gels, EC6625BOX ThermoFisher 

Scientific 

Karlsruhe, Germany 

Tricine SDS running buffer (10x), 

LC1675 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Tricine SDS sample buffer (2x), 

LC1676 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Tris-Glycine 10-20% gel, 

XP10200BOX 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Tris-Glycine native sample buffer (2x), 

LC2673 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Tris-Glycine native running buffer 

(10x), LC2672 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Tween 20, P2287 Sigma-Aldrich Darmstadt, Germany 

DL-Dithiothreitol (DTT), D0632 Sigma-Aldrich Darmstadt, Germany 

Fluorescein (FITC) chrompure human 

albumin, 009-090-051 

Jackson 

ImmunoResearch 

Cambridgeshire,  

United Kingdom 

FACSFlowTM sheath fluid, 342003 BD Biosciences Heidelberg, Germany 

FACSClean, 340345 BD Biosciences Heidelberg, Germany 

Recombinant Human M-CSF, 300-25 PeproTech Hamburg, Germany 

Paraformaldehyde (PFA) 4% in PBS, 

11762 

Morphisto Offenbach am Main, 

Germany 

Tris-(hydroxymethyl)-aminomethan 

(Tris), 4855.2 

Sigma-Aldrich Darmstadt, Germany 
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Sodium dodecyl sulfate (SDS), 

201139 

SERVA 

Electrophoresis 

Heidelberg, Germany 

Xylene, 28973.294 VWR Darmstadt, Germany 

Trisodium citrate (3.2%) Sigma-Aldrich Darmstadt, Germany 

Qiagen Plasmid mini kit Qiagen Hilden, Germany 

Polyfect Transfection Reagent, 

301105 

Qiagen Hilden, Germany 

Mouse Pan B cell isolation kit II, 

130104443 

Miltenyi Biotec Bergisch Gladbach, 

Germany 

Human Pan monocyte isolation kit, 

130096537 

Miltenyi Biotec Bergisch Gladbach, 

Germany 

 

2.1.2 Cell culture reagents and media 

Substances and catalog number Manufacturer City, Country 

Dulbecco’s modified eagle medium 

(DMEM), A1443001 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Fetal bovine serum (FBS), 10270106 ThermoFisher 

Scientific 

Karlsruhe, Germany 

RPMI 1640 medium, GlutaMAXTM 

supplement, 61870036 

ThermoFisher 

Scientific 

Karlsruhe, Germany 

Dulbecco’s phosphate buffered saline 

(DPBS), D8537 

Sigma-Aldrich Deisenhofen, Germany 

Penicillin/streptomycin, 15070063 ThermoFisher 

Scientific 

Karlsruhe, Germany 

Trypsin-EDTA (0.05%), 25300054 ThermoFisher 

Scientific 

Karlsruhe, Germany 
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2.1.3 Primary and secondary antibodies 

Antibodies and catalog numbers Manufacturer City, Country 

V450 rat anti-mouse CD45 (1:100), 

560501 

BD Biosciences Heidelberg, Germany 

CD3-FITC, anti-mouse (1:100), 

130119758 

Miltenyi Biotec Bergisch Gladbach, Germany 

APC/Cyanine7 anti-mouse CD19 

(1:100), 115530 

Biolegend Munich, Germany 

PE anti-mouse CD11c (1:100), 

117308 

BioLegend Munich, Germany 

PE/Cyanine7 anti-mouse/human 

CD11b (1:100), 101216 

BioLegend Munich, Germany 

PerCP anti-mouse Ly-6G (1:100), 

127654 

BioLegend Munich, Germany 

APC anti-mouse Ly-6C (1:100), 

128016 

BioLegend Munich, Germany 

Rat anti-mouse CD68 (1:100), 

MCA1957 

Bio-Rad Feldkirchen, Germany 

Cy3 donkey anti-rat IgG (1:300), 

712166153 

Jackson 

ImmunoResearch 

Cambridgeshire, United 

Kingdom 

 

2.1.3 Solutions and buffers  

1x Phosphate buffered saline (PBS) 137 mM NaCl 

2.7 mM KCl 

1.5 mM KH2PO4 

8.1 mM Na2HPO4 x 2 H2O 

DMR assay buffer 1x HBSS, pH 7.4 
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20 mM HEPES 

1% DMSO 

FACS buffer 

 

1% BSA 

1x PBS, pH 7.4 

MACS buffer 

 

2 mM EDTA 

0.5% BSA 

1x PBS, pH 7.4 

 

2.1.4 Laboratory equipment and software 

BD FACSVerseTM Cell Analyzer, BD Biosciences, Heidelberg, Germany 

DMI8-Life Cell Imaging System with a DMC2900 Digital Microscope, Leica Microsystems, 

Wetzlar, Germany 

Odyssey® Fc imager, LI-COR Biosciences, Bad Homburg, Germany 

EnSpire® Multimode Plate Reader, PerkinElmer, Hamburg, Germany 

BioWizard Silver Line Biosafety cabinet, Kojair Tech Oy, Ulm, Germany 

TC20 automated cell counter, Bio-Rad Laboratories GmbH, Feldkirchen, Germany 

ImageJ-Fiji 

FlowJo_V10 software, BD Biosciences 

Manual Tracking tool (ibidi), Munich, Germany 

Graphpad Prism 8.4.3, San Diego, CA, USA 

R 4.2.2, RStudio 

 

2.2 Methods 

2.2.1 In vitro drug testing and screening methods 

Cell culture 
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Human embryonic kidney 293 (HEK293) cells were cultured in DMEM complete media in T75 

flasks in a 37°C incubator with 5% CO2 in the air. Cells were detached and passaged when 

they reached 80% confluency. 

Primary human monocytes and murine B cells were cultured in RPMI1640 complete media in 

T25 or T75 flasks in a 37°C incubator with 5% CO2.  

 

All procedures were performed in a sterile environment where cells were handled with sterile 

reagents under a biosafety cabinet (Kojair Tech Oy, Finland). Cell counts and viability were 

determined by trypan blue staining. Cell suspension was mixed with trypan blue at a ratio of 

1:1 and counted by TC20 automated cell counter (Bio-Rad, Germany). 

  

CD74 plasmid transformation and purification  

Transformation of pcDNA3.1-CD74minRTS-FLAG plasmid was performed using 

pET11b/E.coli BL21 Rosetta strain. 5 µl of DNA was added to 50 µl of bacteria in a 

microcentrifuge and gently mixed by flicking the bottom of the tube. The bacteria/DNA mixture 

was placed on the ice for 30 min and then heated by placing the tube into 42°C water for 45 s. 

The mixture was added to 250 µl LB media without antibiotics to enable it to grow in a 37°C 

shaking incubator for 45 min after it was put back on ice for 2 min. Transformed bacteria were 

allowed to grow on an LB agar plate containing Ampl at 37°C overnight. Purifying pcDNA3.1-

CD74minRTS-FLAG plasmid was performed using Qiagen Plasmid Mini kit following the 

manufacturer’s instruction (Qiagen, Germany). Obtained DNA was dissolved in a suitable 

volume of ionized water. 

 

Transfection of CD74 into HEK293 cells 

The day before transfection, 2x 106 HEK293 cells were seeded in a 100 mm peri dish. Cell 

density should be 70-80% confluent on the day of transfection. 8 µg of pcDNA3.1-

CD74minRTS-FLAG were diluted in 300 µl of growth media containing no serum or antibiotics. 
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Next, 80 µl of Polyfect Transfection Reagent (Qiagen, Germany) was added into the diluted 

DNA solution and mixed well. The mixture was incubated for 10 min at room temperate to allow 

DNA-Transfection reagent complex formation. While complexes took place, media were 

removed from the dish, and 7 ml of fresh media were added. On the other hand, 1 ml growth 

media was mixed well with the transfection complexes and immediately transferred into the 

dish. The dish was swirling gently to ensure uniform distribution of the complexes. The cells 

were incubated with the complexes in the incubator for 48 h and harvested for receptor binding 

assay. Additionally, the expression level of CD74 was validated by FACSVerseTM cell analyzer 

(BD biosciences, Germany). 

 

Receptor binding assay 

CD74 transfected HEK293 cells grew in a peri dish until they reached 70-80% confluency. 

Alexa-MIF was pre-incubated with inhibitors for 30 min. The cells were washed with PBS once, 

detached, and divided into 3 tubes, 3 x 105 cells for each tube. Cells were stimulated with 

treatments at 4°C for 2 h. Then they were washed with 500 µl PBS, pH 7.4, containing 0.1% 

BSA and resuspended in 500 µl FACS buffer. Data was measured by FACSVerseTM cell 

analyzer (BD biosciences) and analyzed by FlowJo software.  

 

MIF protein purification 

Recombinant human and mouse MIF proteins were expressed in the pET11b/E.coli BL21 

Rosetta system as previously described (203). Bacteria were cultured at 37 °C until an 

absorbance at 600 nm of 0.6 was reached. MIF expression was then induced by adding solid 

IPTG to a concentration of 1 mM and the bacteria were incubated for 4 h until harvested by 

centrifugation. Bacteria were subjected to French Press (EmulsiFlex-C5, AVESTIN) to release 

the protein. Protein was purified on an Mono Q column (Cytiva Europe GmbH, USA) and a C8 

reverse-phase chromatography column (MZ-Analysentechnik GmbH, Germany), followed by 

lyophilization as well as dialysis-based renaturation. Protein with greater than 98% purity was 
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then utilized in all bio-assays. Protein concentration was re-measured regularly using standard 

Bradford assay. 

 

PBMC separation 

Human peripheral blood mononuclear cells (PBMCs) were separated using Ficoll-Paque 

density gradient centrifugation as previously described (200). Fresh buffy coats containing 

abundant white blood cells were obtained from the blood bank of Klinikum Großhadern (LMU, 

approval). The buffy coat was diluted with PBS without calcium and magnesium to a volume 

of 40 ml, followed by gently inverting the tube several times to mix it well. Next, 3 ml Ficoll-

Paque media was added to the 15 ml centrifuge tube. 10 ml diluted blood sample was carefully 

layered onto each Ficoll-Paque media solution without mixing the Ficoll-Paque media solution 

and the sample, and then centrifuged at 2000 rpm for 30 min at room temperature with the 

brake turned off. The upper layer containing plasma and platelets was discarded using a sterile 

plastic pipette, and the mononuclear cell layer was left undisturbed at the interface. The 

mononuclear cell layers were collected in a sterile 50 ml tube, and cells were centrifuged at 

300 x g for 5 min at room temperature. After centrifugation, the supernatant was removed, and 

1x RBC lysis buffer lysed red blood cells for 3 min. The red blood cell lysis reaction was ended 

by adding RPMI 1640 full media to a volume of 40 ml. Then the cell suspension was filtered 

twice with 40 µm filters and centrifuged again at 300x g for 5 min at room temperature. The 

PBMCs were resuspended in RPMI1640 full media and stored in the incubator. 

 

Monocyte isolation 

Human monocytes were isolated from PBMCs using the Pan Monocyte Isolation Kit II (Miltenyi 

Biotec, Germany). This kit enables the simultaneous enrichment of classical (CD14++CD16-), 

nonclassical (CD14+CD16++), and intermediate (CD14++CD16+) monocytes. PBMCs were 

counted and centrifuged. The cell pellet was resuspended in 60 µl of MACS buffer per 25 x 

106 cells. 20 µl of FcR Blocking Reagent per 25 x 106 total cells and 20 µl of biotin-antibody 
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cocktail per 25 x 106 cells were sequentially added and incubated for 20 min in the refrigerator 

(4 °C). Afterward, 60 µl of MACS buffer per 25 x 106 cells was added, followed by adding 40 

µl of anti-biotin microbeads per 25 x 106 cells in the suspension. The mixture was incubated 

for 30 min at 4°C. While waiting for the incubation, LS columns were placed in the magnetic 

field of a MACS separator and were rinsed with 3 ml MACS buffer.  50 x 106 cell suspension 

was applied onto one column, and the columns were then washed with 3 ml MACS buffer 3 

times. Unlabeled cells that flow through the column, representing the enriched monocytes, 

were collected and cultured in RPMI 1640 full media for further procedures. The purity of 

monocytes was validated using a FACSVerseTM cell analyzer (BD Biosciences). 

 

Mouse spleen dissection 

The whole mouse spleen was obtained freshly at the animal facility and placed into a 15 ml 

tube with 5 ml RPMI1640 complete media. The spleen was carefully minced into small pieces 

with a scalpel blade and put into a 40 µm cell strainer over a 50 ml conical tube. The plunger 

end of a syringe was then used to mash the spleen through the strainer, followed by washing 

the strainer with 3 ml RPMI 1640 full media. After repeating the last two steps 2-3 times, the 

cells were centrifuged at 300 x g for 5 minutes at room temperature and resuspended in 3 ml 

of 1x RBC lysis buffer. The lysis was stopped by washing the cell suspension with 20 ml RPMI 

1640 media. The cell pellet was resuspended in full media after centrifugation.  

 

Murine B cell isolation 

The murine B cells were isolated from the spleen using the Pan B Cell Isolation Kit (Miltenyi 

Biotec). In principle, non-B cells are labeled with a cocktail of biotinylated CD3, CD4, CD8a, 

CD49b, Gr-1, and Ter119 antibodies and subsequently magnetically labeled with anti-biotin 

microbeads. B cells are enriched by the depletion of magnetically labeled cells. The kit allows 

the untouched murine B-1 and B-2 B cell subsets from single-cell suspensions of the spleen. 

In detail, cell number was determined, and cells were centrifuged at 300 x g for 5 min. 25 x 106 
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cells were resuspended in 70 µl of MACS buffer, subsequently adding 10 µl FcR Blocking 

Reagent and 20 µl biotin-antibody cocktail. After 20 min incubation at 4°C, 60 µl of MACS 

buffer and 40 µl of anti-biotin microeads. The mixture was incubated at 4°C for 30 min before 

proceeding to magnetic cell separation. LS column was placed in the magnetic field of the 

MACS Separator and rinsed with 3 ml of MACS buffer. Next, 50 x 106 cell suspension was 

applied onto the column, followed by washing with 3 ml MACS buffer 3 times. Unlabeled B 

cells that pass through were collected in RPMI 1640 full media. The cells were verified with a 

high percentage of purity using FACSVerseTM cell analyzer (BD biosciences). 

 

Chemotaxis assay 

Chemotaxis is defined as the directed migration of cells toward a chemoattractant, 

distinguished from chemokinesis. It is an essential process involved in inflammation. 

Chemotaxis assays can be a useful tool to evaluate the effect of chemokines and chemokine 

inhibitors. Therefore, I investigated the impact of MIF inhibitors on MIF-exerted immune cell 

chemotaxis by employing Transwell migration assay and 3D chemotaxis assay.  

