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1 Introduction 

1.1 Macrophages 

1.1.1 Macrophage function 

The human body is daily exposed to a large variety of microbial and environmental 

threats such as parasites, viruses, fungi, bacteria and particulate air pollutants. To 

ensure our survival, the innate immune system provides a first-line defense against 

invading microorganisms and foreign particles. Macrophages are considered key 

effector cells of the innate immune system due to their capability to recognize and 

remove pathogens and environmental debris from the circulation. Most 

macrophages are stationed at strategic sites in tissues at risk of microbial infection 

and display enormous morphological and functional plasticity. Additionally, 

macrophages are crucial in apoptotic and senescent cell clearance (162), ensuring 

tissue homeostasis. They also play a role in maintenance of tissue integrity (e.g. 

bone reabsorbing (151) and intestinal regeneration (153)), tissue development (e.g. 

microglia in brain development (43)) and metabolic homeostasis (e.g. regulation of 

insulin resistance in adipositas (87) and regulation of fatty acids oxidation in the liver 

(140)). 

 

1.1.2 Macrophage ontogeny 

Most tissue-resident macrophage populations are established during 

embryogenesis. They develop either from yolk-sac progenitors, fetal liver 

progenitors or bone marrow-derived monocytes and then relocate to the tissues 

(56–58) (Figure 1). For instance, macrophages of the brain (microglia) develop in the 

yolk-sac and migrate during early embryonic stages to fetal brain tissue (55). 

Macrophages in the kidney, bone, lung (alveolar), liver (Kupffer cells) or gut also 

originate from the yolk-sac but then migrate to the fetal liver during embryonic 

development and from there to the tissues (58, 198). Once established, tissue-

resident macrophage populations are maintained mainly by local proliferative self-
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renewal (57). In case of acute inflammation or pathogen challenge, circulating blood 

monocytes migrate into tissues and differentiate into macrophages (36). 

 

 

Figure 1: Integrative multidimensional model of macrophage ontogeny and activation. Macrophages can 
directly derive from yolk sac (brain; microglia cells) or first migrate to the fetal liver during embryonic 
development (“E”) and then to the corresponding tissue. Adult bone marrow derived macrophages normally 
differentiate from bone-marrow monocytes and maintain homeostasis in the gut. Additionally, in case of 
acute infection, bone-marrow derived monocytes migrate into the tissue where they can differentiate into 
macrophages. Furthermore, macrophage activation and response in tissue is strongly dependent on 
environmental stimuli such as inflammatory cytokines and stress signals. Image reprinted by permission from 
Springer Nature Customer Service Centre GmbH: Nature Immunology. New insights into the multidimensional 
concept of macrophage ontogeny, activation and function. Ginhoux et al., 2016 (58). 

 

1.1.3 Macrophage activation and phenotyping 

In steady state, homeostatic environment in tissues induces anti-inflammatory 

activity in resident macrophages characterized by secretion of interleukin 10 (IL-10) 

(127). By contrast, exposure to inflammatory stimuli such as interleukin 1ß (IL-1ß), 

tumor necrosis factor alpha (TNF-α), microbe-associated molecular patterns 

(MAMPs) or endogenous damage-associated molecular patterns (DAMPs) polarizes 

macrophages to a pro-inflammatory phenotype that produces inflammatory 

cytokines and reactive oxygen species (115). Recently, pioneering studies 

demonstrated that the intrinsic cell metabolism is closely related to macrophage 

polarization. For example, pro-inflammatory macrophages mainly perform 

glycolysis for energy conservation (139) and show more succinate oxidation while 
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producing more reactive oxygen species (ROS) (122) as well as the antibacterial 

metabolite itaconate (100). By contrast, anti-inflammatory macrophages rely more 

on fatty acids oxidation (76), lipolysis and glutaminolysis (178). 

However, macrophage functional phenotypes are not restricted to these two 

activation states. Indeed, macrophages have the ability to dynamically adapt to 

temporary and spatial micro-environmental stimuli tailoring their immune 

responses and switching between phenotypes. This generates a broad spectrum of 

activation and functional possibilities (118, 128). 

For research purposes, pro-inflammatory macrophages can be generated ex vivo 

from isolated blood monocytes by inflammatory cytokines (e.g., TNF-α, IFN-γ) by 

microbial components (e.g., lipopolysaccharide (LPS) of Gram-negative bacteria) or 

growth factors (e.g. granulocyte-macrophage colony-stimulating factor (GM-CSF)) 

(118). On the other hand, anti-inflammatory macrophages are derived from 

monocytes in the presence of Th2-related cytokines (e.g., IL-4 and IL-13), anti-

inflammatory molecules (e.g., transforming growth factor (TGF-β) and 

glucocorticoids) and macrophage colony-stimulating factor (M-CSF) (118).  

 

1.2 Phagocytosis 

In literature, phagocytosis is defined as the ingestion of large (≥ 0.5µm) particulate 

targets in intracellular vesicles surrounded by a plasma membrane (compare (73)). 

Phagocytosis is mainly performed by professional phagocytes such as macrophages, 

neutrophils and dendritic cells (62). The large variety of its targets (e.g. different 

types of microbes, apoptotic cells, environmental debris and others) makes 

phagocytosis an extremely complex process, in which the type of phagocytic 

receptor engaged, the information gathered during internalization and macrophage 

ontogeny determine the appropriate immune response. For instance, ingestion of 

pathogens by macrophages promotes pro-inflammatory cytokine release and 

provides ligands for MHC class II (MHC-II) antigen presentation (114) contributing to 
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initiation of adaptive immune responses. By contrast, uptake of apoptotic cells 

triggers anti-inflammatory cytokine production to prevent inflammation and 

damage in surrounding tissue (7). For this same reason, under homeostatic 

conditions, phagocytosis of commensal bacteria by gut macrophages does not 

induce secretion of any type of cytokines (181).  

 

1.2.1 Pathogen internalization  

The phagocytic process is initiated by target recognition through specialized 

receptors on the cell surface. The best-studied phagocytic receptors are the opsonic 

receptors, which include Fc receptors (FcRs) and complement receptors (CRs). FcRs 

recognize the Fc-portion of immunoglobulins (Ig) bound to the surface of 

microorganisms. CRs recognize opsonins of the complement system bound also to 

the surface of microbes (Table 1). Additionally, also unique well-conserved 

pathogen structures can be recognized by non-opsonic phagocytic receptors like 

lectin receptors or scavenger receptors (Table 1) (62). Generally, targets are 

recognized by more than one receptor type which increases internalization 

efficiency and sensitivity (190). 
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Table 1: Human phagocytic receptors and their ligands. This table was modified from Flannagan et al., 2012 

(49), reprinted with permission from ANNUAL REVIEWS. 

Opsonic Receptors Ligands 

FcγRI (CD64) High affinity: IgG1, IgG3, IgG4 

FcγRIIa (CD32a) Low to medium  affinity: IgG1, IgG3, IgG2  

FcγRIIc (CD32c) Low affinity : IgG 

FcγRIIIa (CD16a) High affinity: IgG 

FcαRI (CD89) IgGA1, IgGA2 

FcεRI  IgE 

CR1 (CD35) Mannan-binding lectin, C1q, C4b, C3b 

CR3 (αMβ2, CD11b/CD18, Mac-1) Complement component iC3b 

CR4 (αVβ2, CD11c/CD18, gp150/95) Complement component iC3b 

α5β1 Fibronectin, vitronectin 

Non-opsonic Receptors Ligands 

Mannose receptor (CD206) Mannose and fucose oligosaccharides,  

N-acetylglucosamine 

Dectin-1 (CLEC7A) ß1,3-glucan 

CD14 Lipopolysaccharide-binding protein 

Scavenger receptor A (SR-A) Lipopolysaccharide, lipoteichoic acid 

Scavenger receptor MARCO Intact Gram-positive and -negative bacteria and soluble 

LPS 

Scavenger receptor CD36 Plasmodium falciparum–infected erythrocytes 

 

Depending on the receptor type, mechanisms of target internalizations vary. For 

example, FcγR binding triggers lipid and cytoskeleton remodeling leading to cell 

membrane zippering around targets to form the phagocytic cup (Figure 2) (52). On 

the contrary, early studies on CR3 binding mechanisms suggested passive sinking of 

the target into the phagocyte without evident involvement of membrane 

protrusions (5, 89).  However, new evidence shows dynamic membrane ruffling 

around iC3b-opsonized particles, similar to FcγR-mediated phagocytosis (Figure 2) 

(67, 148). A similar structure is also observed in phagocytosis via the non-opsonic 

receptor Dectin-1 (61). The internalization process culminates with the distal closure 

of the plasma membrane around the target, forming a vacuole termed phagosome 

(Figure 2D). Phagosomes undergo several maturation steps by fusing with 

intracellular vesicles containing acids, reactive oxygen species, hydrolytic enzymes 

and microbicide peptides. (92). These compounds degrade the phagocytosed 

particle generating antigenic peptides for presentation to lymphoid cells (68, 154, 
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168). Additionally, inside the phagosome, information about the nature of the target 

is gathered, which is crucial for shaping appropriate inflammatory immune 

responses (190). 