 

Transwell migration assay 

Transwell migration assay measures the chemotactic capability of cells towards the 

chemoattractant. In my setup, inserts with a pore size of 5 µm were used in murine B cell 

migration. For the detailed procedure, murine B cells were spun down by centrifugation, and 

the supernatant was aspirated. Cells were then resuspended in serum-free RPMI1640 media 

at a density of 7 x 106 /ml. 600 µl of the serum-free RPMI1640 with the desired stimulus 

concentration was loaded into the lower chamber in a 24-well plate. 100 µl of B cell suspension 

was pipetted on top of the filter membrane in a transwell insert. The insert was carefully placed 

over a chamber without creating any bubbles. Cells were allowed to migrate for 4 hours. For 

analysis of migrated cells, cells that migrated into the lower chamber were collected into an 

epi tube after the transwell inserts were removed from the plate. After centrifugation, 500 µl 



                                                                                                                Materials and Methods 

41 

 

supernatant was aspirated, and 10 µl counting beads were added. Analysis was accomplished 

by FACSVerseTM cell analyzer (BD biosciences). 

 

3D monocyte chemotaxis 

3D chemotaxis was accomplished using µ-Slide Chemotaxis (ibidi, Germany), which measures 

real-time chemotaxis in 3D gel matrices. On one hand, cells were seeded in water-based gels, 

which does not hinder the movement. On the other hand, it provides a quick gradient with long-

term stability mimicking the physiological condition. For the detailed procedures, µ-Slides and 

serum-free RPMI 1640 media were placed in a cell culture incubator the day before. On day 

2, 5 x 106 monocytes were suspended in 40 µl serum-free RPMI1640 media, and MasterMix 

was prepared based on the recipe mentioned in the Materials. To prepare µ-slides, 16.6 µl cell 

suspension was mixed with 20 µl rat tail collagen type I gel (ibidi, Germany) and subsequently 

applied into the channel. Mixing it thoroughly helps the cells distribute homogeneously. Slides 

were then incubated at 37°C for 30 min to allow gelation of the mixture. After 30 min, reservoirs 

were filled with 65 µl serum-free RPMI1640 media on both sides, followed by pipetting 15 µl 

chemokine to the defined side of the reservoir. 15 µl liquid was immediately aspirated out on 

the opposite filling port using the same pipetting strategy. The last two steps were repeated 

once again. Slides are ready to undergo live imaging by closing filling ports with plugs. For 

analysis of migration, a 90 min time-lapse experiment was started with 1 min intervals under a 

10x objective. 30 cells were tracked for each video using ImageJ and the Manual Tracking tool.  

 

Macrophage differentiation 

After the isolation of primary human monocytes, cells were plated in a 96-well plate at a density 

of 2 x 105 per well and cultured with RPMI1640 full media. 100 ng/ml M-CSF was used to 

stimulate monocytes to differentiate into macrophages every other day. After 7-8 days, cells 

attaching to the bottom reveal macrophage-like morphology.  

DiI-LDL and DiI-oxLDL phagocytosis assay 
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Primary human monocyte-derived macrophages were starved for 3 h with serum-free 

RPMI1640 containing 0.2% BSA before treatments and then were stimulated with MIF in the 

absence or presence of different doses of inhibitors overnight. On the next day, cells were 

treated with 1% HPCD (Sigma, Germany) for 30 min to remove cholesterol by exchanging 

media. Cells were washed with media once before being treated with DiI-LDL or DiI-oxLDL 

(ThermoFisher, Germany). 25 µg/ml DiI-LDL or DiI-oxLDL were prepared in serum-free 

RPMI1640 media and incubated with cells for 4 h. After 4 h incubation, cells were washed with 

cold PBS once and fixed with 4% PFA for 15 min. For the analysis of DiI-oxLDL endocytosis, 

8 images were obtained and analyzed for each well under 10x objective by DMI8 microscope. 

Corrected total cell fluorescence (CTCF) was calculated as the following formula: 

CTCF=Integrated Density – (Area of selected cell x Mean fluorescence of background 

readings).  

 

DMR assay 

Dynamic mass redistribution (DMR) assay is a label-free technology that enables real-time 

detection of integrated cellular responses in living cells. On day one, HEK-CXCR4 stable 

transfectants were plated at a density of 40000 cells per well in 96-well Epic microplates 

(Corning, USA). In detail, 40 µl full media was first added, and the plate was centrifuged at 800 

rpm for 1 min to remove bubbles. Next, 80 µl cell suspension was added, and cells grew 

overnight to reach 80% confluency. The next day, 85 µl media were removed, and 50 µl assay 

buffer was added. Once again, 50 µl media were removed, and 50 µl assay buffer was added. 

This step was repeated three times. After that, 45 µl assay buffer was added. The plate was 

equilibrated for 2 h at room temperature before an initial 10 min baseline readout was 

measured. After the baseline measurement, MIF with its preincubated different doses of 

inhibitors in 20 µl of assay buffer were added to the wells. DMR responses were monitored 

with EnSpire® multimode plate reader (PerkinElmer, USA) for 2 h to assess the inhibition of 

MIF-induced DMR responses. 
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Flow cytometry 

Cell number counting 

Relative cell count was achieved using CountBrightTM Absolute Counting Beads 

(ThermoFisher, Germany). The beads must be mixed well to ensure a uniform suspension of 

microspheres by vortexing for 30 s before. The following equation was used to calculate the 

relative cell number: 

                            A/B x C/D = concentration of sample as cells / µl 

                                     A = number of cell events 

                                     B = number of bead events 

                                     C = assigned bead count of the lot (beads/50 µl) 

D = volume of sample (µl) 

Cell surface antibody staining 

Cell surface marker staining was measured using flow cytometry. It can be summarized as the 

following procedures. For each sample, 1x 106 single cells were suspended in 100 µl cold 

FACS buffer. Then, antibodies of interest were added at a ratio of 1:100, and samples were 

incubated on the ice for 30 min. After 30 min, samples were washed twice with 500 µl FACS 

buffer, and cells were resuspended in 500 µl FACS buffer for flow cytometry analysis. 

 

2.2.2 Plasma degradation and protein interaction methods 

Human plasma separation 

To separate human plasma, fresh blood was obtained from a healthy donor, and 105 mM 

trisodium citrate (pH=7) was used as the anti-coagulant (204). 2.2 ml anti-coagulant was 

employed for 20 ml blood. The blood was gently mixed with anti-coagulant and centrifuged at 

2500 x g for 10 min at room temperature. The supernatant was transferred into a 15 ml conical 

tube and centrifuged once again at 2500 x g for 5 min at room temperature. The plasma was 

aliquoted into 10 x 500 µl and frozen in liquid nitrogen. The aliquots were stored at - 80°C for 

long-term usage. 
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Plasma degradation assay 

To examine the proteolytic stability of NGM-D3 in human plasma, TAMRA was conjugated to 

the N-terminus of NGM-D3 on solid phase following previously published protocol (205). Next, 

lyophilized TAMRA-NGM-D3 was reconstituted in PBS to a concentration of 50 µg/ml. TAMRA-

NGM-D3 was added to plasma to a final concentration of 500 nM and incubated for 0 h, 1 h, 2 

h, 4 h, 8 h, 24 h, 48 h, 120 h, and 168 h at 37 °C. Samples were then diluted in 2x Novex 

Tricine SDS sample buffer (Life Technologies) with or without DTT, boiled at 95°C for 10 min, 

and loaded onto a 10-20% Tricine gel (Life Technologies). DTT was used to reduce disulfide 

bonds. The fluorescent signal was imaged in the 600 nm channel with an Odyssey® Fc imager 

and quantified with Image Studio Lite Ver 5.2. 

 

Tricine SDS-PAGE gel electrophoresis 

The Tricine gel provides increased resolution of proteins with molecular weights as low as 2 

kDa, which can be used to visualize the fluorescent signal of TAMRA-NGM-D3 and Cy7.5-

NGM-D3. Tricine 10-20% gels and respective 2x Tricine SDS sample buffer and 10x Tricine 

SDS Running buffer were purchased from ThermoFisher. 100 ml of 10x Tricine SDS Running 

Buffer was diluted with 900 ml deionized water to prepare 1x Tricine SDS Running Buffer, and 

samples were heated at 95°C for 1 min. 500 ml 1x running buffer was filled in the tank. 25 µl 

of each sample was loaded in the gel wells and ran at 80 V for 20 min and 100 V for 100 min 

with protection from lights. The signal of TAMRA-NGM-D3 and Cy7.5-NGM-D3 was detected 

in 600 nm and 800 nm channels with the Odyssey® Fc imager.  

 

Cy7.5-NGM-D3-albumin interaction by native gel electrophoresis 

Native gels do not contain SDS and can be used to run proteins in their native forms, enabling 

the identification of protein-protein interactions. To investigate the potential interaction 

between human serum albumin (HSA) and NGM-D3, FITC-HSA and Cy7.5-NGM-D3 were 

used to determine the colocalization of fluorescent signals. Cyanine7.5 (Cy7.5, Lumiprobe 
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GmbH, Hannover, Germany) was linked to the N-terminus of NGM-D3 using the same molar 

excess of the label of the 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HATU) and 1.5-fold molar excess of N,N-diisopropylethylamine (DIEA) 

in N,N-dimethylformamide (DMF) for 2 h. The synthesis was performed by our collaborators at 

TUM. 500 nM Cy7.5-NGM-D3 was incubated with 1x, 2x, 5x, 10x, 20x, 50x fold of FITC-HSA 

for 0 h and 2 h. Samples were mixed with 2x Native Tris-Glycine Sample Buffer and ran onto 

10-20% Tris-glycine native gel at 120 V for 90 min with being protected from lights. The 

fluorescent signals of Cy7.5-NGM-D3 and FITC-HSA were detected in the 800 nm and 600 

nm channels, respectively, with the Odyssey® Fc imager. 

 

2.2.3 In vivo murine experiments and bulk RNA-seq 

Animals 

All experiments were approved by the Animal Care and Use Committee of the local authorities 

and were performed under license (Vet_03-21-40). Apoe–/– mice in the C57BL/6-J background 

were housed in a temperature-controlled environment at the Center for Stroke and Dementia 

Research (CSD), Munich, Germany and were originally obtained from Charles River 

Laboratories (Sulzfeld, Germany). I used female mice (8 weeks old) for the study, given that a 

previous study on the first-generation MIF inhibitor msR4M-L1 was performed with female mice. 

Mice were randomly assigned to either the control group or the NGM-D3 group and were fed 

a high fat diet (HFD) containing 0.21% cholesterol (ssniff Spezialdiäten GmbH, Soest, 

Germany) for 5 weeks. During these 5 weeks, mice were administrated either with saline or 

with 50 µg NGM-D3 three times a week. Mice were monitored regularly throughout the study. 

At the endpoint of the study, mice were anesthetized with midazolam-medetomidine-fentanyl 

(MMF) and exsanguinated by cardiac puncture, perfused with saline to remove any traces of 

blood. Aortic roots were embedded in optimal cutting temperature (OCT) medium and frozen 

immediately on dry-ice for further sectioning and staining.  

Peripheral blood leukocyte separation 
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Blood was centrifuged at 400 g, 4°C for 15 min to obtain the plasma. The remaining blood was 

mixed with PBS to a volume of 10 ml and was centrifuged at 300 g, 4°C for 10 min. The 

supernatant was discarded, and RBCs were lysed in 3 ml RBC lysis buffer for 5 min. After 5 

min, 27 ml PBS was added, and cells were spun down and then resuspended in 5 ml PBS. 

Cell number was counted by the cell counter. 

 

Immunohistochemistry 

Aortic roots were placed in the specimen holder of a cryotome (ThermoFisher, Karlsruhe, 

Germany) and sectioned. 5 µm sections were collected on a glass slide when 1 or 2 valves of 

the aortic sinus started to appear. Serial sections were collected following a published method 

(206). For each mouse, 80-100 sections were collected. The first 10 sections were collected 

onto the top portion of labeled glass slides (slides labeled 1-10). Subsequent sections were 

collected following the same pattern. In this way, slide 1 holds sections 1, 11, 21, 31, 41, 51, 

61, representing atherosclerotic lesions from the sinus to the ascending aorta. Analysis of 

lesions includes HE staining and Oil Red O staining. The remaining sections were stored at -

80°C for immunofluorescence analysis. For HE staining, slides dry at room temperature for 30 

min and rehydrated in PBS for 10 min. The slides were stained in Mayer’s Hematoxylin solution 

for 10 min and rinsed with VE-water from the backside and then with warm tap water for 10 

min. After washing with distilled water for 30 s, slides were immersed in Eosin Y solution for 1 

min and dipped in distilled water until the eosin stopped streaking. Slides were dipped through 

2 times of 95% EtOH, 2 times of 100% EtOH, and 2 times of xylene, each for 2 min. Slides 

were mounted with resinous mounting medium and covered with coverslips. For Oil Red O 

staining, slides were allowed to air dry at room temperature for 5 min and rinsed with PBS for 

1-2 min. Slides were stained with Oil Red O solution (0.5% in propylene glycol, Sigma) at 37°C 

for 1 h. After 1 h, slides were washed with distilled water and stained with hematoxylin for 1 

min. Then slides were rinsed with warm tap water for 5 min and mounted with Karsers 

Glycerine-Gelatin (Roth). Plaque size was quantified using ImageJ.  
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CD68 staining 

Slides were thawed at 37°C for 1 min and dried at room temperature for 30 min. Pre-cooled 

4°C acetone was used to fix the slides for 6 min at 4°C. After fixation, slides were allowed to 

air dry for 30 min and rehydrated in PBS for 10 min. Next, they were blocked with a solution 

containing 5% donkey and 1% BSA and stained with 1:100 rat-mouse CD68 antibody (Bio-rad) 

overnight. The next day, slides were washed with PBS 3 times, 5 min each, and then incubated 

with 1:300 donkey-rat Cy3 and DAPI for 1 h at room temperature. After washing with PBS 3 

times, 5 min each time, they were mounted with Fluoromount G. Images were captured with a 

Leica DMi8 microscope and quantified using ImageJ. 

 

Isolation of RNA and library construction 

Aortic root sections were incubated with 50 µl RNA isolation buffer containing 20% proteinase 

K (Qiagen, Hilden, Germany) and 1:2400000 ERCC RNA spike-in mix in buffer PKD 

(ThermoFisher Scientific, Germany) at room temperature for 30 seconds, and were then 

dissected under the microscope. RNA samples were added to oligo dT25 magnetic beads 

(ThermoFisher Scientific) to allow mRNA hybridization, followed by washing two times with ice 

cold 1X HB and once with 1X PBS. Purified RNA was eluted at 80°C for 2 min, collected and 

stored at -80°C. For library preparation, 1 ng RNA from each sample was used and proceeded 

with reverse transcription and cDNA amplification following a prior published Smart-seq2 

protocol (207) 

 

Bulk RNA sequencing and data analysis 

Sequencing was performed by BGI Tech Solutions (HongKong) Co., Limited (HongKong, 

China) on a DNB-seq platform for paired-end sequencing. Raw data was processed using 

Galaxy platform (208). Quality control was performed using FastQC Tool (Version 0.11.9). 

Sequencing reads was aligned to mouse GRCm38 (mm10) reference genome using RNA 

STAR (Version 2.7.8a). Aligned reads were generated using featureCounts (Version 2.0.1). 
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Differential gene expression was examined with DESeq2 (Version 1.34.0). P values were 

corrected by the Benjamini-Hochberg method. Genes with adjusted P value < 0.05 and 

log2FoldChange > 1 were considered significantly differentially expressed. Functional 

enrichment analysis was performed using g:Profiler (209). 

 

Statistical analysis 

GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA) was used for statistical analysis. 

Data are shown as means ± SEM from at least 3 independent experiments. Data with two 

groups were analyzed with unpaired, 2-tailed Student t test. For the data with ≥ three groups, 

one-way ANOVA test was performed, adjusted for multiple comparisons using Dunn post hoc 

test. For non-parametric data, analyses were performed using Mann-Whitney test. P ≤ 0.05 

was considered significant.  
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3. Results 

3.1 Characterization of the first generation CXCR4 ectodomain-

derived peptide msR4M-L1 in vitro 

3.1.1 MIF induces DiI-LDL phagocytosis in macrophages 

Increased levels of modified LDL, particularly oxLDL, are considered initiators of 

atherosclerosis. Beyond that, evidence has shown that native LDL contributes to foam cell 

formation (210). MIF has demonstrated its ability to drive macrophages to take up LDL through 

receptor CXCR4 (211). To verify whether MIF promotes LDL endocytosis in primary monocyte-

derived macrophages, a DiI-LDL uptake assay was performed by stimulating cells with human 

MIF in the absence or presence of MIF inhibitors IIID.9 and ISO-1. IIID.9 is a known neutralizing 

MIF antibody. Addition of MIF enhanced LDL endocytic capability of macrophages. As 

expected, this effect was markedly reduced by 3-fold molar excess of IIID.9 but not by its 

isotype control IgG1 (Figure 8). To further validate the result, different concentrations of ISO-

1 were added along with MIF. ISO-1 is a well-known small molecule MIF inhibitor that displays 

anti-MIF features through binding to its active catalytic active site (212). My data suggested 

ISO-1 inhibits MIF-related DiI-LDL uptake in human macrophages in a dose-dependent 

manner (Figure 8B). LDL uptake was diminished as much as adding 3-fold molar excess of 

IIID.9 when cells were treated with the highest concentration of ISO-1 (62.5-fold), which means 

ISO-1 has lower potency in suppressing MIF functions than neutralization antibody IIID.9 given 

its targeting site as well as small molecular size. Marked reduction of DiI-LDL uptake through 

co-stimulation with IIID.9 and ISO-1 emphasizes MIF regulates LDL endocytosis via CXCR4.  
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Figure 8: MIF induces DiI-LDL uptake in primary human monocyte-derived macrophages. A 

Representative images of DiI-LDL-positive macrophages. Images shown were merged with phase 

contrast. Cy3 red for DiI-LDL. A-B MIF increases LDL uptake in primary human monocyte-derived 

macrophages (cells were treated with 80 nM MIF). Addition of IIID.9, yet not isotype IgG1, and ISO-1 

reduced the DiI-LDL positive fluorescent signals. X-fold concentrations of inhibitors correspond to the 

MIF concentration. Control indicates LDL uptake at baseline. Data are shown as means ± SEM from 

three independent experiments. The scale bar in A is 75 µm. MIF, macrophage migration-inhibitory 

factor; CXCR4, CXC motif chemokine receptor-4 

 

3.1.2 msR4M-L1 inhibits MIF-induced DiI-LDL uptake in human PBMC-derived 

macrophages 

AMD3100 is a small molecule that was discovered as a specific CXCR4 antagonist. To 

determine whether MIF-triggered LDL uptake is driven by receptor CXCR4, macrophages were 

stimulated with MIF with or without AMD3100. The MIF-driven LDL uptake was compromised 

by pretreating cells with 10 µM AMD3100, indicating that MIF-mediated LDL uptake is 
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dependent, at least partially, on the receptor CXCR4 (Figure 9B). Based on that evidence, 

macrophages were treated with a range of msR4M-L1 concentrations to evaluate how the 

CXCR4-derived MIF inhibitor msR4M-L1 affects native LDL uptake by human macrophages. 

Similar to ISO-1, msR4M-L1 exhibited a dose-dependent inhibition on MIF-triggered native 

LDL uptake (Figure 9B). At 62.5-fold molar excess, which equals 5 µM of peptide, msR4M-L1 

was able to reduce the DiI-LDL signal approximately to the same level observed by 10 µM 

AMD3100.  

 

Figure 9: The inhibitory effect of AMD3100 and msR4M-L1 on MIF-associated DiI-LDL uptake in 

primary human monocyte-derived macrophages. A Representative images of DiI-LDL positive 

macrophages. Images shown were merged with phase contrast. Cy3 red for DiI-LDL. A-B MIF promoted 

the LDL endocytic ability of macrophages (cells were treated with 80 nM MIF +/- inhibitors, then 

incubated with 25 µg/ml DiI-LDL for 4 h), which was then diminished by CXCR4 inhibitor AMD3100 and 

msR4M-L1. msR4M-L1 presents a dose-dependent response in the inhibition of DiI-LDL uptake. Control 

indicates LDL uptake at baseline. Data are shown as means ± SEM from four independent experiments. 

The scale bar in A is 75 µm. MIF, macrophage migration-inhibitory factor; CXCR4, CXC motif chemokine 

receptor-4. 
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3.1.3 Mutated msR4M-L1 loses capacity to block MIF/CXCR4-mediated LDL uptake 

In a prior study, the amino acids in msR4M-L1 essential for MIF binding were identified by 

performing peptide array analysis and alanine-scanning (200). In ECL1, four aromatic residues 

in positions 102, 103, 104, and 107 were found to play a critical role. On the other hand, a 

remarkable interaction reduction of msR4M-L1 with MIF was seen upon substitution by Ala in 

positions 189, 190, and 195 in ECL2. To evaluate the importance of those amino acids to the 

specificity of msR4M-L1, they were substituted with alanine, which led to msR4M-L1(7xAla) 

synthesis. msR4M-L1(2xAla) was also synthesized, given that the alanine substitution of Phe-

104 and Phe-107 caused a strong reduction in spot intensity. msR4M-L1(7xAla) and msR4M-

L1(2xAla) showed no effects on MIF. Additionally, Similar results were observed in Transwell 

B-cell migration assay. msR4M-L1(2xAla) demonstrated reduced ability in inhibiting MIF-

initiated chemotaxis, whereas msR4M-L1(7xAla) activity was completely lost (Figure 10). 

These data are consistent with the biophysical properties of msR4M-L1 variants. The msR4M-

L1 ability to block MIF activities correlates with the binding region on the molecule, which 

provided us insights into the optimization of the next generation peptide inhibitors. 

 

Figure 10: Mutated msR4M-L1(7xAla and 2xAla) loses the capacity to block MIF/CXCR4-mediated 

LDL uptake. Cells were treated with 80 nM human MIF +/- msR4M-L1 variants. A co-stimulated with 

msR4M-L1(7xAla); B co-stimulated with msR4M-L1(2xAla). The concentrations that were used for both 

variants were the same as msR4M-L1. Control (-) indicates LDL uptake at baseline. Data are shown as 

means ± SEM from three or four independent experiments. MIF, macrophage migration-inhibitory factor; 

CXCR4, CXC motif chemokine receptor-4. 
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3.1.4 msR4M-L1 inhibits MIF-triggered DiI-oxLDL uptake in PBMC-derived macrophages 

Among modified LDLs, oxLDL has been proposed as the main modification of LDL to promote 

foam cell formation, which in turn triggers immune responses. OxLDL initiates atherogenesis 

through various mechanisms. For example, oxLDL triggers the activation of endothelial cells 

and up-regulates adhesion molecules and MIF secretion, which facilitate blood leukocytes 

adhesion in the arterial wall. Macrophages take up oxLDL via CD36, among other scavenger 

receptors, resulting in the release of proinflammatory cytokines and chemokines. Thus, this 

brought us to the question, of whether MIF enhances oxLDL uptake in macrophages and how 

msR4M-L1 would influence the process. After stimulation of MIF in the absence or presence 

of msR4M-L1, cells were incubated with DiI-oxLDL. MIF increased oxLDL uptake by 1.8-fold, 

and the effect was dose-dependently reversed by adding msR4M-L1 (Figure 11). Although 

MIF enhanced oxLDL uptake in human monocyte-derived macrophages, the mechanism 

remains unclear and was not further studied in this thesis. Thus, the role of CXCR4 in oxLDL 

uptake and the involvement of CD36, needs to be further investigated. 

 

Figure 11: msR4M-L1 dose-dependently reverses MIF-mediated oxLDL uptake. A representative 

images of DiI-oxLDL positive macrophages. Images shown were merged with phase contrast. Cy3 

greenish-yellow for DiI-oxLDL. B MIF promoted the oxLDL phagocytosis in human macrophages (cells 

were treated with 80 nM MIF overnight, then incubated with DiI-oxLDL at 37°C for 4 h), which was 

reversed by CXCR4 inhibitor msR4M-L1. msR4M-L1 produces a dose-dependent response in inhibiting 

DiI-oxLDL uptake. X-fold concentrations of inhibitors correspond to the MIF concentration. Control (-) 

indicates oxLDL uptake at baseline. Data are shown as means ± SEM from three independent 

experiments. The scale bar in images is 75 µm. MIF, macrophage migration-inhibitory factor; CXCR4, 

CXC motif chemokine receptor-4. 
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3.1.5 msR4M-L1 partially reverses MIF-induced integrated cellular responses as read 

out by DMR methodology  

Chemokine receptors are one of the largest transmembrane proteins, G protein-coupled 

receptors (GPCRs). Activation of a single receptor may spike a complex of cellular responses. 

DMR detects biomolecules changes in their localization within a cell, when a cellular process 

occurs. An optical output is recorded by a change of wavelength of outgoing light when passing 

polarized broadband light through the bottom portion of cells on the plate surface. DMR 

provides a comprehensive picture of the action of agonists and antagonists. Stably transfected 

HEK-CXCR4 cells were used to investigate how msR4M-L1 affects the live-cell change 

sensing. 10 µM MIF triggered the DMR response curve to rise, yet control treatment with 

solution buffer or msR4M-L1 alone did not cause any cellular changes (Figure 12). When cells 

were co-treated with MIF and msR4M-L1 at a molar ratio of 1:0.5, the DMR response curve 

was reduced and delayed. A dose-response curve needs to be evaluated to assess the 

concentration-dependent impact on the effect of MIF on HEK293-CXCR4 transfectants. 

However, due to the limited solubility properties of msR4M-L1 and the required optimization 

steps, these experiments could not be performed in the time line of my thesis. 

 

 

Figure 12: Dynamic mass redistribution analysis of the inhibition effect of msR4M-L1 on MIF-

stimulated HEK293-CXCR4 transfectants. HEK293 cells stably transfected with CXCR4 were 

exposed to 10 µM of MIF, and DMR was recorded for 120 min in combination with the application of 5 

µM of msR4M-L1 or solution buffer as control. Data are shown from a single experiment performed in 

technical triplicates. MIF, macrophage migration-inhibitory factor; CXCR4, CXC motif chemokine 

receptor-4. 
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3.1.6 msR4M-L1 does not disrupt the MIF/CD74 interaction 

msR4M-L1 showed specificity in blocking MIF/CXCR4 signaling. As a cognate receptor, CD74 

signaling was shown to have protective functions on cardiomyocytes in cardiac 

ischemic/reperfusion injury, an effect mediated by AMPK signaling (116). Activation of CD74 

decreased infarct size and improved cell survival by triggering the AMPK signaling pathway to 

promote glucose uptake in cardiomyocytes (116). Therefore, to test whether msR4M-L1 would 

interfere the interaction between MIF and CD74 or would spare such interactions. To look at 

the ligand-receptor interaction, I transiently transfected CD74 into HEK293T cells and checked 

the expression level of CD74 on the cell surface by flow cytometry. Figure 13 shows 

approximately 60% of cells express CD74 on the surface.  

 

Figure 13: Transfection efficiency of CD74minRTS-FLAG in HEK293T cells. HEK293T cells were 

transfected with CD74minRTS-FLAG plasmid for 48 h. CD74 cell-surface expression on HEK293T cells 

was determined by flow cytometry analysis. MIF, macrophage migration-inhibitory factor; CD74, cluster 

of differentiation 74 

 

Next, receptor binding assays were performed to study whether msR4M-L1 would interfere 

with MIF-CD74 binding. MIF was labeled with Alexa 488 to be detected by flow cytometry and 
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was incubated with CD74-expressing HEK cells for 2 h under equilibrium conditions. An 

untreated group was included to rule out unspecific fluorescence. Figure 14 shows that Alexa 

488-MIF bound to CD74, and co-incubation with msR4M-L1 did not perturb the interaction 

between MIF and CD74, suggesting the interface between MIF and CD74 is not affected by 

msR4M-L1/MIF binding. This result suggests msR4M-L1 could be selective in targeting MIF 

receptor pathways. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: msR4M-L1 does not disrupt MIF/CD74 interaction. A Illustration of msR4M-L1 selectivity 

on CD74 surface binding. Percentage in A Q3 represents the number of cells bound to Alexa 488-MIF; 

B 5-fold molar excess of msR4M-L1 did not interfere with the binding of Alexa 488-MIF to CD74 on the 

cell surface (msR4M-L1 was pre-incubated with Alexa 488-MIF for 30 min, cells were treated with 400 

nM MIF for 2 h). Data are shown as mean ± SEM from three independent experiments. MIF, 

macrophage migration-inhibitory factor; CD74, cluster of differentiation 74. 