 

1.2.2 Actin dynamics during phagocytosis 

Despite the differences between phagocytic receptors, target internalization always 

requires cytoskeleton remodeling. The first step upon target-receptor binding is the 

partial disruption of actin on the cortex, a specialized layer of proteins associated 

with the inner face of the plasma membrane. This increases mobility of the 

membrane-bound phagocytic receptors and facilitates further target-receptor 

recognition of other ligands on the target surface (Figure 2A) (52). Subsequent 

particle encapsulation and internalization is mediated by actin nucleating factors 

such as the actin-related protein 2/3 (ARP2/3) complex which are recruited to the 

phagocytic cup (Figure 2C). ARP2/3 is a seven subunit (ARP2, ARP3 and ARPC1-5) 

protein complex that mediates branching of actin filaments (163). The five structural 

proteins (ARPC1-ARPC5) interact with existing actin filaments, so called mother 

filaments. The two actin-related proteins (ARP2 and ARP3) closely mimic the 

monomeric actin and are capable of binding other actin monomers to form a stable 

heterotrimer, initiating actin polymerization and branching around the target. 

Finally, closure of the plasma membrane around the target is mediated by 

phosphatidylinositol 3-kinase (PI3K)  that phosphorylates phosphatidylinositol (4,5)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which in 

turn induces termination of actin polymerization probably through deactivation of 

small Rho-GTPases such as Rac1 and Cdc42 (10, 74). In addition, PI3K promotes 

depolymerization of actin filaments at the base of the phagocytic cup, facilitating 

cell membrane extension for target internalization into the cellular cytoplasm 

(Figure 2D) (8, 17).  

 

https://en.wikipedia.org/wiki/Phosphatidylinositol_(4,5)-bisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_(4,5)-bisphosphate
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1.2.3 Regulators of actin dynamics: small GTPases 

The molecular mechanisms behind ARP2/3 activation and recruitment include 

activation of small GTPases and are strongly dependent on the phagocytic receptor 

involved. For example, during FcγR-mediated phagocytosis, ARP2/3 complex 

assembly is stimulated by the Wiskott-Aldrich syndrome protein (WASP) and the 

WASP-family verprolin homologous (WAVE) protein (112, 113, 116). These proteins 

are downstream effectors of the small Rho-GTPases CDC42 and Rac1, respectively 

(Figure 2B). During CR3-mediated phagocytosis, ARP2/3 is activated by Myosin II 

phosphorylation downstream of the Rho-GTPase RhoA (Figure 2B). Furthermore, 

the actin nucleating protein mammalian Diaphanous formin (mDia) is recruited by 

the microtubule associated protein CLIP-70 to the phagocytic cup in a RhoA 

dependent-manner (Figure 2B) (17, 103). For non-opsonic receptors, the molecular 

mechanisms of ARP2/3 recruitment are still not fully understood. It is, however 

suggested, that at least scavenger receptors recruit ARP2/3 through Rac1 similar to 

FcγR-mediated phagocytosis (Figure 2B) (105). 

Due to their crucial role controlling different cellular processes, activity of the small 

Rho-GTPases is a spatially and temporally strictly regulated process. GTPase 

regulators such as guanine nucleotide exchange factors (GEFs), GTPase-activating 

proteins (GAPs) and GDP disassociation inhibitors (GDIs) enable nucleotide 

exchange to switch GTPases from the active (GTP-bound) to the inactive (GDP-

bound) state and vice versa. GEFs activate small GTPases by catalyzing the exchange 

from GDP to GTP while GAPs inactivate them by inducing GTP hydrolysis. In addition, 

GDIs inhibit GTPase activity by sequestering them from cellular membranes (16). 

Although the involvement of these regulatory proteins in phagocytosis has not yet 

been studied systematically, some studies suggest that they play a crucial role. 

Indeed, small interfering RNA (siRNA) mediated knockdown of p115-RhoGEF 

inhibited phagocytosis in RAW 264.7 macrophages (83) while short hairpin RNA 

(shRNA) mediated knockdown of ARHGAP25 increased phagocytic activity in 

neutrophils and macrophages (31).
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Figure 2: Phagocytosis of serum opsonized latex beads. (A) Cortical actin disassembly increases mobility of the cell membrane to facilitate target recognition through ligand-
receptor binding. (B) Target binding by opsonic (CR3 and FcγR) and non-opsonic receptors (SR-A) triggers the activation of small GTPases like RhoA, CDC42 or Rac1, which 
subsequently induce ARP2/3-mediated actin branching via Myosin II, WAVE or WASP, respectively. (C) Newly branched actin filaments extent around the target in a zipper-
like manner forming the so-called phagocytic cup. (D) Target internalization finalizes with membrane closure around the target, forming a structure called phagosome. (E) 
This is mediated by PI3K, which triggers actin depolymerization at the base of the phagocytic cup, facilitating cell membrane extension though vesicle fusion and allowing 
target internalization. Furthermore, PI3K probably also recruits Rho-GAP to reduce ARP2/3 activity through small GTPase inactivation (dashed line). (F) Electron microscopy 
image showing the main three internalization steps during phagocytosis of latex beads. (I) Target binding of the receptors, (II) formation of the phagocytic cup and (III) uptake 
into the phagosome. Scale bar represents 3 µm. Image based on Rosales and Uribe-Querol, 2017 (162) adaptation is allowed by CC BY 4.0 license 
(https://creativecommons.org/licenses/by/4.0/) and from Freeman and Grinstein, 2014 (52), reprinted with permission from John Wiley & Sons, Inc.  
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1.2.4 Negative Regulation of Pathogen Phagocytosis 

As mentioned before, phagocytosis is a highly dynamic process crucial for tissue 

homeostasis and inflammation. However, hyper-responsive phagocytes can cause 

significant tissue injuries and systemic inflammation responses. For this reason, 

phagocytic activation signals must be terminated or inhibited accurately to return 

to basal levels. Major players in signal termination of pathogen phagocytosis are: 

the inhibitory FcγRIIb receptor, PTEN and intracellular phosphatases SHIP-1 and 

SHIP-2. 

 

1.2.4.1 FCγRIIb Receptor and Inositol 5’Phosphatase SHIP-1 and SHIP-2 

The human and mouse FcγR family consists out of the activating receptors FcγRI, 

FcγRIIa and FcγRIII and the inhibitory receptor FcγRIIb. Human macrophages express 

two isoforms of this inhibitory receptor: FcγRIIb1 and FcγRIIb2 (186). Enhanced 

expression of  FcγRIIb in human macrophages has been reported to significantly 

reduce phagocytic efficiency of the cells (152, 186). Mutational analysis of the 

cytoplasmic region of the FcγRIIb receptors revealed that its inhibitory activity 

resides in the immunoreceptor tyrosine based inhibitory motif (ITIM) (129, 156). 

Conserved tyrosine residues in ITIMs are phosphorylated by enzymes of the Src 

kinase family after FcγRIIb coaggregation with phagocytosis activating receptors 

(34). Receptor aggregation facilitates the recruitment of the Src homology region 2 

(SH2) domain-containing inositol 5'-phosphatases, SHIP-1 and SHIP-2 (34) to the 

plasma membrane. Recruitment of these proteins leads to PIP3 hydrolysis which in 

turn prevents activation of protein kinase B (also known as AKT)  (79) and mitogen-

activated protein (MAP) kinase (185), both serine/threonine-specific protein 

kinases. At present, there is accumulating evidence that SHIP-1 and SHIP-2 play an 

important role as negative regulators of phagocytosis. For example, early studies 

demonstrated enhanced phagocytosis in macrophages of SHIP knockout mice (30). 