 

3.2 Characterization of the inhibitory potential and pharmacological 

properties (IC50 curves) for the next generation CXCR4 mimics (NGMs) 

msR4M-L1 exhibited favorable selectivity and specificity to target MIF/CXCR4 interaction and 

attenuated atherosclerosis in vivo. To improve its solubility and generate minimum active sites, 

our collaborators at TUM conducted peptide array, alanine screening and other biophysical 
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experiments to identify the essential amino acids for MIF binding in msR4M-L1. As indicated 

in the scheme (Figure 15), ECL1[97-110] and ECL2[182-196] were shortened to ECL1[102-

110] and ECL2[187-195] and connected by several linkers (8-Aoc, O1Pen2-O1Pen2, D-D-D, 

G-G-G, K-K-K, R-R-R) with enhanced solubility, which were termed ‘NGMs’. Based on their 

biophysical characterization and their biochemical binding properties to MIF in comparison to 

CXCL12 as assessed by fluorescence titration spectroscopy (see also Discussion part) 

performed by our collaborators at the Division of Peptide Biochemistry at Technical University 

of Munich (TUM) (Head: Prof. Dr. Aphrodite Kapurniotu), four of the synthesized NGMs were 

selected for further screening using in vitro cell assays that mimic atherogenic MIF activities 

towards leukocytes. These were NGM-D3 (KD(MIF) = 35.97 nM; KD(CXCL12) > 2 µM), NGM-

R3 (KD(MIF) = 16.82 nM; KD(CXCL12) = 44 nM), NGM-K3 (KD(MIF) = 36.4 nM; KD(CXCL12) = 

19.6 nM), and NGM-O1Pen2 (KD(MIF) = 14.3 nM; KD(CXCL12) > 2 µM). 

 

Measurement of drug potency is conventionally determined by the concentration of the drug 

that inhibits 50% (IC50) of targeted reaction in a dose-response assay in vitro. The IC50 value 

is the standard parameter used to establish experimental outcomes in vitro and to screen drugs 

with high potential for advancement into animal studies. It is a useful parameter that describes 

the inhibition capacity. I employed three functional assays, DiI-oxLDL uptake, 3D monocyte 

chemotaxis, and Transwell B-cell migration, to characterize dose-response inhibitory 

relationships for the NGMs and examine the specificity and selectivity of NGMs regarding their 

interactions with MIF and CXCL12. 
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Figure 15: Sequences of msR4M-L1 

and six NGMs. The backbone of 

NGMs consists of ECL1[102-110] and 

ECL2[187-195]. The original linker (6-

Ahx)-(12-Ado) is replaced by six 

linkers (8-Aoc, O1Pen-O1Pen, D-D-D, 

G-G-G, K-K-K, R-R-R) to enhance 

solubility and optimize the structure. 

The design scheme was kindly 

provided by Dr. Christos Kontos and 

Prof. Aphrodite Kapurniotu (TUM).  

 

3.2.1 Potency of the NGMs (IC50 curves) as assessed by a DiI-oxLDL uptake assay 

To determine whether NGMs retain the anti-MIF functionality of msR4M-L1 and to assess 

potencies and efficacies, I performed a DiI-oxLDL uptake assay to acquire dose-response 

curves considering the essential role oxLDL plays in plaque formation. AMD3100 was also 

assayed to determine the dependence of MIF-induced oxLDL uptake on CXCR4. MIF 

enhanced oxLDL phagocytosis in human macrophages by a factor of 1.6-1.7-fold (Figure 16B). 

100% at the starting point of curves refers to the effect elicited by MIF. The unstimulated cells 

also took up oxLDL, accounting for approximately 60% of MIF stimulation. AMD3100 exhibited 

a shallow a dose-dependent reduction with the curve leveling at ca. 70% (Figure 16C), also 

indicating that the CXCR4-dependent part of MIF-elicited oxLDL uptake accounts for about 30% 

of the total MIF effect. The IC50 for AMD3100 was 46.1 ± 33.0 nM.  Inhibition curves for NGM-

R3 (IC50=10.7 ± 3.4 nM) and NGM-K3 (IC50=8.2 nM) reached plateaus below 60% with steeper 

slopes (Figure 16D). Curves for NGM-D3 (IC50=4.6 ± 5.7 nM) and NGM-O1Pen2 (IC50=63.5 ± 

171.4 nM) slowly declined to the level slightly above 60% (Figure 16D). All NGMs achieved 

better effectiveness in suppressing oxLDL phagocytosis modulated by MIF as compared to 

AMD3100. Importantly, NGMs with an amino acid linker, namely NGM-D3, NGM-R3, and 

NGM-K3, showed greater potencies than NGM-O1Pen2, which suggests that independent of 

DAVANWYFGNFLCK DRYICDRFYPNDLWV

DAVANWYFGNFLCK DRYICDRFYPNDLWV

-(6-Ahx)-(12-Ado)-

WYFGNFLCK DRFYPNDLW
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ECL1[97-110] ECL2[182-196]
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Linkers: 8-Aoc (NGM-Aoc), O1Pen-O1Pen (NGM-O1Pen2), D-D-D (NGM-D3),

G-G-G (NGM-G3), K-K-K (NGM-K3), R-R-R (NGM-R3)
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structural similarities of NGMs related to CXCR4, solubility is strongly associated with the 

potency of CXCR4 mimics.  

 

Figure 16: Determination of IC50 curves for the inhibitory effects of NGMs on MIF-elicited DiI-

oxLDL uptake. A Representative images of DiI-oxLDL-positive cells for the various treatment conditions. 

Data shown were merged with phase contrast, Cy3 red for DiI-oxLDL; B MIF increases oxLDL uptake 

in primary human monocyte-derived macrophages (cells were treated with 80 nM MIF); C-G Curves 

were plotted against MIF in the absence and presence of increasing doses of AMD3100 or NGMs 

indicated as log values (data from three independent experiments). MIF/CXCR4-mediated DiI-oxLDL 

uptake in primary human monocyte-derived macrophages is inhibited by adding inhibitor AMD3100 (C), 

NGM-D3 (D), NGM-R3 (E), NGM-K3 (F), NGM-O1Pen2 (G) in a dose-dependent manner. Data are 

shown as mean ± SEM. The scale bar in A is 75 µm. MIF, macrophage migration-inhibitory factor; 

CXCR4, CXC motif chemokine receptor-4; NGMs, next generation mimics.  

 

3.2.2 Inhibitory potency of NGMs (IC50 curves) as assessed by a 3D monocyte 

chemotaxis assay 

The capacity of MIF to enhance monocyte recruitment has been well-established in earlier 

studies (102). It is viewed as one of the most crucial pro-inflammatory metrics for MIF in 
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atherogenic inflammation and is mediated by the cooperation of CXCR2 and CXCR4. Previous 

experiments showed msR4M-L1 dose-dependently inhibits MIF-elicited human monocyte 3D 

chemotaxis, an assay which mimics the migration process in physiological processes in the 

vessel.  

 

Figure 17: Determination of IC50 curves for the inhibitory effect of NGMs on MIF-induced 3D 

monocyte chemotaxis. A, B Representative data reveal that NGM-D3 suppresses MIF-induced (red 

tracks) 3D chemotaxis of human monocytes in a dose-dependent manner, which was assessed by live-

microscopy imaging of single-cell tracks in x/y direction in µm; gradually increasing concentrations of 

NGM-D3 (blue tracks) is indicated as molar excess over MIF; unstimulated control (gray tracks) 

represents random motility.  C Quantification of A (cells were treated with 64 nM MIF); the data points 

represent six independent experiments and the forward migration index (FMI) was plotted. In each 

experiment, the movement of 30 randomly selected cells was tracked. D Dose-response curves were 

plotted with MIF in the absence and presence of increasing concentrations of NGM-D3 (D), NGM-R3 

(E), NGM-K3 (F), NGM-O1Pen2 (G) as indicated as log values (from three independent experiments, in 

each of which the movement of 30 randomly selected cells was tracked). Data are shown as means ± 

SEM. ****, P < 0.0001. MIF, macrophage migration-inhibitory factor; NGMs, next generation mimics. 
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I tested the effect of the various NGMs and conducted dose-response curves to obtain their 

IC50 values. Forward migration index (FMI) was used to quantitate the degree of cell migration. 

FMI is a measure for directed, chemotactic cell migration. The normal FMI value for non-

migrated cells is at about 0. The higher the FMI is, the stronger the chemotactic effect is. MIF 

(at a concentration of 64 nM) significantly increased the FMI of moving monocytes to 0.1 

(Figure 17C). all four tested NGMs, NGM-D3, NGM-K3, NGM-R3, and NGM-O1Pen2, 

inhibited MIF-induced 3D monocyte chemotaxis in a dose-dependent manner (Figure 17D, 

17E, 17F, and 17G). Except for NGM-O1Pen2, all other NGMs led to complete inhibition down 

to control level at their highest dose tested. The determined IC50 values for NGM-D3 and NGM-

K3 are 18.9 ± 6.9 nM and 18.1 ± 20.7 nM, respectively. NGM-R3 and NGM-O1Pen2 showed 

lower inhibition potencies with an IC50 value of 50.6 ± 14.6 nM and 103.5 ± 50.1 nM, 

respectively.  

 

3.2.3 Inhibitory potency of NGMs (IC50 curves) as assessed by Transwell B cell migration 

assay 

Previous work showed that MIF facilitates primary murine B lymphocyte migration through co-

regulation of CXCR4 and CD74 (161). Addition of msR4M-L1 exerts a dose-dependent 

inhibitory effect on MIF-induced primary murine B lymphocyte migration, indicating that 

inhibitory effects of CXCR4 peptide mimics extend to B-cell migration responses and showing 

that the peptide inhibitor, which was designed based on the human CXCR4 ectodomain 

sequence, cross-inhibits murine MIF-mediated migration responses (200). IC50 curves were 

obtained for the inhibitory effect of NGMs on mouse B-cell migration. I treated freshly isolated 

mouse splenic B cells with 16 nM MIF, a concentration that was previously determined as a 

peak chemotactic MIF dose on B cells. 16 nM MIF enhanced the chemotactic index of mouse 

B cells by 1.6-fold (Figure 18B), in agreement with previous data (161). All tested NGMs led 

to a dose-dependent inhibition of MIF-elicited B-cell chemotaxis (Figure 18). The MIF effect 

was defined as 100%. Random migration as defined by control represented approximately 60% 
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of migration triggered by MIF. IC50 determinations showed that NGM-D3 had the most potent 

IC50 value (IC50 = 0.6 ± 1.4 nM), but maximal inhibition leveled off at 37%. The IC50 for NGM-

R3 was 14.4 ± 9.3nM and the lowest reached inhibition value for this NGM was at around 50% 

of MIF. NGM-K3 had an IC50 of 7.8 ± 8.0 nM and the IC50 of NGM-O1Pen2 was 19.9± 10.4 nM 

with maximum inhibition plateauing at 35-40% of MIF effects. Together, NGM-D3, NGM-R3, 

NGM-K3, and NGM-O1Pen2 can block 100% of migratory effects of B cells induced by MIF. 

NGM-D3 and -K3 were the most efficient inhibitors in MIF-elicited murine B-cell chemotaxis. 

 

 

Figure 18: Determination of IC50 curves for the inhibitory effect of NGMs on MIF-induced murine 

B-cell chemotaxis. A Illustration of murine B-cell isolation from the mouse spleen using magnetic beads 

and principle of the Transwell-based 2D chemotaxis set-up. B MIF increases mouse B-cell chemotactic 

migration. Recombinant mouse MIF was added at its peak chemotactic concentration of 16 nM. Dose-

response curves for NGM-D3 (C), NGM-R3 (D), NGM-K3 (E), and NGM-O1Pen2 (F) were plotted with 

MIF in the absence and presence of various concentrations of NGMs as being indicated as log values 

(three or four times independent experiments). Random migration represents 60% of B-cell migration 

elicited by MIF. NGMs inhibit MIF-mediated mouse B cell chemotaxis in a dose-dependent manner. 

Data are shown as means ± SEM. ****, P < 0.0001. MIF, macrophage migration-inhibitory factor; NGMs, 

next generation mimics.  
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In aggregate, the inhibitory properties and determined IC50 values of the CXCR4 ectodomain-

derived NGMs as assessed in the above atherogenic assays indicated that peptide mimic 

NGM-D3 appeared to exhibit the most promising MIF-antagonizing inhibitor.  

 

3.2.4 Determining the selectivity of NGMs between MIF and CXCL12 

The biochemical binding studies performed by our collaborators at TUM suggested that NGM-

D3 and NGM-O1Pen2 were highly selective for MIF, while NGM-R3 and NGM-K3 also 

displayed high affinity binding to CXCL12. Here, I aimed to determine whether these selectivity 

properties would also extend to the inhibitory potential of the NGMs in atherogenic cell assays. 

 

3.2.4.1 NGM effects on CXCL12-mediated murine B-cell migration 

The first generation ectodomain-derived MIF inhibitor msR4M-L1 has a high selectivity for MIF 

without disrupting CXCL12/CXCR4 signaling. However, any sequence or linker change might 

alter the binding and/or activity features. As shown above, all four tested NGMs exhibited 

inhibitory activity against MIF with IC50 values in the range of 10-100 nM. To test their selectivity 

for MIF over CXCL12, I first performed Transwell-based murine B-cell chemotaxis experiments, 

this time using CXCL12 as the chemoattractant. I applied two concentrations of NGMs (2x and 

5x molar excess over CXCL12), as these excess ratios produced optimal inhibitory impacts on 

MIF. In line with the biochemical binding data performed by our collaborators, NGM-D3 did not 

inhibit CXCL12-mediated B-cell chemotaxis (Figure 19). Similarly, NGM-R3, NGM-K3, and 

NGM-O1Pen2 did not affect CXCL12-driven B-cell migration (Figure 19). This latter 

observation only partially concurred with the binding data, as NGM-R3 and NGM-K3 showed 

nanomolar binding to CXCL12, but did not lead to an inhibition of CXCL12-mediated B-cell 

chemotaxis. Overall, these data indicated that NGMs, despite their drastic reduction in size 

compared to msR4M-L1, can preserve the selectivity of msR4M-L1 for MIF/CXCR4 signaling 

over the CXCL12/CXCR4 axis. 
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Figure 19: NGMs do not inhibit CXCL12-mediated murine B-cell migration in a Transwell setting. 

CXCL12 was used at a concentration of 16 nM, at which it increased mouse B-cell migration by 4-6-fold. 

NGMs were applied at 2- and 5-fold molar excess over CXCL12. Chemotaxis is plotted as chemotactic 

index. Data are shown as means ± SEM (from three or six independent experiments as indicated). 

CXCL12, C-X-C motif chemokine 12; NGMs, next generation mimics. 