Likewise, siRNA knockdown of SHIP-2 increased the phagocytic activity of murine 



I n t r o d u c t i o n  

10 
 

macrophages (3). Currently, the specific molecular mechanisms by which SHIP-1 and 

SHIP-2 negatively regulate phagocytosis remain unclear. However, studies suggest 

involvement of SHIP-1 in WASP (106) and Rho-GTPases (70) regulation and thus, in 

actin dynamics. 

 

1.3 MicroRNAs (miRNAs) 

Over the last years, miRNAs have emerged as powerful regulators of global gene 

expression and function in eukaryotes (compare (73)). MiRNAs are small 

endogenous non-coding RNA molecules of a size of 18-30 nucleotides (nt) that 

regulate the expression of different target mRNAs by post-transcriptionally gene 

silencing in a sequence-specific manner (compare  (19, 73)). 

 

1.3.1 MiRNA canonical biogenesis  

miRNAs are encoded in intergenic or intronic regions of the human genome (155). 

Transcription of miRNAs occurs in the nucleus and is performed by RNA polymerase 

II. The resulting transcripts are capped, polyadenylated and form a hairpin-shaped 

loop secondary structure called pri-miRNA. Inside the nucleus, pri-miRNAs are 

processed by Drosha, a member of the RNase III family and the DiGeorge Syndrome 

Critical Region 8 (DGCR8) (Figure 3) (69). DGCR8 recognizes and binds to the stem-

loop of pri-miRNAs and determines the precise distance for Drosha to carry out the 

cleavage reaction of the steam loop from the rest of the transcript, creating 60-80 nt 

long miRNA precursor termed pre-miRNA. These pre-miRNAs are then exported 

from the nucleus by Exportin 5 (15) (Figure 3). In the cytoplasm, the terminal loop 

of the pre-miRNA stem is then cleaved off by the endoribonuclease Dicer to create 

a mature miRNA consisting of an RNA duplex with a guide strand and a passenger 

strand (Figure 3) (19).  
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1.3.2 MiRNA function  

To fulfill its gene silencing function,  one strand of the mature miRNA is incorporated 

into the miRNA-induced silencing complex (miRISC) where it binds to a protein from 

the Argonaute (AGO) family in an ATP-dependent manner (Figure 3) (197). The other 

strand of the mature miRNA, is degraded. The decision which of both strands is 

incorporated and which one is degraded has not been studied in detail but evidence 

suggests that it is a matter of thermodynamic stability (121) and sequence features 

(75). “The incorporated strand serves as a guide for the miRISC to specifically 

recognize miRNA binding sites of target mRNAs” (73). In most of the cases, miRNAs 

bind to the 3’ untranslated region (3’UTR) of the target mRNAs. However, binding 

of miRNAs to the coding region (71) or the 5’ UTR (64) have also been described. 

MiRNA target recognition involves Watson-Crick base paring of miRNA nucleotides 

2-8 (seed region) to targets. MiRNA-dependent gene regulation occurs by two 

different mechanisms: translational repression or mRNA decay (Figure 3). The type 

of mechanism and the extend of target degradation strongly depends on the 

complementarity of miRNA-mRNA complexes (4). Perfect miRNA-mRNA sequence 

complementarity leads to the cleavage of the mRNA catalyzed by the endonuclease 

activity of AGO, while imperfect complementarity promotes translational repression 

(45).  

The molecular mechanisms by which miRISC regulates translation are extensively 

debated. Based on the great sequence similarities between the AGO2 protein of the 

miRISC and the eukaryotic translation initiation factor 4E (elF4E), some studies 

suggest that translation of miRNA targets is inhibited at the initiation step (93). 

According to this, AGO2 competes with eIF4E for the cap structure of mRNAs 

inhibiting the first step of translation. Other studies argue that AGO proteins prevent 

the association of the ribosomal subunits (24) or the formation of the transcriptional 

loop and thus, efficient translation (191). Furthermore, once initiated, translation 
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can be can be prematurely terminated due to miRISC-induced ribosomal 

dissociation or elongation blocking (150). 

 

 

Figure 3: Canonical miRNA biogenesis and function. Pri-miRNAs are transcribed from DNA by the RNA Pol II 

in the nucleus and form a hairpin-shaped pri-miRNA structure. Transcripts are then processed by Drosha and 

DGCR8 to pre-miRNAs. These are transported to the cytoplasm by Exportin 5 where their terminal loop is 

cleaved by Dicer, generating the guide strand and a passenger strand. One strand is then incorporated into 

the RISC complex and serves as a guide to recognize mRNAs targets. Recognition involves Watson-Crick base 

paring of the miRNA seed region to mRNA targets. Depending on the complementary of this binding, mRNA 

targets are either degraded by the endonuclease activity of AGO (perfect complementarity) or mRNA 

translation is repressed (imperfect complementarity). Image from Strubberg and Madison, 2017 (177) reuse 

is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 
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1.3.3 MiRNA high-content screens 

Due to their key role in gene regulation of complex biological processes, miRNAs 

have gained increasing attention in different fields of cell biology. Consequently, in 

the last five years high-content miRNA screens have successfully identified 

functional miRNAs as essential regulators of cellular pathways such as apoptosis and 

necrosis (47), hedgehog signaling (91) or smooth muscle cell proliferation and 

vascularization (46) (compare (73)). “Furthermore, functional high-throughput 

screenings of miRNAs have helped to determine miRNAs involved in the regulation 

of different types of cancer” (73). For example, Cole et al. identified miR-34 as tumor 

suppressor in neuroblastoma tumor (28). Cunha et al. discovered that members of 

the miR-302-3p/520-3p family were capable of enhancing susceptibility of 

glioblastoma cancer cells to certain chemotherapy drugs by targeting the tyrosine 

kinase pathway (32). Moreover, overexpression of miR-410 was reported to reduced 

invasion and colony formation capability of cholangiocarcinoma cells (144). By 

contrast, Drakaki et al. discovered that overexpression of miR-9 correlated with 

increased cell proliferation of hepatocellular carcinoma cells and enhanced 

invasiveness in patients (38). Thus, miRNA high-content screening is considered a 

powerful approach to identify the role of distinct miRNAs in a regulatory biological 

networks (102). 

 

1.3.4 Regulation by miRNAs in macrophages 

Several studies have been performed in human and mice macrophages to better 

understand the impact of miRNAs in macrophage biology, in particular, macrophage 

polarization. A miRNA profiling study in ex vivo polarized murine macrophages 

revealed 109 miRNAs differentially expressed between the pro-inflammatory and 

the anti-inflammatory macrophages (202). Likewise, 303 miRNAs were differentially 

expressed in different subpopulations of ex vivo polarized monocyte-derived, 

human macrophages (27). In both studies miR-155-5p and miR-125b-5p were 
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similarly expressed in human and murine pro- and anti-inflammatory macrophages. 

Subsequently, the role of miR-155 in macrophages as key regulator of the 

phenotype balance has been elucidated. miR-155 inhibits STAT6 though targeting 

IL-13 receptor α1 and thus promoting pro-inflammatory polarization (117, 120, 

138). The impact of other miRNAs in macrophage development, activation 

polarization has been extensively studied by different groups and is summarized in 

Figure 4.  

 

Figure 4: MiRNAs that modulate phenotype balance in macrophages. Expression of these miRNAs correlates 
with an anti-inflammatory tumorigenic (M2 or tumor associated macrophage (TAM)) or pro-inflammatory 
(M1) macrophage phenotype. Image from Curtale, 2018 (33) reuse is allowed by CC BY 4.0 license 
(https://creativecommons.org/licenses/by/4.0/). 