 

3.2.4.2 NGM effects on CXCL12-mediated 3D monocyte chemotaxis 

To further assess the selectivity of NGMs, I performed 3D human monocyte chemotaxis 

experiment using CXCL12 as chemoattractant (Figure 20). CXCL12 significantly increased 

monocyte migration (FMI ~ 0.1). Similar to the results obtained in the murine B-cell migration 

studies, NGM-D3 and NGM-K3 did not affect CXCL12-induced monocyte chemotaxis. NGM-

O1Pen2 showed a trend towards decreasing monocyte chemotaxis, but this effect did not 

reach statistical significance. In contrast, NGM-R3 profoundly blocked CXCL12-mediated 

monocyte migration.  
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Figure 20: Differential effects of NGMs on CXCL12-mediated 3D human monocyte chemotaxis. 

CXCL12 was applied at a concentration of 64 nM, at which it significantly increased monocyte motility 

towards CXCL12. NGMs were applied at a 10-fold molar excess over CXCL12. Data are shown as 

means ± SEM and are derived from three independent experiments; in each experiment 30 randomly 

selected monocyte trajectories were tracked. **, P < 0.01. *, P < 0.05. CXCL12, C-X-C motif chemokine 

12; NGMs, next generation mimics. 

 

3.2.5 Summary of the inhibitory potential (IC50 values) and selectivity of the NGMs 

Table 1 summarizes the IC50 values and maximum inhibitory effects obtained in the three 

atherogenic assays for NGM-D3, R3, K3, and O1Pen2 compared to msR4M-L1. For 

comparison, Table 1 also lists the binding affinities (KD values) provided by our collaborators 

at TUM. Together, this indicates that the next generation CXCR4 mimics preserve the MIF-

inhibitory effect of msR4M-L1, while retaining some of its selectivity. Most notably, the mimics 

with high solubility (data from the collaborators), including NGM-D3, R3, and K3, showed 

higher IC50 values than NGM-O1Pen2. The binding data from the collaborators indicate NGM-

R3 and -K3 did bind to CXCL12 with appreciable affinity. Additionally, the inhibition of NGM-

R3 on monocyte chemotaxis triggered by CXCL12 is quite prominent at 5x fold molar excess. 

The dual inhibition of MIF and CXCL12 seen in NGM-R3 could be potentially employed in 

cancer therapy. In the application of atherosclerotic disease, NGM-D3 stands out with multiple 

advantages, such as improved solubility, high binding affinity to MIF, and no interaction with 

CXCL12. 
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Table 1: Summary of IC50 values of NGMs obtained from screening using in vitro cell assays 

mimicking atherogenic processes.  

CXCR4 

ectodomain 

mimics 

OxLDL uptake 3D monocyte chemotaxis 2D mouse B cell migration KD values*** (nM) 

IC50 values* 

(nM) 

Maximum 

effect (%) 

IC50 values* 

(nM) 

Maximum 

effect (%) 

IC50 values* 

(nM) 

Maximum 

effect (%) 

Fluos-

peptide/MIF 

Alexa-

MIF/peptide 

msR4M-L1 115.2 ± 97.5 51 55  100 10 70 40.7 ± 4.0 31.1 ± 16.6 

NGM-D3 4.6 ± 5.7 65 18.9 ± 6.9 100 0.6 ± 1.4 67 36 ± 22.2 246.5 ± 21.7 

NGM-R3 10.7 ± 3.4 54 50.6 ± 14.6 100 14.4 ± 9.3 50 16.8 ± 6.2 110.1 ± 28.1 

NGM-K3 8.2# 62 18.1 ± 20.7 100 7.8 ± 8.0 59 36.4 ± 7.5 44.7 ± 10.3 

NGM-

O1Pen2 
63.5 ± 171.4 58 103.5 ± 50.1 85 19.9 ± 10.4 67 14.3 ± 5.7 41.8 ± 16.4 

* IC50 values, concentrations of msR4M-L1 and NGMs that reduced the activity of MIF by 50%; data are 

shown in mean ± SD; # SD value was not available; ** maximum effect reached at highest dose (%), the 

normalized maximum inhibitory effect of msR4M-L1 and NGMs; *** KD values obtained for msR4M-L1 

and NGM binding to MIF by fluorescence titration spectroscopy were kindly provided by Dr. C. Kontos 

and Prof. Dr. A. Kapurniotu (TUM). NGMs, next generation mimics; IC, inhibitory concentration; 2D/3D, 

2-/3-dimensional. 
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3.3 Degradation and albumin binding characteristics of NGM-D3 

Half-life is a measure to estimate how long it takes for a drug to be eliminated from the body. 

It is associated with bioavailability required for the optimal action. Short half-life is one of the 

major challenges in the development of peptide drugs. Thus, it is imperative to determine the 

half-life of NGM-D3. 

 

3.3.1 Proteolytic stability of TAMRA-NGM-D3 in human plasma 

Proteolytic stability studies of the first generation CXCR4 mimic msR4M-L1 indicated that this 

peptide had good plasma stability with approximately 30% of TAMRA-msR4M-L1 preserved 

after 48 h exposure in mouse or human plasma. Before moving forward to in vivo studies, I 

tested the proteolytic stability of NGM-D3 in human plasma for an extended period of time (up 

to 7 days) using Tricine SDS-PAGE analysis as previously established for msR4M-L1(200). 

For detection purposes, a fluorescently labeled analog of NGM-D3 (N-terminal modified 

TAMRA-NGM-D3) was used and quantified after SDS-PAGE by infra-red Odyssey imaging. 

TAMRA-NGM-D3 showed appreciable plasma stability, with the TAMRA-NGM-D3 band 

detectable up to 120 h of plasma exposure (Figure 21). Overall, the observed plasma stability 

for TAMRA-NGM-D3 was similar to that of TAMRA-msR4M-L1.  
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Figure 21: TAMRA-NGM-D3 reveals appreciable proteolytic stability in human plasma. A C 500 

nM TAMRA-NGM-D3 was incubated in human plasma at 37ºC over the time course of 0, 1, 2, 4, 8, 24, 

48, 120, and 168 h. Samples were processed with DTT (A) and without DTT (C) then was loaded on a 

Tricine SDS-PAGE gel (red band, TAMRA-NGM-D3; blue band, running dye); B Nonlinear curve fitting 

(concentration vs time) for the degradation of TAMRA-NGM-D3 in human plasma. Data are shown as 

means ± SEM and represent three independent experiments. D Nonlinear curve fitting (concentration 

vs time) for the degradation of TAMRA-NGM-D3 in human plasma. Data are shown as means ± SEM 

(three times independent experiments).  

 

According to the nonlinear curve fitting analysis of the TAMRA-NGM-D3 band in Figure 21B, 

the estimated half-life of TAMRA-NGM-D3 is 23.2 hours, showing reasonably good stability for 

a small peptide and being in line with the half-life previously determined for TAMRA-msR4M-

L1 (200). I also performed SDS-PAGE electrophoresis under non-reducing conditions, 

meaning that the samples after plasma incubation of NGM-D3 were not processed by the 
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reducing agent, dithiothreitol (DTT). The curve (Figure 21D) manifested the same trend as 

Figure 21B. Overall, the SDS-PAGE gel was less “clean” and contained several bands and 

shadows that could represent disulfide-bonded oligomers or heteromers with plasma 

components. Three bands were noted that appeared to represent TAMRA-NGM-D3; these 

were an apparent monomer at 3 kDa, an apparent dimer at approximately 5 kD, and a band at 

around 6-8 kD, which could be a trimer or tetramer. Further blurred bands appeared in the 

high-molecular weight range of the gel between 40 and 80 kD, which might represent NGM-

D3 bound to plasma proteins such as albumin by mixed disulfide formation. The estimated 

half-life acquired from the curve fit of TAMRA-NGM-D3 in Figure 21D was 15.6 hours. The 

disparity of half-lives acquired from the two approaches is considered in the range of 

experimental variations. Together, the plasma half-lifes implicated that NGM-D3 has an overall 

good stability in human plasma. 

 

3.3.2 Investigation of the interaction between albumin and NGM-D3 

Based on the appreciable plasma stability of TAMRA-NGM-D3 as determined by in vitro 

incubations with human plasma, I wondered what mechanism could potentially protect 

TAMRA-NGM-D3 from more rapid degradation. One study found that human serum albumin 

(HSA) generates an endogenous peptide that antagonizes CXCR4 activity by binding to a 

region close to extracellular loop 2 of CXCR4 (213). In turn, this implicates that CXCR4 mimics 

encompassing ECL2 residues may have a binding affinity for albumin. Also, the above 

performed SDS-PAGE analysis of TAMRA-NGM-D3 following human plasma exposure 

showed diffuse weak bands in the 40-80 kD range, potentially indicating that NGM-D3 may 

partially form mixed disulfides with albumin.  

 

To further investigate the possibility that NGM-D3 may covalently or non-covalently interact 

with albumin, I incubated red fluorescently-labeled Cy7.5-NGM-D3 with increasing 

concentrations of green fluorescently-labeled FITC-HSA or unlabeled HSA for 0 h and 2 h, and 
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imaged the resulting band patterns via Tricine SDS-PAGE under either reducing or non-

reducing conditions. SDS-PAGE analysis under non-reducing conditions in Figure 22 

indicates that, in addition to the Cy7.5-NGM-D3 bands at 3 kD, 4-6 kD, and 6-8 kD, part of the 

Cy7.5-NGM-D3 fluorescence signal colocalizes with the FITC-HSA and unlabeled HSA bands 

at around 65 kD, following 2 h of coincubation of Cy7.5-NGM-D3 and FITC-HAS or unlabeled 

HSA, but not at time 0 h. The upper band fluorescence of Cy7.5-NGM-D3 enhanced as the 

concentration of HSA increased. The unbound fraction of Cy7.5-NGM-D3 at the bottom is most 

likely due to the saturation of binding. The unbound form of Cy7.5-NGM-D3 remained the same 

as the bound form increased. The maximum concentration (100x) of HSA applied is 3.3 g/L, 

which is 10 times lower than the normal range in circulation (35-50 g/L). 

 

Figure 22: Cy7.5-NGM-D3 partially co-electrophoreses with human serum albumin. A 500 nM 

Cy7.5-NGM-D3 was incubated with increasing concentration of FITC-HSA (1-, 2-, 5-, 10-, and 20-fold 

molar excess of Cy7.5-NGM-D3) in PBS for 0 h and 2 h and imaged using red and green fluorescence 

channels following Tricine SDS-PAGE under non-reducing conditions (red band, Cy7.5-NGM-D3; green 

band, FITC-HSA; blue band, running dye). B 500nM Cy7.5-NGM-D3 was incubated with increasing 

concentrations of HSA (1-, 2-, 5-, 10-, 20-, 50-, and 100- fold molar excess of Cy7.5-NGM-D3) in PBS 

for 0 h and 2 h, then imaged using a red fluoscence channel following Tricine SDS-PAGE under non-

reducing conditions (red band, Cy7.5-NGM-D3; blue band, running dye). Left hand lanes, molecular 

weight marker (kDa). 
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Next, I studied peptide-albumin binding under reducing Tricine SDS-PAGE conditions. Unlike 

the colocalization of Cy7.5-NGM-D3 and albumin under non-reducing conditions, the upper 

albumin-colocalizing band of Cy7.5-NGM-D3 was not detectable (Figure 23). As there is one 

cysteine residue present in the NGM-D3 sequence, peptide-albumin complex might, at least 

partially, be based on the formation of a mixed disulfide bond between NGM-D3 and albumin. 

 

Figure 23: The interaction of Cy7.5-NGM-D3 with human albumin is dependent on disulfide bonds. 

500 nM Cy7.5-NGM-D3 was incubated with increasing concentrations of HSA (1-, 2-, 5-, 10-, 20-, 50-, 

and 100-fold molar excess of Cy7.5-NGM-D3) in PBS for 0 h and 2 h, then imaged on Tricine SDS-

PAGE gel (reducing condition; Red band, Cy7.5-NGM-D3; Blue band, marker). Left hand lanes, 

molecular weight marker (kDa). 

 

3.3.3 Investigation of the interaction between NGM-D3 and albumin using native PAGE 

The above described Tricine SDS-PAGE analyses were performed in the presence of SDS, 

i.e. a strong denaturating agent, which dissociates essentially all non-covalent protein 

complexes. Native electrophoresis does not contain denaturating agents and allows protein 

complexes to keep their natural interactions. It is a powerful tool for examining weak interaction 

forces between proteins and is used to study protein-protein-interactions (PPIs). However, the 

interpretation of the PAGE band pattern is more complicated because, owing to the lack of the 

“SDS charge effect”, proteins don’t run according to their size but electrophoretic running 
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behavior is governed by charge and size. I performed native electrophoresis after incubating 

Cy7.5-NGM-D3 with increasing concentrations of FITC-HSA or unlabeled HSA for 0 and 2 h. 

As shown in Figure 24, the Cy7.5-NGM-D3 band appeared alongside the labeled- or unlabeled 

HSA after 2 h but not 0 h incubation. The assembly of protein complexations is considered a 

dynamic process. Absence of Cy7.5-NGM-D3 at 0 h incubation supports the interaction 

between NGM-D3 and albumin.   

 

Figure 24: Cy7.5-NGM-D3 interacts with human serum albumin in a dose-dependent manner – 

evidence from native PAGE analysis. Native electrophoresis was used to identify the peptide-albumin 

protein complex formation. 500nM Cy7.5-NGM-D3 was incubated with increasing concentrations of A 

FITC-HSA or B HSA (1-, 2-, 5-, 10-, and 20- fold molar excess of Cy7.5-NGM-D3) in PBS for 0 h and 2 

h, then imaged on the native tris-glycine gel (red band, Cy7.5-NGM-D3; green band, FITC-HSA; blue 

band, marker). The gels shown are representative of n = 3 experiments. 

 

Overall, the data from atherogenic cell assays suggest that the NGMs have well-preserved 

inhibitory effects against MIF. In contrast to msR4M-L1 and NGM-O1Pen2, NGM-D3, -R3, and 

-K3 are characterized by enhanced binding affinity and solubility. NGM-D3 and NGM-O1Pen2 

showed robust inhibition on MIF over CXCL12, whereas NGM-R3 revealed prominent dual-

inhibition on MIF and CXCL12. The selectivity of NGM-K3 needs to be further investigated 

because of inconsistence of in vitro data with biophysical evidence. The most promising 
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candidate peptide, NGM-D3, demonstrated good stability in plasma and I obtained evidence 

that it interacts with albumin. Further experiments will have to conclusively determine, whether 

this is covalent – disulfide-mediated – interaction or a non-covalent interaction.  