 

Despite the wealth of studies on the role of miRNA in macrophage polarization, little 

is known about the role of miRNAs in phagocytosis. Most of the studies mainly focus 

on the pathogen-dependent modulation of host miRNAs during infection and its 

consequences for phagocytosis. For instance, Listeria monocytogenes infection 

induces expression of miR-21 in murine bone marrow-derived macrophages 

(BMDMs), which in turn decreases its phagocytic activity probably as a defense 

mechanisms to restrict intracellular niche formation (86). Similarly, Gram-negative 

bacteria-derived LPS enhanced miR-15a/16 expression in BMDMs leading to 
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inhibition of Escherichia coli-FITC BioParticles™ phagocytosis (125). However, a 

systematic, genome-wide screening of miRNA-dependent regulation of 

phagocytosis was missing. 

 

1.4 Aim of this work 

The aim of this doctoral thesis was to perform a comprehensive study on miRNAs to 

elucidate on their role during phagocytosis in human macrophages. To this end, a 

suitable cell-based assay was established and used to systematically screen a library 

containing the entire, currently known, miRNome for miRNAs that regulate 

phagocytosis in human macrophages. MiRNAs showing a significant and robust 

effect on a primary screen were validated in a secondary screen. Furthermore, 

promising candidate miRNAs were analyzed for potential target genes and 

molecular mechanisms involved in the regulation of phagocytosis
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2 Materials and Methods 

A detailed list of all reagents and equipment used is provided in the Supplementary 

Tables 2-7. 

 

2.1 Cell culture 

2.1.1 Isolation of primary human monocytes  

Primary human monocytes were isolated from buffy coats of anonymous healthy 

blood donors obtained from the Clinical Transfusion Medicine (University of Ulm, 

Germany; compare (73)). Donors authorized the use of their biologic material for 

research purposes by a written consent which was previously approved by the 

Institutional Review Board of the University of Ulm (compare (73)). 

Human buffy coats were diluted to 100 ml with Dulbecco’s Phosphate Buffered 

Saline (DPBS) (Sigma-Aldrich) and carefully distributed into 50 ml Falcon tubes 

(Sarstedt) containing 15 ml Histopaque®-1077 (Sigma-Aldrich). Lymphocytic cells 

were then separated from red blood cells, granulocytes and plasma by density 

gradient centrifugation at 1100×g for 30 min. After centrifugation, peripheral blood 

mononuclear cells (PBMCs) were collected from the interphase and washed 3 times 

with DPBS containing 5% (v/v) high glucose Roswell Park Memorial Institute (RPMI) 

1640 medium (Gibco Life Technologies) to remove platelets. To lyse remaining 

erythrocytes, cells were then incubated in 10 ml ice-cold 0.15 M ammonium 

chloride (Sigma-Aldrich) for 10 min and centrifuged at 600×g for 8 min. The pellet 

was resuspended in 5 ml complete RPMI 1640 medium, i.e. RPMI 1640 

supplemented with 10% (v/v) Fetal Calf Serum (FCS), 1% (v/v) non-essential amino 

acids, 1% (v/v) L-Glutamine and 1% (v/v) penicillin/streptomycin (all components 

from Sigma-Aldrich). Viable cell number was determined by trypan blue exclusion 

(Sigma-Aldrich) and cell counting using a Neubauer chamber (Hecht-Assistent). 

Macrophages (Mφ) were the isolated using their ability to strongly adhere to plastic 
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surfaces. For this purpose, 4-5107cells were incubated in T75 cell culture flasks 

(Sarstedt) in complete RPMI 1640 medium containing 1% (v/v) human serum (Sigma 

Aldrich) under standard culture conditions (37°C, 5% CO2) for 90 min. Non-adherent 

cells such as T and B cells were removed by aspiration of the medium and then fresh 

complete RPMI 1640 was added to the adherent cells (compare (73)).  

 

2.1.2 Differentiation of primary human monocytes into macrophages 

To generate differentiated Mφ from isolated human monocytes, cells were 

cultivated for 5 days in complete RPMI 1640 with 30 ng/ml recombinant 

macrophage colony-stimulating factor (rM-CSF; Bio-techne) to generate M-Mφ or 

10 ng/ml recombinant granulocyte macrophage colony-stimulating factor (rGM-

CSF; Peprotech) to generate GM-Mφ. 

 

2.1.3 Cultivation of eukaryotic cell lines 

The human monocytic acute leukemia cell line THP-1 and adherent human 

embryonic kidney HEK-293 cells were obtained from ATCC®.  

THP-1 cells were maintained in T75 cell culture flasks in complete RPMI 1640 

medium. Cells were maintained under standard cell culture conditions, i.e. 37°C, 5% 

CO2. Subculturing was performed when concentration reached 1106 cells per/ml 

by dilution in fresh medium to a final concentration of 0.3106 cells/ml in 10ml in a 

new T75 flask. 

HEK-293 cells were routinely cultured in complete high glucose Dulbecco´s Modified 

Eagle’s Medium (DMEM; Sigma-Aldrich) supplemented with 10% (v/v) Fetal Calf 

Serum, 1% (v/v) non-essential amino acids, 1% (v/v) L-glutamine and 1% (v/v) 

penicillin/streptomycin in T75 cell culture flasks under standard cell culture 

conditions (compare (73)). When cells covered >70% of the flask surface, 

subculturing was performed by removing the medium and rising cells with DPBS to 
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remove trypsin inhibitors present in serum-containing DMEM. Then, 3 ml of trypsin-

ethylenediaminetetraacetic acid (trypsin-EDTA; Sigma-Aldrich) was added and cells 

were incubated for 10 min at 37°C to facilitate detachment. After this, 4 ml serum-

containing DMEM was added to inhibit trypsin and cells were centrifuged at 400×g 

for 4 min. Pellet was resuspended in fresh DMEM and an aliquot was transferred to 

a new T75 cell culture flask to obtain a 1:6 or 1:10 subcultivation ratio. 

For experiments, THP-1 or HEK-293 cell numbers were determined by trypan blue 

exclusion and cell counting using a Neubauer chamber. For long term storage, 5106 

cells were frozen at -80°C in the respective cell culture medium containing 20% (v/v) 

fetal calf serum and 10 % (v/v) dimethyl sulfoxide (DMSO; Sigma-Aldrich). 

 

2.1.4 THP-1 differentiation  

For THP-1 monocytic cell differentiation (THP-1 Mo) into THP-1 macrophages (THP-

1 Mφ), 0.5105cells in 100 µl of complete RPMI 1640 were seeded into individual 

wells of 96-well tissue culture plates (Sarstedt). Differentiation was induced by 

addition of phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) at a final 

concentration of 100 nM to activate protein kinase C (PKC). Cells were allowed to 

differentiate in this medium for 72 h at 37°C and 5% CO2. 

 

2.2 MiRNA-library preparation  

For miRNA screening, the human MISSION® microRNA mimic library based on the 

miRBase database (v.21) (96) containing a total 2752 annotated miRNAs was 

purchased from Sigma-Aldrich (compare (73)). These synthetic miRNAs are double-

stranded RNA molecules that mimic endogenous mature miRNAs in their function 

(miRNA mimics) and are optimized for transfection minimizing off-target effects. In 

addition to the human miRNA mimics, “this library contains two non-targeting 

control miRNAs of non-human origin (NTA2 from Arabidopsis thaliana an NTB2 from 
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Caenorhabditis elegans). Some miRNAs in the library had more than one accession 

ID but identical sequences. These miRNAs were only tested once resulting in a total 

of 2566 miRNAs analyzed” (73). 

The library was purchased in 96-well plate format, each well containing a different 

lyophilized miRNA mimic. To reconstitute the library, each purchased plate (original 

mother plate) was spun down before opening and subsequently reconstituted with 

RNase-free water to obtain a 20 µM stock solution. To avoid repeated freeze-thaw 

cycles, 6 µl of each miRNA mimic was aliquoted from the original mother plate into 

two daughter plates (3 µl each). Then, to facilitate pipetting, one daughter plate was 

diluted to a final concentration of 2 µM in a total volume of 30 µl. From this plate, 

10 µl were aliquoted into a new plate which was then used for working purposes 

(e.g. transfection). All plates were stored at -80°C. Table 2 shows a comprehensive 

overview of the frozen aliquots and its concentrations.  