 

3.4 Therapeutic effects of NGM-D3 in early plaque development 

Mice are an attractive and effective animal model for the research of atherosclerosis. Two 

breeds of single gene deletion mice are commonly used in many studies, Apoe–/– and Ldlr–/– 

mice in the C57BL/6 background. Based on my above results, which showed a promising 

inhibitory activity profile of NGM-D3 in various atherogenic cell assays and good plasma 

stability, I next studied the inhibitory potency of NGM-D3 in a mouse atherosclerosis model. 

 

The previous study on the parent-molecule msR4M-L1, tested in an Apoe–/– model of early 

atherogenesis, found that Apoe-deficient mice receiving msR4M-L1 intervention in parallel to 

a 4.5-week atherogenic high-fat diet (HFD) developed less pronounced lesions and had a 

lower number of plaque macrophages than mice receiving vehicle control. I therefore tested 

NGM-D3 in an Apoe-/- model of early atherogenesis as well. Mice were randomly assigned 

into two groups and fed an HFD for 5 weeks to induce early atherosclerosis. In parallel to HFD 

feeding, mice were either untreated or treated three times a week with 50 µg of NGM-D3 

(corresponding to 2.5 mg/kg) each time (Figure 25).  
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Figure 25: Experimental scheme. Female, 8-week-old Apoe–/– mice were randomized into two groups 

and fed a cholesterol-rich Western-type high-fat diet (HFD) for 5 weeks to develop early stage of plaques. 

50 µg NGM-D3 or saline were administrated simultaneously to each mouse three times a week via 

intraperitoneal injection. During the time course of treatment, mice were monitored regularly, weighed 

weekly, and sacrificed after 5 weeks. Heart and peripheral blood were collected for lesion and 

inflammatory profiling analysis. 

 

3.3.1 Treatment with NGM-D3 does not attenuate plaque development and lesional 

macrophage content in an Apoe–/– mouse model or early atherogenesis 

To examine the potential anti-atherogenic therapeutic effect of NGM-D3, I analyzed the cross-

sections from untreated and treated mice groups and quantified the plaque area in aortic roots 

using Oil Red O staining and HE staining (Figure 26A and B). NGM-D3 did not significantly 

decreased the plaque size (Figure 26C and D). Although there was a trend towards plaque 

reduction, NGM-D3 did not significantly attenuate plaque development in this early model of 

atherogenesis. 

 

To further investigate the effect of NGM-D3 on plaque phenotype and assess its impact on 

inflammation, I performed CD68 immunofluorescence staining in aortic root sections from 
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untreated and treated mice and quantified the CD68-positive area, both expressed as total 

area and as percentage of lesion area. NGM-D3 did not show any impact on macrophage 

content in the aortic root in the 5-week HFD early atherogenesis (Figure 26E). 

 

 

Figure 26: Lesions and macrophage content were not significantly altered by NGM-D3 in 5-week 

HFD Apoe–/– mice. Representative images of A Oil Red O-stained and B HE-stained lesions in aortic 

root from 5 weeks untreated and NGM-D3 treated mice are shown. Scale bars = 200 µm. C, D Cross-

sectional analysis of atherosclerotic plaque area in the aortic root (saline n=8 mice; NGM-D3 n=10 mice). 

C Quantification of the oil red O-positive area in both groups. D Quantification of HE staining. E 

Representative immunofluorescence staining for CD68 in aortic root lesions after 5 weeks of HFD and 

NGM-D3 versus saline treatment (n=8-10 mice/group). Quantification is shown in F. Data are indicated 

as mean ± SEM. P values were calculated by Student t test; plaque size and macrophage content did 

not significantly differ between both groups 
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3.3.2 Circulating T-cell numbers are reduced in mice subjected to NGM-D3 treatment 

Circulating immune cells represent an important part of systemic immune response, and they 

are the major source of recruited leukocytes contributing to lesion progression. To evaluate a 

potential impact of NGM-D3 on circulating leukocytes, I quantified T cell, B cell, neutrophil, and 

monocyte numbers in the circulation using flow cytometric marker analysis. The gating strategy 

is shown in Figure 27.  

 

 

Figure 27: Gating strategy for different leukocyte populations in circulation. Circulating leukocytes 

were isolated from Apoe–/– untreated and treated mice and single cells were gated based on FSC-H and 

A. Total leukocytes were labeled with CD45. T cells and B cells are defined as CD3+ and CD19+, 

respectively. Monocytes and neutrophils are defined as CD11b+Ly6C+ and CD11b+Ly6G+. FSC, 

forward scatter cytometer; SSC, side scattered light. 
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Total CD3+ T-cell percentage showed a 30% reduction in mice receiving NGM-D3 compared 

to the saline group (Figure 28). In contrast, B-cell, neutrophil and monocyte percentages 

remained unchanged (Figure 28).  

 

 

Figure 28: Effect of NGM-D3 treatment on circulating leukocyte counts. The total leukocyte number 

was determined via the CD45+ marker. Quantification of CD3+ T cells, CD19+ B cells, CD11b+ Ly6G+ 

neutrophils (n=8-10 mice/group), and CD11b+ Ly6C+ monocytes (n=2-3 mice/group) is expressed as 

percentage of CD45+ cells. Data are shown as mean ± SEM. P values were calculated by Student t test. 

***, P = 0.001. 

 

Mice weights were monitored every week. However, no difference was observed between the 

two groups, which also indicated that NGM-D3 has no effect on body weight (Figure 29). 
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Figure 29: Weight change over the course of the 5-week HFD diet. During the 5-week HFD and 

treatment period, mice were weighed every week starting from 8 weeks. No difference was observed 

between two groups.  

 

Although the next generation MIF/CXCR4 peptide inhibitor NGM-D3 did not have a significant 

attenuating effect early phase atherosclerotic lesion formation and plaque macrophage content 

after 5-week HFD, NGM-D3 treatment led to significantly reduced blood T-cell counts, 

indicating an impact of the peptide on the immune and inflammatory response in this early-

stage atherosclerosis model. 

 

3.4.4 Bulk RNA-seq unveils numerous differentially expressed genes in NGM-D3 treated 

atherogenic mice  

To determine whether NGM-D3 may have had an impact on plaque inflammation and 

phenotype despite an lack of effect on lesion size, I next examined the plaque transcriptome 

by performing bulk RNA sequencing of freshly frozen aortic root plaque tissues. We made use 

of a recently developed procedure to isolate bulk RNA from frozen tissue sections and adapted 

the method to aortic root atherosclerotic plaque tissue. Following RNA extraction, libraries 

were prepared for bulk RNA-sequencing on DNB-seq platform for paired-end sequencing, 

comparing plaque tissue from NGM-D3-treated and vehicle-treated mice. Transcriptomic 

profiles of mice receiving NGM-D3 clustered together and segregated from those of mice 
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receiving saline, indicating that the transcriptional landscape of treatment group was 

remarkably altered compared to control (Figure 30).  

 

 

Figure 30: Principal component analysis (PCA) of RNA-seq data of atherosclerotic plaque 

samples from saline- and NGM-D3-treated mice. PC1 and PC2 indicate principal component 1 and 

2. Mice number are indicated as dots (red, saline; blue, NGM-D3). Blue connecting lines indicate sample 

3 and 4 in NGM-D3-treated group.  

 

Differential gene analysis identified 2578 differentially regulated transcripts, in which 1639 

transcripts were up-regulated and 939 transcripts were down-regulated in NGM-D3 treated 

mice compared to saline-treated mice (adjusted P value < 0.05; fold change > 2; see Figure 

32A). Highly differentially expressed genes are indicated in Figure 31 (adjusted P value < 1 x 

10-5; fold change > 2). Several genes contributing to fatty acid metabolism such as Ffar3, 

Fabp1 were significantly downregulated. Genes that have been reported to positively correlate 

to coronary artery disease were identified in untreated mice, including Mia, Serpina1d, Fn1. 

Genes that are conventionally involved in cardiac contractile function and energy metabolism, 

such as Myl7, Tnnt2, Acta2, were profoundly upregulated upon NGM-D3 intervention.  
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Figure 31: Volcano plot of highly differentially expressed genes identified in each group. Genes 

with an adjusted P <1x10-5 and fold change >2 are shown in red. Adjusted P is transformed into –log10 

P as indicated in y-axis, and fold change is transformed into log2 fold change as indicated in x-axis.  

 

I then analyzed the expression of genes related to inflammatory activity and found that the 

expression of pro-inflammatory genes, such as Il1β, Cx3cl1, Ccl2, Cxcl1, Cxcl12, Vcam1, 

Nfkbia, were down-regulated in the NGM-D3 group, whereas e.g. anti-inflammatory gene Arg1 

was elevated (Figure 32B). Expression of genes involved in extracellular matrix organization, 

such as Timp2, Mmp11, Mmp13, Mmp14, Mmp17, was also found decreased in NGM-D3-

treated mice (Figure 32B). Inversely, genes such as Vcam1, involved in facilitating adhesion 

and transmigration of leukocytes, was upregulated in the saline group. In addition, one of the 

TREM2 macrophage marker genes, Spp1, was up-regulated in the saline group, whereas 
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resident-like macrophage marker genes such as Lyve1 or Ccl24, were up-regulated in the 

NGM-D3 group (Figure 32B). 

 

 

Figure 32: Transcriptome analysis reveals distinct gene expression between saline and NGM-D3 

treated mice. A Heatmap shows all the differentially expressed genes in saline- and NGM-D3-treated 

mice. B Heatmap of selected pro-inflammatory and atherogenic genes enriched in mice receiving saline 

and selected genes enriched in mice receiving NGM-D3. Differentially regulated genes were filtered with 

an adjusted P <0.05 and fold change >2. 

 

NGM-D3 administration substantially altered the global transcriptomic altas of plaques, which 

ultimately led to abundant downregulation of pro-atherogenic genes and augmentation of 

energy-promoting genes.  

 

3.4.5 NGM-D3 attenuates multiple atherogenesis-related pathways 

To gain more insights into understanding of the impact of NGM-D3 on the plaque transcriptome, 

I next performed pathway analyses. Gene ontology (GO) enrichment and KEGG pathway 

analysis displayed that the down-regulated genes are predominantly enriched in extracellular 

matrix (ECM) organization (P adj = 2.61e-32), focal adhesion (P adj = 4.3e-11), and positive 

regulation of migration (P adj = 1.32e-31) (Figure 33A). KEGG pathway analysis identified ECM-

receptor interaction and multiple signaling pathways, including the TNF signaling pathway (P adj 
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= 0.0016), Ras signaling pathway (P adj = 0.0098), and PI3K-Akt signaling pathway (P adj = 

3.39e-11) (Figure 33B).  

 

Figure 33: Downstream enrichment analysis of genes down-regulated in the NGM-D3 group. A 

Gene ontology (GO) terms and B Kyoto encyclopedia of genes and genomes (KEGG) pathways 

associated with down-regulated genes in NGM-D3-treated mice. All pathways listed are statistically highly 

significant with an adjust P << 0.05. 

 

Expression levels of genes associated with pro-inflammatory TNF signaling, including Il1b, 

Tnfrsf1, Ccl2, Cx3cl1, Cxcl1, Nfkbia, Vcam1, Map3k8, Map2k1, Ptgs, Itch, Creb3l, Fas, Mmp14, 

were markedly reduced in the treatment group (Figure 34).  
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Figure 34: Heatmap of genes mediating TNF signaling pathway in bulk RNA-seq. Differentially 

downregulated genes in NGM-D3 treated mice involved in TNF signaling pathway are depicted. 

 

Together, these data indicated that therapeutic intervention with NGM-D3 ameliorates pro-

inflammatory pathways in early-stage atherosclerotic plaques. 

 

 

3.4.6 NGM-D3 reprograms molecular landscape of plaques by downregulating non-

immune cell-associated atherogenic genes and enhancing mitochondria metabolism 

Furthermore, gene ontology (GO) enrichment and reactome pathway analysis indicated that the 

up-regulated genes in NGM-D3-treated mice are predominantly enriched in mitochondrial 

metabolism functions, such as oxidative phosphorylation (P adj = 5.41e-24), electron transport 

chain (P adj = 3.68e-26), citric acid (TCA) cycle (P adj = 5.41e-24), mitochondrial biogenesis (P 

adj = 6.49e-10) (Figure 35).  
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Figure 35: Downstream enrichment analysis of upregulated genes in the NGM-D3 group. A Gene 

ontology (GO) terms and B reactome pathways associated with the upregulated genes in NGM-D3-treated 

mice. All pathways listed are statistically highly significant with an adjust P << 0.05. 

 

The data suggest that NGM-D3 reprograms the molecular landscape of plaques via multiple 

mitochondria metabolism pathways. 

 

Furthermore, I extracted EC and SMC marker genes and compared their expression with publicly 

available single-cell transcriptomics data set of human atherosclerotic plaques (214). Decreased 

levels of endothelial cell markers (Col4a1, Col4a2, Sulf1, and Vcam1) and smooth muscle cell 

markers associated with the contractile phenotype (Myh11, Mfap4, Acta2, and Tagln2) as well 

as those associated with the synthetic phenotype (Col1a1, Mgp, and Col3a1) were identified 

(Figure 36).  Vcam1 is a marker of activated endothelium that is upregulated in the atherogenic 

response. SMCs undergo phenotype switching from a contractile to a synthetic state, which has 
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been suggested to exacerbate atherosclerosis (214, 215). My analysis indicated that intervention 

with NGM-D3 mitigated EC and SMC activation in athero-prone Apoe-/- mice in the early-stage 

model. 

 

Figure 36: Violin plots of non-immune cell signatures comparing control and NGM-D3 mice 

identified in bulk RNA-seq data. Normalized counts were obtained from DESeq2. A EC signature genes 

(Col4a1, Col4a2, Sulf1, Vcam1). B Synthetic SMC signature genes (Col1a1, Mgp, Col3a1; left). Contractile 

SMC signature genes (Myh11, Mfap4, Acta2, Tagln2; right). EC, endothelial cell; SMC, smooth muscle 

cell.  

 

Bulk RNA-seq of atherosclerotic plaques from control and NGM-D3-treated mice supported the 

notion that NGM-D3 treatment led to a downregulation of genes and pathways related to cell 

adhesion and migration, signaling and cell motility. Moreover, NGM-D3 appeared to substantially 

reprogram the early plaque transcriptomics through downregulation of extracellular matrix and 

TNF signaling pathways, while upregulating mitochondrial energy metabolism. In addition, an 

effect of ameliorating EC and SMC activation was noted. Together, these transcriptomics data 

suggest that the MIF/CXCR4 peptide inhibitor NGM-D3 may influence the transcriptional 

landscape of early plaque development towards a less inflammatory phenotype combined with 

an augmention of mitochondrial energy metabolism. However, these changes do not yet lead to 

a reduction in plaque size in this early stage of atherogenesis. 
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4 Discussion 

My Ph.D. thesis is composed of three parts. Work in the first part contributed to the 

characterization of the anti-inflammatory and anti-atherogenic activities of the MIF-selective 

CXCR4 ectodomain-derived 31-residue peptide inhibitor msR4M-L1, i.e. the parent peptide 

molecule of the NGMs that I then studied in chapters two and three of my thesis. To this end, 

the second part focused on characterizing a number of 20-residue peptide NGMs, which had 

been were designed, developed, and biophysically characterized by our collaborators at TUM, 

atherosclerosis-relevant cell-based in vitro assays, establishing their pharmacological dose-

response (IC50) curves. I also evaluated the proteolysis stability of NGM-D3 in human plasma. 

Given its good stability in plasma, I continued to investigate its albumin binding potential using 

native gel electrophoresis. Lastly, I used an atherosclerosis animal model to evaluate the 

capacity of NGM-D3 to attenuate the development of atherosclerotic plaques. Since the first part 

has been published and discussed in the reference Kontos et al, Nat Commun 2020 (200), I only 

relatively briefly discuss this part regarding my own contributing data and will discuss the other 

parts in detail. 

 

4.1 msR4M-L1 

Our data suggest that the CXCR4 inhibitor, msR4M-L1, has a specific MIF-targeting effect 

regarding receptor interaction and inhibition of inflammatory responses, such as leukocyte 

adhesion and migration, and LDL/oxLDL uptake (200). More importantly, msR4M-L1 reduced 

atherosclerotic plaque progression in Apoe–/– mice. Those results highlight the promises of 

msR4M-L1 in the attenuation of chronic cardiovascular disease. It may open up new 

opportunities for therapeutics of inflammatory diseases. 
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Anti-cytokine therapies have been tested in the clinic for years and have revolutionized the 

treatment of several inflammatory diseases, including autoimmune disease, cancer, and 

psychiatric disorders (216, 217). As anti-cytokine therapies emerge to attract attention in the 

resolution of acute and chronic inflammation, they have been advanced into the cardiovascular 

field. There are monoclonal antibodies (e.g. canakinumab) and cytokine inhibitors (e.g. anakinra) 

modulating cytokine pathways (75, 218). On top of that, soluble cytokine receptors have been 

utilized to develop soluble cytokine inhibitors because most soluble receptors compete with 

membrane-bound receptors. Despite the general success of some anti-cytokine therapies in 

clinical applications, obtaining novel therapeutic approaches targeting chemokines, a sub-class 

of cytokines with chemoattractant capacity and key drivers of inflammatory leukocyte recruitment, 

has proven more challenging, because of the complexity of chemokine-receptor network. In my 

thesis, I contributed to the development of a novel anti-chemokine approach, namely soluble 

CXCR4 receptor mimics specifically targeting the atypical chemokine MIF and its pro-

inflammatory signaling in atherosclerosis. 

 

The candidate peptide msR4M-L1 is composed of 29 amino acids derived from segments of 

ECL1 and ECL2 of CXCR4, plus two unnatural amino acids of the linker moiety, i.e. 6-

aminohexanoic acid (6-Ahx)/12-amino-dodecanoic acid (12-Ado), to yield ECL1[97-110]-6-Ahx-

12-Ado-ECL2 [182-196]). The total molecular weight is less than 4 kDa which is more than 10 

times smaller than that of CXCR4. Various biophysical assays have checked its binding affinity 

to MIF, ranging from 20 to 75 nM, while lacking appreciable affinity to CXCL12.  

 

msR4M-L1 dose-dependently inhibits LDL and oxLDL uptake mediated by MIF in macrophages. 

In 2015, one study suggested that MIF/CXCR4 signaling drives DiI-LDL uptake into 

macrophages (211). Addition of MIF promoted, while knockdown of MIF markedly diminished 

LDL uptake in macrophages. This effect relied on CXCR4, verified by applying AMD3100 and 

CXCR4 gene knockdown. LDL is one of the essential lipid components. Imbalance of LDL 
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synthesis, uptake and degradation, and modification lead to excessive lipid retention in the 

arterial cells, resulting in cell phenotype switching, local immunity activation, and plaque initiation 

(219, 220). Inhibition of lipid accumulation holds promise for the therapeutics of atherosclerosis. 

Co-stimulation of MIF with its blocking antibody, 3-fold molar excess of IIID.9, fully abrogated the 

DiI-LDL signal enhancement, whereas the small molecule MIF inhibitor ISO-1 also decreased 

the phagocytized LDL as the concentration increased. Co-stimulation of a range of 

concentrations of msR4M-L1 with MIF gradually blocked MIF and CXCR4 interaction. The 

inhibitory potency of msR4M-L1 falls in the middle of IIID.9 and ISO-1. This is in line with the 

structural and pharmacological features of small peptide drugs. Moreover, the loss-of-function of 

msR4M-L1 variants seen in LDL uptake, such as msR4M-L1(2xAla) and msR4M-L1(7xAla), 

provides proof of the binding mechanism for MIF/msR4M-L1. That mechanism offers valuable 

insight into the design of next generation peptide inhibitors. Other than LDL, modified LDL forms, 

particularly oxLDL, are considered responsible for foam cell formation and have been linked to 

the progression of atherosclerosis (221). MIF can also increase oxLDL uptake by 1.6-fold in 

macrophages. msR4M-L1 inhibited MIF-induced oxLDL phagocytosis in a dose-dependent 

manner. The lipid clearance in macrophages is classically associated with scavenger receptors 

like LDLR, CD36, SR-A, and SR-BI (222). Therefore, CXCR4 might cooperatively interact and 

mobilize scavenger receptors to regulate LDL uptake. 

 

DMR assay confirmed the msR4M-L1 inhibition on MIF-initiated integrated cellular responses. 

DMR is a very powerful tool for studying receptor biology and drug pharmacology (223). 

Overexpressed receptor on the cell surface allows the identification and detection of specific 

ligand agonism and inhibitor antagonism (224). Stably transfected HEK293-CXCR4 cells were 

utilized to track real-time dynamics of cells triggered by exogenous human recombinant MIF. 

MIF acted as a CXCR4 agonist to induce an increased DMR signal. Failure of pre-incubation of 

MIF with msR4M-L1 in the induction of cellular signal favors the notion that msR4M-L1 is specific 

in targeting MIF/CXCR4 axis.  
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CD74 receptor binding assay proved that msR4M-L1 could not disrupt the interaction of MIF with 

CD74. Due to the rescue the effect of MIF/CD74 axis on ischemic cardiomyocytes (116), 

msR4M-L1 selective targeting property on CXCR4 strengthens its potential use in CVD. 

HEK293-CD74 cells enabled a high expression of CD74 to study the impact of inhibitors on 

ligand/receptor dynamics on the surface. Furthermore, the further mobilization and influence on 

downstream AMPK signaling were checked by Western blot (200), which supported the data 

acquired for the binding assay.  

 

Overall, msR4M-L1, as a proof-of-concept drug, manifests good inhibition on MIF/CXCR4 

signaling in the setting of inflammation. By overcoming the issues in MIF and CXCR4 structure-

activity relationship, msR4M-L1 was designed and synthesized with high specificity and 

selectivity to MIF and avoid interactions with CXCL12 and CD74. In comparison, MIF antibody 

kicks out adverse effects with high potency but interferes with the protective CD74/AMPK 

metabolic pathway. SMDs often lack specificity to a specific ligand and bind to other proteins 

due to their small sizes. For example, AMD3100 is also a clinically used CXCL12 inhibitor, but 

the only approved indication is autologous stem cell transplantation, due to adverse side effects 

such as neutrophilia. In addition, low production costs increase the chances for peptide drugs to 

go into manufacture and being accepted by patients. Targeting master players, IL-1β and IL-6, 

has been proven effective in clinical trials (75, 225). But cytokines and chemokines are part of 

defensive immunity, and utterly cut off would impair the normal defense of the body, 

consequently causing fatal complications like infections. Thus, distinguishing detrimental effects 

from beneficial effects for a molecule becomes essential in the initial phase of drug discovery. 

The same design strategy could be introduced to other cytokines and chemokines. A deep 

mechanistic understanding of SARs, disease status, and rational drug design could improve 

selectivity and reduce the occurrence of adverse clinical events.  
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4.2 Next generation mimics 

4.2.1 In vitro screening 

The previous study verified that engineered msR4M-L1 favors a MIF-binding conformation while 

sparing a CXCL12-interacting structure and demonstrated immunosuppression in vitro and in 

vivo. Although its size is smaller than 90% of CXCR4, it could still be improved to be smaller and 

more soluble while preserving the MIF-binding specificity and selectivity. Owing to the natural 

backbone, peptide drugs oftentimes present low bioavailability and are subjected to enzymatic 

degradation. Conversion of peptides to small molecules leads to the reduction of structural 

complexity and chemical lability, improvement of solubility and pharmacokinetics, and to 

establish administration routes (226). Solubility is one of the most crucial factors in achieving the 

desired concentration of a drug in circulation (227). Drugs with poor solubility require high dosing 

to reach the therapeutic plasma concentration. Low solubility also hinders formulation 

development, as drugs must be dissolved in an aqueous solution to be absorbed. Aside from all 

the above aspects, maintenance of the compound specificity and selectivity is of the utmost 

importance in the optimization process. The next step thus was identifying the amino acids 

critical for MIF binding activity, to then transform msR4M-L1 into a minimum active sequence.  

 

Our collaborators at the Division of Peptide Biochemistry at TUM, chemically optimized the 

structure and tested binding selectivity of NGMs to MIF over CXCL12. I set out to characterize 

and establish dose-response relationships for the NGMs in three primary immune cell-based 

inflammatory models, including oxLDL uptake, human monocyte 3D chemotaxis, and murine B 

cell Transwell migration. Primary cells behave more closely to the cells in a living organism and 

provide more valuable relevancy to biomedical research than cell lines.  

 

NGMs contain two minimal functional sequences of ECL1 and ECL2, consisting of 9 amino acids 

and 9 amino acids, respectively. Similar to msR4M-L1, the linker in NGM-O1Pen2 was kept 

unnatural. Instead, the linker moieties in NGM-D3, NGM-R3, and NGM-K3 were replaced by 
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natural hydrophilic amino acids. Their MIF binding affinities were determined by fluorescence 

titration spectroscopy (228). NGM-D3, NGM-R3, and NGM-K3 showed close affinities to 

msR4M-L1, whereas NGM-O1Pen2 revealed slightly higher affinity. The introduction of 

hydrophilic amino acids increased the water solubility of NGM-D3, NGM-R3, and NGM-K3, 

qualifying them for further testing. Regardless of the solubility, higher binding affinity to MIF 

licensed NGM-O1Pen2 into in vitro screening.  

 

The data indicated that all NGMs, -D3, -R3, K3, -O1Pen2, can bind to MIF and suppress 

leukocyte activities induced by MIF. In terms of functional activity, NGMs sustained the inhibitory 

effects against MIF. The IC50 values from different experiments are in the nanomolar range and 

suggest NGM-D3, NGM-R3, and NGM-K3 are more robust MIF antagonists than NGM-O1Pen2.  

 

Foam cell formation is a specific process throughout the entire phase of atherosclerosis. Foam 

cells have different origins, such as macrophages, smooth muscle cells, and endothelial cells. 

Macrophage-derived foam cells are the hallmark of early and progressing lesions. OxLDL is 

thought to be a dominant form of lipid component present in the lesions of animal models and 

humans (229, 230). CXCR4 has been linked to macrophage foam cell formation (211, 231). 

Thus, I used DiI-labeled oxLDL to monitor foam cell formation and examine inhibitor effects. The 

conventional method to evaluate lipid retention is Oil Red O staining. Compared with the 

conventional method, DiI fluorescence labeling has been optimized for superior sensitivity and 

reduces the unspecific background. Under unstimulated conditions (control), macrophages 

could spontaneously take up DiI-oxLDL due to the expression of scavenger receptors (211, 232). 

Stimulation with MIF enhanced DiI-oxLDL endocytosis by approximately 40%. A 30% reduction 

was seen when applying CXCR4 antagonist AMD3100, indicating CXCR4 contributes to the 

oxLDL increase regulated by MIF to a third. However, NGMs could ultimately bring the curve 

down (40%) to the same level as the control in the same concentration range. Multiple 

mechanisms might hold them accountable for the outcome. AMD3100 is a well-established 
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CXCR4 small molecular drug (233, 234). It requires a higher concentration to inhibit MIF-

associated activity, implying distinct binding and inhibitory mechanisms. Besides, AMD3100 

might be too small to block the interaction between MIF and CXCR4 entirely. On the other hand, 

lipid uptake and degradation are classically associated with scavenger receptors. In 

macrophages, the major scavenger receptors involved in oxLDL uptake are SRAI/II and CD36 

(235, 236). CXCR4 may partner with those scavenger receptors, synergistically mediating 

oxLDL endocytosis. The precise mechanism needs to be further investigated.  

 

MIF modulates monocyte and T-cell recruitment via CXCR4 and CXCR2 in an integrin-

dependent way (102). msR4M-L1 showed the ability to block human monocyte chemotaxis in a 

dose-response fashion (200). 3D chemotaxis with cells floating in the gel is an excellent method 

to evaluate NGMs. As expected form the biophysical binding and oxLDL inhibition experiments , 

monocyte migration increased by MIF was blocked by all of the NGMs. NGM-D3 and NGM-K3 

showed close, greater potency than NGM-R3 and NGM-O1Pen2 in inhibiting cell chemotaxis. 

NGM-O1Pen2 revealed lower efficacy than other candidates in the same concentration range. 

All the experiments so far have been done in human cells. Next, I used mouse B cells as they 

have been confirmed to be able to migrate towards MIF through CXCR4/CD74 (161). NGM-D3 

showed unexpectedly high potency with an IC50 value of 0.6 nM. The IC50 values obtained from 

three assays indicate NGM-D3 appears to be the most potent drug candidate in response to MIF.  

 

In the context of biochemical binding studies and cardiovascular-related bioassays, no CXCL12-

binding of msR4M-L1 was noted. Since CXCL12 could drive leukocyte recruitment as a 

chemokine (63, 161), NGMs were tested to determine whether they also inhibit CXCL12-driven 

B cells and monocyte migration. Even though no inhibition was observed in B cell migration, the 

inhibition of NGM-R3 in the 5-fold molar excess of CXCL12 shown on monocytes suggests 

NGM-R3 binds to CXCL12 at certain level, which undermines the utility of NGM-R3 in MIF-driven 

atherosclerotic conditions. Nonetheless, the binding mechanism needs to be delineated. 
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Because context-specific regulations of CXCL12/CXCR4 axis likely occur, the CXCL12/MIF dual 

inhibitory feature of NGMs could be utilized in other conditions. For instance, the immune system 

participates in the process of tumorigenesis (237). MIF, an atypical chemokine, has been 

reported to regulate several tumor types, including glioblastoma, lung cancer, breast cancer, 

melanoma, and gastric cancer (238-242).  MIF can trigger Akt pathway through CD74 to promote 

cell survival and angiogenesis in cancer (110, 243, 244). MIF also promotes the metastasis of 

tumor cells by reducing E-cadherin levels and increasing N-cadherin levels (245). 