 

Table 2: Aliquots of the miRNA mimics library after reconstitution with RNAse free water. Each original 

plate was reconstituted and aliquoted into daughter and working plates. Aliquots were stored at -80°C. 

Plates MiRNA mimics 

concentration 

Total volume 

per well 

Original mother plate 20 µM 6 µl 

Daughter plate 1 20 µM 3 µl 

Daughter plate 2 2 µM 20 µl 

Working plate 2 µM 10 µl 

 

2.3 MiRNA mimics transfection 

To find an efficient transfection reagent, Lipofectamine™ RNAiMAX (Thermo Fisher 

Scientific) and Viromer® BLUE (Lipocalyx) were tested in early experiments in THP-1 

Mφ. For these tests, 2 pmol per well of the DY547-labeled double-stranded RNA 

siGLO® (Dharmacon) and the apoptosis inducer siRNA siDeath (QIAGEN) were 

transfected according to corresponding manufacturer’s instructions. 
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For the rest of the transfection experiments including screening experiments with 

THP-1 Mφ, HEK-293 cells and human primary macrophage cells, transfection was 

performed by lipofection using Lipofectamine™ RNAiMAX following manufacturer’s 

instructions. In brief, prior to transfection, 0.5105 cells per well were seeded in 

standard culture medium in a 96-well tissue culture plate and allow to differentiate 

to THP-1 Mφ for 72 h  (see section 2.1.4) or adhere overnight (human primary Mφ 

and HEK-293 cells). Next, supplemented medium was replaced by 100 µl of serum-

free Opti-MEM (Gibco Life Technologies) per well. For transfection of each well, 

0.2 µl Lipofectamine™ RNAiMAx was diluted in 10 µl Opti-MEM and 2 pmol of the 

miRNA or control was separately diluted in another 10 µl Opti-MEM. After dilution, 

both mixes were combined and incubated for 10 min at room temperature (RT) to 

allow complexation. Then, 20 µl of the transfection mix was added to the cells and 

incubated under standard cell culture conditions for 72 h. For all experiments, the 

same non-targeting small interfering RNA control (NT-siRNA; QIAGEN) was used. 

Final concentration of siRNAs and miRNAs per well were 15 nM for all experiments. 

 

2.3.1 Transfection miRNA screen and plate layout 

For high-content screening, miRNA transfection was performed in 96-well plate 

format. However, to prevent artefacts generated by evaporation effects, wells at 

the edges of the plates were not used. These wells were filled with sterile DPBS 

(Figure 5). To avoid positional effects and to ensure reliability of the screen, 

triplicates of control and test RNAs were distributed randomly on each plate 

(Figure 5). To visualize transfection efficiency during screening, an Alexa-Flour 647 

(AF647)-labeled NT-siRNA was co-transfected with each miRNA mimic in equal 

concentrations as a normalization control to allow inter-plate comparison. Similar 

to the transfection procedure in section 2.3, 2 pmol of the miRNA mimic was mixed 

with 2 pmol of the AF647-labeled NT-siRNA and diluted in 10 µl Opti-MEM. To 



M a t e r i a l s  a n d  M e t h o d s   

 

21 
 

account for the increase in miRNA and siRNA to be transfected, twice the amount 

(0.4 µl) of transfection reagent was used. 

As functional control for successful transfection, the cell death-inducing siRNA 

cocktail AllStars Hs Cell Death Control siRNA (siDeath; QIAGEN) was used. The non-

targeting miRNA mimics provided with the library (NTA2 and NTB2; see section 2.2) 

served as additional controls. As a functional negative control, THP-1 Mφ were 

treated with cytochalasin D (CytoD; Sigma-Aldrich), which inhibits actin 

polymerization and, in consequence, phagocytosis (compare (73)). Finally, to ensure 

similar basal phagocytosis and phagocytic activity throughout screen, non-

transfected THP-1 Mφ were tested on each plate. Using this layout, thirteen miRNAs 

and six controls were tested in technical triplicates on each plate of the screen. 

 

 

Figure 5: Example of a layout used for one of the transfection plates of the screen. Controls and miRNA 

mimics were placed randomly to avoid positional effects during screen. Artefacts caused by medium 

evaporation at the edges of the plates were prevented by not using these wells for screening. These wells 

were filled with DPBS. Each control and miRNA mimics were tested in triplicates. 

 

2.4 Phagocytosis assay of opsonized latex beads 

All experiments were performed in a 96-well plate format at a cell density of 

0.5105 cells/well. Phagocytosis was analyzed using serum-opsonized, fluorescent 

latex beads. For opsonization, 2 µm carboxylate-modified polystyrene Fluorescein 

(FITC)-labeled latex beads (Sigma-Aldrich) were incubated for 30 min in 20% (v/v) 
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human AB serum in complete RPMI 1640 at 37°C (compare (73)). Parallel to this, 

cells of the negative control condition were treated for 30 min with 5 µM CytoD in 

complete RPMI 1640. Subsequently, 20 µl of the opsonized beads were added to the 

cells in ratio of 10 beads per cell. Cells were incubated with opsonized beads for 1 h 

under standard cell culture conditions. To collect cells that might detach, 

supernatants were collected and transferred to a new plate. These plates were then 

centrifuged at 130×g for 3 min and the pellet was resuspended in 30 µl DPBS. 

Adherent cells were detached from the wells by either 20 min incubation in 30 µl 

trypsin-EDTA at 37°C (THP-1 Mφ) or 30 µl ice-cold EDTA at 4°C (human primary Mφ). 

Cells from the supernatants and detached cells from the same well were mixed prior 

to staining.  

 

2.5 Propidium iodide staining for flow cytometry 

Cell viability was assessed by flow cytometry based on propidium iodide (PI) 

exclusion. PI is a fluorescent DNA intercalating stain that is not permeant to viable 

cells with an intact cell membrane. Prior to staining, PI (Sigma-Aldrich) was diluted 

to generate a stock solution with a final concentration of 20 µg/ml in complete RPMI 

1640 containing 1:1000 diluted anti-clumping agent (Thermo Fisher Scientific). For 

staining, 60 µl of this PI stock solution was added to 60 µl of cells in DPBS. Thus, final 

PI concentration for flow cytometry analysis was 10 µg/ml. 

 

2.6 Quantitative flow cytometry  

Flow cytometric analysis of primary and validation screen was performed using a 

MACSQuant Analyzer 10 (Miltenyi) equipped with violet (405 nm), blue (488 nm) 

and red (635 nm) excitation lasers (compare (73)). Additional flow cytometric 

analyses were performed using a FACSCalibur (BD Biosciences) equipped with blue 

(488 nm) and red (615 nm) excitation lasers.  
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For a comprehensive screening of the effects of the different miRNAs on Mφ 

phagocytosis, a multiparametric flow cytometry analysis was carried out (Table 3).  

 

Table 3: Multiparametric flow cytometry analysis used to screen the effects of 2566 miRNAs. 

 Final 

concentration 

Parameter Analyzed Excitation 

maximum 

Emission 

maximum 

opsonized FITC-

labeled latex 

beads  

10 beads/cell phagocytosis 

(%FITC+ cells and MFI FITC+) 

490 nm 525 nm 

PI staining 10µg/ml viability 535 nm 617 nm 

AF647 siRNA 15nM transfection efficiency 650 nm 665 nm 

 

For all experiments, at least 1104 Mφ were recorded for analysis. Data analysis was 

performed using the MACSQuantify Software 2.10 (Miltenyi) and the Kaluza Analysis 

software version2.1 (Beckman Coulter). 

 

2.7 Apoptosis Inhibition and Annexin V Staining 

To analyze the contribution of miR-124-5p induced apoptosis on phagocytosis in 

THP-1 Mφ, apoptosis was inhibited by addition of the broad-spectrum caspase 

inhibitor Z-VAD-FMK (Absource Diagnostics GmbH) at a concentration of 50 µM, 2 h 

before transfection. The inhibitor was added freshly every 24 h until phagocytosis 

assays were performed 72 h post-transfection with the miRNA. To better 

characterize viable and apoptotic cells, Pacific Blue™ Annexin V staining (BioLegend) 

was performed prior to flow cytometry analysis. For this purpose, cells were 

detached with 30 µl Accutase (Sigma-Aldrich) and incubation at 37°C for 30 min 

followed by washing cells twice in DPBS. Then, 5 µl Annexin V stain was added per 

1106 resuspended in 100 µl of the Annexin V Binding Buffer (BioLegend). Cells were 

incubated with the stain for 15 min at RT and then analyzed by flow cytometry. 
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2.8 Bright field and fluorescence microscopy  

For analysis of the “actin cytoskeleton by fluorescence microscopy, cells were 

differentiated in Nunc™ Lab-Tek chamber slides (Thermo Fisher Scientific). After 

differentiation and transfection” (73) with either miRNA or NT-siRNA control, “cells 

were washed once with DPBS and then fixed in a 4% (w/v) paraformaldehyde 

(Thermo Fisher Scientific) for 15 minutes at 37 °C prior to staining. After fixation, 

cells were washed three times with DPBS” (73). Subsequently, a staining solution 

was prepared by diluting Alexa Fluor 488-conjugated phalloidin (Thermo Fisher 

Scientific) 1:500 and Hoechst 3342 (Thermo Fisher Scientific) 1:10000 in 0.5 % (w/v) 

saponin (Sigma-Aldrich; compare (73)). Saponin was used to permeabilize cells, 

facilitating intracellular staining. Cells were incubated in the staining solution for 25 

min at RT in the dark. Then, cells were washed twice with DPBS. For better 

conservation and bleaching prevention, ProLong™ Diamond Antifade Mountant 

(Thermo Fisher Scientific) was added to the samples before the cover slip was put 

on top. 

For transfection efficiency experiments, PI staining followed by microscopy was 

carried out on THP-1 Mφ after transfection with the apoptosis inducer siDeath. Cells 

were washed once with DPBS and then PI (10µg/ml) and Hoechst 3342 (dilution 

1:10000) were added. Cells were incubated for 10 min at RT and examined by 

microscopy immediately. 

Microscopy was performed on an AxioObserver Z1 microscope (Carl Zeiss) with 

subsequent image capture and analysis using the ZEN 2012 software (Carl Zeiss). 

 

2.9 In silico analyses 

“Potential target genes regulated by miR-124-5p” (73) and miR-6793-5p as well as 

“the corresponding binding sequences were identified by in silico analyses. Target 

genes were predicted using the microRNA - gene targets module of the miRWalk2.0 

online tool (39) with default settings and all 12 possible databases included. Binding 



M a t e r i a l s  a n d  M e t h o d s   

 

25 
 

sites of miR-124-5p in potential target genes were retrieved from the respective 

databases. Potential binding sites of miR-124-5p in predicted target genes for the 

ARP2/3 subunits were modeled using the STarMir online tool (158) on the S-fold 

web server (http://sfold.wadsworth.org)” (73). 

 

2.10 Gentamicin protection assay  

Phagocytosis of different bacteria was determined by gentamicin protection assay 

using the commensal Escherichia coli (E .coli) strain D2241 (160), the lactic acid 

bacterium Lactococcus lactis (L .lactis) strain MG1363  (53) and the intracellular 

pathogen Listeria monocytogenes (L. monocytogenes) EGD-e (59). E. coli and 

L. monocytogenes were cultivated at 37 °C and continuous agitation on lysogeny 

broth (LB) medium or brain heart infusion (BHI) medium, respectively. “L. lactis was 

cultivated on M17 agar or medium supplemented with 1 % (w/v) glucose at 30 °C 

without agitation” (73). Components of the growth media are listed in Tables 4-6. 

To prepare solid growth media, 16 g agar (Difco) per liter was added to the medium 

prior to autoclaving. 

 

Table 4: Components and corresponding amounts to prepare BHI media for cultivation of 

L. monocytogenes. 

Amount Component 

37 g BHI  

Add to 1l dH2O  

 

Table 5: Components and corresponding amounts to prepare LB media for cultivation of E. coli. 

Amount Component 

10 g Tryptone  

10 g NaCl  

5 g Yeast extract  

Add to 1l dH2O  

http://sfold.wadsworth.org/
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Table 6: Components and corresponding amounts to prepare M-17 media for cultivation of L. lactis. 

Amount Component 

39 g M-17 broth 

950 ml dH2O  

50 ml glucose stock solution (20 % (w/v); filter sterilized) 

 

Bacteria were cultivated o/N in the respective media and on the next day washed 

once in PBS. “OD600 was determined and adjusted to 0.01 (i.e. 1107 CFU/ml for 

L. monocytogenes, 8106 CFU/ml for E. coli, 6106 CFU/ml for L. lactis) in RPMI 1640 

medium without antibiotics. Subsequently, miRNA or NT-siRNA transfected THP-1 

cells were infected with bacteria at a multiplicity of infection (MOI) of 20 bacteria 

per cell. To facilitate sedimentation and contact with macrophages, bacteria were 

centrifuged onto the cells at 300×g for 1 min and phagocytosis was allowed during 

a 1 h at 37 °C and 5% CO2. Afterwards, gentamicin (final concentration 10 μg/ml, 

Sigma-Aldrich) was added to the cells to kill non-phagocytosed extracellular 

bacteria. Then, cells were washed with PBS prior to 5 min incubation with 0.1% (v/v) 

Triton-X100® (Sigma-Aldrich) at 4 °C in order to the lyse cells. Lysates were collected 

and 10-fold serial dilutions were prepared in DPBS. Of each dilution, six 10 μl 

aliquots were spot-plated on the corresponding agar and incubated 24 h as 

appropriate at 30 or 37°C. On the next day, colony forming units (CFU) were counted 

and calculated per ml” (73). As a functional negative control for phagocytosis, cells 

were treated with CytoD (5 µM in antibiotic free RPMI 1640) for 30 min prior to 

incubation with bacteria (compare (73)) . 

 

Mix and 

autoclave 
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2.11 Target gene quantitative real-time polymerase chain reaction (q-

RT PCR) 

2.11.1 Total RNA isolation 

To analyze translational repression of target genes in THP-1 Mφ, “total RNA was 

isolated and purified from at least 1106 cells using the RNeasy Mini Kit (QIAGEN) 

following the manufacturer’s instructions” (73). Total RNA was eluted in 30 µl dH2O.  

 

2.11.2 Test PCR for genomic DNA  

After RNA isolation and to remove residual genomic DNA (gDNA), all samples were 

incubated with 1 µl DNase I (1 U/µl; RNase-free; Thermo Fisher Scientific) at 37°C 

for 20 min followed by inactivation of the DNase I at 75°C for 10 min. To control for 

remaining traces of gDNA, a test PCR for the β-actin gene (sequences in Table 7; 

purchased from Eurofins) was performed prior to cDNA synthesis.  

 

Table 7: β-actin primer sequences to test remaining gDNA in RNA samples by PCR. 

Primer Sequence (5’ to 3’) Product size Source 

β-actin fwd GGCGACGAGGCCCAGAGCAAGAGAGGCATC  

904 bp 

C.Neu 

(doctoral thesis, 2014) β -actin rev CGATTTCCCGCTCGGCCGTGGTGGTGAAGC 

 

Test PCR was performed using GoTaq DNA polymerase® kit (Promega) with a master 

mix containing the components listed in Table 8. 23 µl of this master mix was mixed 

with 2 µl RNA (100 ng) and PCR was run in a thermocycler (FlexCycler, Analytik Jena 

GmbH) with the program shown in Table 9. 
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Table 8: Reagents used to prepare the master mix for β-actin test PCR to control for remaining gDNA in 

RNA samples. 

Volume Reagent 

5 µl 5X Green GoTaq® Reaction Buffer  

2.5 µl nucleotide Mix (2 mM each) 

2.0 µl β-actin Fwd Primer (10 µM) 

2.0 µl β-actin Rev Primer (10 µM) 

0.1 µl GoTaq® G2 DNA Polymerase (5 U/µl) 

11.4 µl nuclease free dH20 

 

Table 9: Cycling program for ß-actin test PCR to control for remaining gDNA in RNA samples. 