CXCL12/CXCR4 axis has been found to be involved in tumor progression and metastasis. 

CXCL12 expression is up-regulated in gastric cancer, lung cancer, bladder cancer, and many 

other tumors (246-248). Peptides that inhibit CXCL12 and MIF could be tested in in vitro and in 

vivo models to define their therapeutic possibility in cancer. In addition, MIF and CXCL12 

detrimental effects have also been implicated in the progression of the autoimmune disorder 

(249, 250). MIF-directed therapies have been suggested to ameliorate inflammatory responses 

in experimental studies of systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) 

(251). MIF and CXCL12 levels are associated with other diseases like multiple sclerosis (MS) 

and inflammatory bowel disease (252-255). MIF peptides with dual inhibitory effects could be 

efficacious in patients with high expression and pathologic roles of both CXCL12 and MIF.  

 

4.2.2 Degradation and albumin binding feature of NGM-D3 

The in vitro screening suggests NGM-D3 consistently showed good potency and efficacy without 

interfering with CXCL12-induced immune response, which permitted it for plasma stability 

evaluation. Studying the stability of peptides is fundamental. Fast degradation in biological fluids 

enormously compromise successful peptide drug development (256). Plasma is one of the easily 

accessible fluids and contains abundant amounts of proteases.  TAMRA-msR4M-L1 can be 

detected after 48 hours incubation in plasma, showing fairly good proteolysis stability. TAMRA-

NGM-D3 presented as dimer and monomer in the absence of DTT. DTT is a commonly used 
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reducing agent to disrupt protein disulfide bonds in gel electrophoresis. NGM-D3 possesses one 

cysteine in the sequence. And only monomer was observed in the presence of DTT, indicating 

NGM-D3 dimerization is dependent on disulfide bond formation. Indeed, interchain disulfide 

bonds can ensure protein stability and produce covalently linked protein dimers. TAMRA-NGM-

D3 showed good stability in human plasma with a half-life of 23.2 h (with DTT) or a half-life of 

15.6 h (without DTT) which are a relatively good number for an unmodified peptide. Dimerization 

could be one of the reasons why NGM-D3 is fairly resistant to plasma enzymatic degradation. 

 

Albumin is the most prominent plasma protein in the blood with a normal concentration range of 

35-50g/L (257). It has an extended half-life of 19 days in circulation due to neonatal Fc receptor 

(FcRn)-mediated recycling (258, 259). In the body, albumin serves as a carrier for various natural 

metabolites and exogenous compounds (258). The concentration and frequency of a drug at the 

target site is an important parameter in the evaluation of therapeutic efficiency. Drugs like small 

peptides often have a low-molecular weight below the renal filtration threshold, leading to rapid 

renal clearance and short plasma half-life (260, 261). Therefore, the long half-life of albumin has 

been strategized in the pharmaceutical industry to improve drug pharmacokinetics. Covalently 

binding and non-covalently binding to albumin could significantly alter drug distribution, 

clearance, and metabolism (262). In the paper, TAMRA-msR4M-L1 has demonstrated good 

plasma stability (detectable up to 48 h)and approximately 20 h half-life in vivo (200). This is 

considered exceptional as the half-life of a majority of unmodified peptides is between two and 

30 minutes. However, the probability of single amino acid or partial cleavage needs to be 

excluded in future investigation. Also, these stability experiments were performed with TAMRA-

labeled peptide and it is possible that the TAMRA moiety may confer some stability to the peptide 

sequence. Thus, measurements without fluorescence label need to be performed to further 

validate these findings. 

 



                                                                                                                                 Discussions 

95 

 

A natural endogenous cleavage fraction of albumin, EPI-X4, was discovered as an antagonist of 

CXCR4 (263). It binds to a sequence close to the ECL2 of the receptor and blocks CXCL12 

interaction with CXCR4. Interestingly, EPI-X4 behaves as an inverse agonist, reducing the 

CXCR4 signaling at the baseline level. The fragment originates from residues 408-423 of HSA 

which is positively charged on the surface. It interacts with the negatively charged extracellular 

face of CXCR4. All the evidence hints that msR4M-L1 and NGMs might be able to bind to serum 

albumin. Binding to albumin could likely stabilize MIF peptide inhibitors, giving rise to the 

observed good stability in plasma and reducing the renal clearance rate in vivo. Based on this 

hypothesis, I looked at the interaction of human albumin and NGM-D3 on the native gel. Native 

gel electrophoresis enables protein complexes to be separated according to the net charge, size, 

and shape while maintaining their subunit interactions. 2 h incubation allows Cy7.5-NGM-D3 to 

colocalize with FITC-HSA. This was not seen in 0 h incubation nor in the lanes loaded with Cy7.5-

NGM-D3 or FITC-HSA alone, showing the interaction between the peptide and albumin. A similar 

pattern of bands was observed while replacing FITC-HSA with native HSA. The small size or the 

net charge could cause the missing signal in the last lane in Figure 24, where the peptide might 

be stuck in the upper chamber of the gel. The pattern of bands from samples processed without 

DTT on the SDS page gel indicates the cysteine in the sequence of NGM-D3 contributes to the 

binding of NGM-D3 to albumin. Albumin possesses 35 cysteine residues, the one at position 34 

(Cys34) is free for covalent attachment. 34 of cysteines form a disulfide bond internally to 

maintain albumin structure stability. Cys34 is positioned at the outer surface of albumin and 

makes up 80% of thiols (-SH) in the plasma (264). One assumption could be that cysteine in 

NGM-D3 forms disulfide bond with free Cys34 of albumin. The strategy has been implicated in 

the application of covalent conjugation of drugs (257, 265). Additionally, albumin consists of three 

homologous domains I, II, and III. Each domain has two sub-domains (A and B). There are two 

primary drug-binding sites named site I and site II in albumin (266). Site I is located in subdomain 

IIA, and site II is located in subdomain IIIA (262). They could also potentially serve as the binding 
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sites for CXCR4-ectodomain peptide inhibitors. The surface of albumin is negatively charged, 

which enables it non-covalently interact with compounds (258). 

 

4.2.3 In vivo study 

To recapitulate the pathophysiological features of human atherosclerosis, several animal models 

have been engineered and studied over decades (267). Different models are chosen based on 

the research interests, accessibility, and budgets. Owing to their cheap, easy-to-handle, and 

reproducible traits, mouse models are extensively used in atherosclerosis research. One of the 

models, LDL receptor deficiency mice, was generated in 1993 (268), developing intermediately 

elevated plasma cholesterol levels and small plaques when fed a regular diet (269). Cholesterol 

is predominantly accumulated in lipoprotein particles like chylomicron remnants, VLDL, and IDL 

(270, 271). Another standard model, Apoe–/– mice, was invented in 1992 (270, 272), showing 

severely impaired ability to clear plasma lipoproteins even when fed a regular diet. Lack of 

Apoe results in increased cholesterol levels, mainly in chylomicron and VLDL. Generally, 

Apoe–/– mice need a shorter timeframe to develop advanced lesions than Ldlr–/– mice (273). 

Unlike Ldlr, Apoe not only affects lipid levels but also has an impact on inflammation, oxidation, 

cell migration, and proliferation. The inflammatory profiling markers are more remarkable in 

Apoe-deficient mice (274). The earliest monocyte adhesion and foamy cells could be detected 

at the age of 6-8 weeks. Lesions enriched in SMCs, extracellular matrix, and necrotic core can 

be appreciated after 15 weeks. The course for lesion progression is markedly shortened when 

feeding a Western diet (274). The easy accessibility in my laboratory and all those advantages 

enable Apoe–/– to be the suitable atherosclerosis animal model to study the pharmacological 

effects of MIF peptide inhibitors. 

 

Bulk RNA sequencing is a transcriptomic analysis of pooled cell populations, which measures 

the average expression level of genes across different cell types. It allowed us to identify 

regulatory molecules and pathways affected by NGM-D3. Mice receiving 5-week injection of 



                                                                                                                                 Discussions 

97 

 

50 µg NGM-D3 three times per week exhibited downregulation of genes associated with 

extracellular matrix organization, cell adhesion and migration, cell proliferation as well as 

activation of several inflammatory signaling pathways including TNF signaling, PI3K-Akt 

signaling, Ras signaling. Upregulation of the central inflammation mediator Il1β and robust 

monocyte chemokines Cx3cl1, Ccl2 in the untreated mice further validated anti-inflammatory 

effect of NGM-D3. RNA-seq data from our aging study in Mif-deficiency mice revealed 

downregulated gene enrichment in lipid synthesis and metabolism, lipid storage, and brown 

fat cell differentiation (162). Time duration of HFD and global gene knockout contribute to the 

variations between genetic modified and pharmacological models. Single-cell transcriptomics 

analysis of human carotid plaques found that ECs harbor a gene expression pattern in relation 

to activation and transdifferentiation with distinct expression in extracellular matrix and cell 

mobility. Activated endothelium marker Vcam1, a crucial leukocyte adhesion and 

transmigration mediator, was also recognized highly upregulated in human and our mice 

cohort. Moreover, synthetic SMCs in combination with upregulation of extracellular matrix 

genes dominates in human plaques (214). By comparing with human data, common genes 

indicative of activation of ECs and SMCs was observed in our saline-treated mice sequencing 

data. That provide evidence that NGM-D3 therapy modulates extracellular matrix construction 

and attenuates endothelium activation and inflammatory activities in the plaque (214). 

 

In our early plaque model, the ORO and HE histology staining suggested NGM-D3 could not 

reduce early plaque burden in aortic root. The macrophage content was not altered by the 

peptide administration. During inflammatory atherogenesis, macrophages accumulate 

aggressively in the arterial wall, particularly in the initial phase (275, 276). Lesional macrophages 

have been believed to differentiate from infiltrating circulatory monocytes for centuries. However, 

sequencing and proteomic technologies have reinforced novel insights into the current 

understanding of macrophage origins. Not only do macrophages arise from the circulation, but 

they also derive locally in the vessel (277, 278). Macrophages are the first immune cells to 
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implant and reside in the cardiovascular system in mice (279, 280). Macrophage expansion does 

not only rely on monocyte recruitment from the blood but instead undergoes rapid proliferation 

in some circumstances (281). Šárka Lhoták et al characterized the proliferating residential cells 

across all stages of atherosclerosis in Apoe- and Ldlr-deficiency mice. Half of the activated 

macrophages were identified proliferating in situ in the early stage (282). This vision was 

revisited and validated by Clinton et al. in 2013 (283). Previously identified vascular dendritic 

cells, MacAIR arising from monocyte progenitors, are seeded in the artery at birth. They 

differentiate into foam cells early on before monocytes come in and dominate the lesion growth 

(284). In advanced plaque, the plaque expansion capability of MacAIR will be superseded by the 

recruited monocytes (284). Local macrophage proliferation declines as plaques progress. The 

rapid local macrophage turnover in the initial stage of atherosclerosis might explain the 

equivalent macrophage content in both groups and the subtle reduction in plaque size in NGM-

D3 treated group. Although RNA-seq data revealed high expression of Cx3cl1, the receptor 

Cx3cr1 showed no difference. Cx3cr1 is one of the markers of tissue resident macrophages (280, 

285). Other resident macrophage markers including Lyve1, Ccl24, and Pf4 were enhanced in 

treated mice. Interestingly, some macrophage markers that have been correlated with 

cholesterol metabolism Cd9, Spp1 were increased in untreated mice. They are recognized as 

Trem2hi macrophage signatures (286). However, Lgals3bp was found upregulated in treated 

mice. Other than those genes, the majority of macrophage markers showed no differences, 

including MACair expressing genes (Mmp12, Mmp13, Rgs1, Gngt2, Itgax). The RNA-seq data 

reflected the immunofluorescence staining of macrophage population. During the initial 4-5 

weeks of HFD, macrophage content increases drastically and represents 50-60% plaque area 

in aortic root (287). Collagen begins to become notable in the initial 4 or 5 weeks, yet SMCs 

account for a small portion. Over time, monocytes and macrophages per plaque size decline 

(287). Further study needs to investigate the long-term effect of MIF peptide inhibitors. 
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The reduction of circulatory CD3+ T cell percentage in the treated group is robust in the study 

cohort. The similar phenomenon was also seen in the genetic MIF-deficiency Apoe–/– mice model 

on 24-week HFD (288). T-cell immunity is part of adaptive immunity. T cells are not present in 

the healthy intima (289). They start to appear as the disease progresses. The most prevalent T 

cell subpopulation in the lesion is T helper cell 1 (Th1) (290). Single-cell sequencing uncovered 

the T-cell characteristics in human atherosclerotic plaque (33). However, there is a lack of 

correlation between circulatory immune cells and plaque growth. Besides, the subtype of the 

reduced T-cell population was not revealed in the study. Long-term pharmacological study needs 

to immuno-phenotype the T-cell population in blood, spleen, bone marrow, and plaque area.  

 

The in vivo study investigated the therapeutic effect of NGMs in early plaque model, and 

characterized the inhibitory impact on plaque development and macrophage burden. Even 

though the inhibition was not prominent, peripheral immune cell profiling showed a promising 

trend that replicates the outcome from our aging study on MIF genetic modified model (162). 

Because local macrophage proliferation and activation dominates the early plaque growth, MIF 

antagonism might not be able to significantly reduce the plaque burden from early on. Genetic 

MIF knockout model should be incorporated as a comparison. Another limitation of the study is 

the therapeutic dosing regime and frequency. We employed one dose (50 µg) of NGM-D3 and 

three times a week of drug administration. The drug efficiency might be missed in the current 

therapeutic regimen. Additionally, finding the right therapeutic window of a drug is also critical to 

minimize the adverse effects. More dosing and reasonable therapeutic regimen could be tested 

in the follow-up study.  

 

Future study could investigate the long-term effects of peptide inhibitors in an extended period 

of plaque development. Plaque and vessel obstruction are often identified when patients 

manifest symptoms and clinical complications. Clinical interventions usually start in the middle 

or very late phase of disease course. Establishing the pharmacological model in combination 
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with lipid-lowering therapy, which mimics the time course of human atherosclerosis, could also 

be interesting.  
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