  Temperature Time 

Initial Denaturation 95°C 2 min 

Denaturation 95°C 30 sec 

Anneling  55°C 30 sec 

Elongation 72°C 30 sec 

Final Elongation 72°C 10 min 

Cooling 4°C ∞ 

 

To check for PCR products, samples were loaded onto 2% (w/v) agarose gels for 

electrophoresis and stained with Ethidiumbromid (EthBr; 1 mg/ ml). Tris-Acetate-

EDTA (TAE) was used as running buffer. Only samples with negative results in the 

gDNA test PCR were further used for complementary DNA (cDNA) synthesis. The 

RNA concentration in these samples was determined by spectrophotometric 

analysis using the NanoQuant Plate™ and a Tecan plate Reader (Tecan) and adjusted 

to 100 ng/µl. 

 

2.11.3 cDNA synthesis 

cDNA synthesis from mRNA templates was carried out using the ImProm-II Reverse 

Transcription System Kit (Promega) according to manufacturer’s instructions. In 

brief, random primers were mixed with RNA samples as indicated in Table 10 and 

annealed to mRNA templates according to the program shown in Table 11. 

 

30 cycles 
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Table 10: Composition of the master mix for random primer anneling to RNA templates. Volumes apply for 

one sample. 

Volume Reagent 

1 µl Random primers (500 µg/ml) 

10 µl Template RNA (100 ng/µl) 

 

Table 11: Cyler program for ramdom primers anneling to RNA templates. 

 Temperature Time 

Annealing 70°C 5 min 

Cooling 4°C 5 min 

 

Subsequently, a master mix for reverse transcription (Table 12) was prepared and 

added to primer-annealed RNA templates. In a last step, reverse transcription was 

performed as described in Table 13 to synthetize cDNA. 

 

Table 12: Master mix for reverse transcription. All components are contained in the ImProm-II Reverse 

Transcription System Kit. Volumes apply for one sample. 

Volume Reagent 

4 µl 5X ImProm-II™ Reaction Buffer 

2 µl Magnesium chloride (25 nM) 

1 µl dNTPs mix (10 nM each) 

0.5 µl Recombinant RNasin ® Ribonuclease Inhibitor 

1 µl ImProm-II™ Reverse Transcriptase (160 U/µl) 

 

Table 13: Cycling program for reverse transcription of mRNA templates to cDNA. 

 Temperature Time 

Annealing 25°C 5 min 

cDNA Synthesis  42°C 60 min 

Inactivation 70°C 15 min 

Cooling 4°C ∞ 
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2.11.4 SYBR-Green based qRT-PCR 

mRNA quantification of potential miRNA target genes was analyzed using the MESA 

BLUE qPCR Master Mix for SYBR® Assay (Eurogentec) and the target-specific primer 

pairs (listed in Table 14) purchased from Eurofins (compare (73)).  
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Table 14: Primer sequences for RT-PCR mRNA quantification of miR-124-5por miR-6593-5p potential target 

genes. This table has been modified from Herdoíza-Padilla et al., 2019 (73). Adaptation is allowed by the CC 

BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

Primer Name Sequence (5’ to 3’) Product 

size 

Source PrimerBank ID 

(192) 

PKCα_fwd CACTGCACCGACTTCATCTGG 134 NCBI Primer Blast (196) 

PKCα_rev TCAGTGTCGGGTCCCTTATC 

ARPC1A_fwd ATTGCCCTCAGTCCCAATAATCA 143 300360514c1 

ARPC1A_rev CAAGTGACAATGCGGTCGC 

ARPC1B_fwd CAAGGACCGCACCCAGATT 164 325197176c1 

ARPC1B_rev TGCCGCAGGTCACAATACG 

ARPC2_fwd GCAGATTTCGATGGGGTCCTC 141 23238210c2 

ARPC2_rev ACTCCCGTACACCCTCTTTAAT 

ARPC3_fwd GTGCAATTCCAAAAGCCAAGG 142 23397667c1 

ARPC3_rev GGCTCTCATCACTTCATCTTCC 

ARPC4_fwd AACGACACAACAAGCCGGAA 171 5031595a3 

ARPC4_rev GGCACAAAATCTTCTCGATCTCA 

ARPC5_fwd TGGTGTGGATCTCCTAATGAAGT 128 23238212c1 

ARPC5_rev CACGAACAATGGACCCTACTC 

ARPC5L_fwd ATCGACGAATTTGACGAGAACA 129 13569955c1 

ARPC5L_rev GAATGCCCGAAGCATGTCC 

ACTR2_fwd GGCAGTTCTGACTTTGTACGC 125 205361120c2 

ACTR2_rev CCAGTCTCCTGGTAAGATGAGG 

ACTR3_fwd GGAGAACGGACGTTGACCG 117 34452698c1 

ACTR3_rev TCCTGCGATTGGAATGTGTTT 

GAPDH_fwd GAGTCAACGGATTTGGTCGT 238 NCBI Primer Blast (196) 

GAPDH_rev TTGATTTTGGAGGGATCTCG 

RHOD_ fwd TGGTCAACCTGCAAGTGAA >110 Blom et al. (14) 

RHOD_rev GGAGGCGGTCATAGTCATC 

ARHGAP25_fwd TCCATCCTTCCTCGTGACAAC 138 55770896c3 

ARHGAP25_rev CGACCTGATGAGATTCACACCAA 

ACAP2_fwd CCGACACATAGCCCTCGATTA 149 295842381c3 

ACAP2_rev AGGGTCCAAGTTCACTAAACAGA 

RAP1GAP_fwd GAGGAGGACTACATTCCATACCC 126 224809581c1 

RAP1GAP_rev GCTGGTGATTTCGTGGTTGG 

SHIP-1_fwd GCGTGCTGTATCGGAATTGC 105 64085166c1 

SHIP-1_rev TGGTGAAGAACCTCATGGAGAC 

SHIP-2_fwd GCACACGTATCGCATTCTGC 167 222136582c1 

SHIP-2_rev CTCGCTCACCCTCTACAGGAA 

 

Master mix was prepared as indicated in Table 15 and then 11.5 µl of the master 

mix and 1 µl cDNA (5 ng/µl) were pipetted per well into a 96-well qPCR plate 

(4titude).  
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Table 15: Reagents used to prepare the master mix for RT-PCR quantification of miR-124-5p or miR-6593-

5p target genes. 

Volume Reagent 

4.25 µl Nuclease free dH2O (Sigma-Aldrich) 

6.25 µl SYBR® Green Master Mix  

0.5 µl Forward primer (10 µM) 

0.5 µl Reverse primer (10 µM) 

 

Plates were sealed with transparent adhesive foil (4titude). To mix the reaction 

master mix and the cDNA at the bottom of each well, plates were centrifuged at 

300×g for 1 min. PCR cycling was programmed as indicated in Table 16 on a CFX96™ 

real time system C1000 touch thermal cycler (Bio-Rad).  

  

Table 16: Cycling program for qRT-PCR of potential miR-124-5p or miR-6593-5p target genes. 

 Temperature Time 

Initial Denaturation 95°C 10 min 

Denaturation 95°C 15 sec 

Annealing 60°C 60 sec 

Plate Read 

 95°C 10 sec 

 65°C 60 sec 

Annealing  65 +0.5 °C / cycle 5 sec 

Plate Read 

Cooling 4°C ∞ 

 

40 cycles 

Melting 

curve 
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Melting curves and qPCR data were analyzed using the Bio-Rad CFX Manager® (Bio-

Rad). For data normalization, mean threshold cycle (CT) values of potential target 

genes were subtracted from mean CT values of the respective housekeeping genes 

to obtain ΔCT values. Gene expression was compared between miRNA or NT-siRNA 

transfected cells by the 2(-ΔCT) method. 

 

2.12 Quantification of miRNA expression by qRT-PCR 

2.12.1 Total RNA Isolation 

For miRNA expression analysis in THP-1 Mφ and human primary Mφ, “miRNAs were 

isolated and purified from at least 1×106 cells using the miRNeasy Mini Kit (QIAGEN) 

following the manufacturer’s instructions”. MiRNAs were eluted in 30 µl dH2O. 

miRNA total concentration was determined by spectrophotometric analysis using 

the NanoQuant Plate™ and a Tecan plate Reader and adjusted to 5 ng/µl for all 

samples. 

 

2.12.2 cDNA Synthesis 

cDNA was synthesized using the miRCURY LNA miRNA PCR Starter kit (QIAGEN). In 

brief, reverse transcription reactions (Table 17) were prepared on-ice according to 

the manufacturer’s instructions and incubated as detailed in Table 18 in a PCR 

thermocycler. UniSp6 RNA spike-in was provided with the kit and added to the 

master mix to control for correct cDNA synthesis and qRT-PCR. 
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Table 17: Master mix for reverse transcription. All reagents are provided with the kit. Volumes apply for one 

sample. 

Volume Reagent 

2 µl 5x miRCURY RT Reaction Buffer 

4.5 µl RNase-free water 

1 µl 10x miRCURY RT Enzyme Mix 

0.5 µl UniSp6 RNA spike-in 

2 µl Template RNA (5 ng/µl) 

 

Table 18: Cycling program for reverse transcription of miRNA templates to cDNA. 

 Temperature Time 

Reverse transcription 42°C 60 min 

Inactivation of reaction 95°C 5 min 

Storage 4°C ∞ 

 

2.12.3 qRT-PCR for miRNA expression analysis 

qRT-PCR was performed using the miRCURY LNA miRNA PCR Starter kit (QIAGEN) 

which contained validated miR-124-5p and miR-6793-5p primers. Primers for the 

housekeeping control miR-93-3p were also included. Before starting, lyophilized 

primers were reconstituted and cDNA was diluted 1:60 in nuclease-free dH2O as 

described in the manufacturer’s instructions. Subsequently, a master mix was 

prepared as indicated in Table 19. Then, 10 µl of the master mix plus 3 µl of the 

diluted cDNA template were pipetted per well into a 96-well qPCR plate (4titude). 

 

Table 19: Master mix for qRT-PCR quantification of miRNA expression in cells. All reagents are provided 

with the kit. Volumes apply for one sample. 

Volume Reagent 

5 µl 2x miRCURY SYBR Green Master Mix 

1 µl PCR primer mix 

1 µl RNase-free water 

 

For miRNA quantification, qPCR was run on a CFX96™ real time system C1000 touch 

thermal cycler (Bio-Rad). Melting curves and qPCR data were analyzed using the Bio-

Rad CFX Manager® (Bio-Rad) with the program shown in Table 20. For data 



M a t e r i a l s  a n d  M e t h o d s   

 

35 
 

normalization, mean CT values of tested miRNAs were subtracted from mean CT 

values of the miR-93-3p control to obtain the ΔCT values. MiRNA expression was 

compared between cell types by the 2(-ΔCT) method. 

 

Table 20: Cycling program for qPCR to analyse miRNA expression. 

 Temperature Time 

Initial heat activation 95°C 2 min 

Denaturation 

 

95°C 10 sec 

Annealing and Extension 56°C 60 sec 

Plate Read 

 95°C 10 sec 

 65°C 60 sec 

Annealing  65 +0.5 °C / cycle 5 sec 

Plate Read 

 

2.13 Dual luciferase reporter assays  

“Interaction of miR-124-5p with predicted binding sites in target mRNAs was probed 

using the pmirGlo® Dual Luciferase miRNA target expression vector (Promega; 

Figure 6). Potential binding sites were cloned into the 3’UTR of the firefly luciferase 

reporter gene encoded on pmirGlo® using Gibson Assembly® (54)” (73). In brief, for 

each suspected binding site, two DNA fragments containing two overlapping 

sequences each (one to the pmirGlo® vector and one consisting of the potential 

binding sequences) were generated by target specific primer pairs (Table 21) via PCR 

(compare (73)). “For binding sites that yielded positive results indicating direct 

interaction with miR-124-5p (i.e. a reduction in luciferase activity) mutated binding 

sites were created by replacing complementary nucleotides the seed sequence of 

miR-124-5p with nucleotides identical to the suspected target sequence” (73). In 

addition, “the pmirGlo® vector was linearized to match with the overlapping 

sequences by digestion with KpnI/BglII” (73). “Subsequently, the two DNA 

fragments were fused to pmirGlo® by an isothermal reaction using the Gibson 

Assembly® Master Mix (New England Biolabs) and transformed into chemically 

45 cycles 

Melting 

curve 
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competent E. coli DH10B according to a standard protocol” (73). Correct insertion 

of the potential binding sites was confirmed by PCR and plasmid sequencing.  

 

 

Figure 6: pmiRGlo® vector harbors a multiple cloning site (MCS) for miRNA target sequence insertion at the 

3’ UTR of the optimized luc2 reporter gene encoding for the firefly luciferase protein. A SV40 late poly(A) 

signal ensures polyadenylation and transcription termination. Additionally, the hRluc-neo gene encodes for 

the Renilla luciferase protein and serves as a transfection and normalization control. Two constitutively active 

moderate-strength promoters, i.e. simian virus 40 early promoter (SV40) and mouse phosphoglycerate kinase 

1 promoter (PGK) control the trancription of the Renilla and the firefly luciferase, respectively. For bacterial 

replication and selection, a origin of replication (ori) and an Ampicilin (Amp’) resistent gene are encoded in 

the vector. This image is a property of Promega GmbH. 

 

For dual luciferase assays, 100 ng of the pmirGlo® vector harboring one of the 

predicted binding sites of miR-124-5p was transfected into HEK-293 using 

Lipofectamine™ 3000 (Thermo Fisher Scientific; compare (73)). In parallel, 20 nM of 

miR-124-5p or non-targeting siRNA control (NT) were co-transfected into the cells 

using Lipofectamine™ RNAiMax compare (73). “After 72 h, firefly luciferase activity 

was quantified using the Dual-Glo® Luciferase Assay System (Promega) and the 

Tecan micro-plate reader. The Renilla luciferase reporter, which was also encoded 
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on the pmirGlo® vector, served as a control to ensure equal transfection efficiencies. 

To obtain a relative firefly luciferase activity, the ratio between the firefly 

luminescence and the Renilla luminescence was calculated per well. Each sample 

was then normalized to the firefly/Renilla ratio obtained for the control NT-siRNA” 

(73). 

 

Table 21: Gibson Assembly® sequence-specific primers for generation of pmirGlo® vectors harboring 

predicted miR-124-5p binding sites. All primers were designed manually. Wild-type sequences are coded as 

#1.0, mutated sequences as #1.1. This table has been modified from Herdoíza-Padilla et al., 2019 (73). 

Adaptation is allowed by the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

Primer Name Sequence (5’ to 3’) 

Left_universal_fwd CGTCCGGCGTAGAGGATCGA 

Right_universal_rev CTTTCCGCCTCAGAAGGTAC 

ARPC1A_Right_fwd_#1.0  CAACATGTCTGCCATGGAACGCTCCTCGAGTCTAGAGTCGACCTG 

ARPC1A_Left_rev_#1.0 AGCGTTCCATGGCAGACATGTTGCTAGCGAGCTCGTTTAAACA 

ARPC1B_Right_fwd_#1.0 AACAAGTTTGCTGTGGGCAGCGCCTCGAGTCTAGAGTCGACCTG 

ARPC1B_Left_rev_#1.0 CGCTGCCCACAGCAAACTTGTTCTAGCGAGCTCGTTTAAACA 

ARPC2_Right_fwd_#1.0 GGCAACTGAAGGCTGGAACACTCCTCGAGTCTAGAGTCGACCTG 

ARPC2_Left_rev_#1.0 AGTGTTCCAGCCTTCAGTTGCCCTAGCGAGCTCGTTTAAACA 

ARPC3_Right_fwd_#1.0 GAAGAGACAGTTCATGAACAAGACCTCGAGTCTAGAGTCGACCTG 

ARPC3_Left_rev_#1.0 TCTTGTTCATGAACTGTCTCTTCCTAGCGAGCTCGTTTAAACA 

ARPC3_Right_fwd_#1.1 (mut) GAAGAGACAGTTCATGCGTAAGACCTCGAGTCTAGAGTCGACCTG 

ARPC3_Left_rev_#1.1 (mut) TCTTACGCATGAACTGTCTCTTCCTAGCGAGCTCGTTTAAACA 

ARPC4_Right_fwd_#1.0 GAAAAGGTTCTGATTGAGGGCTCCTCGAGTCTAGAGTCGACCTG 

ARPC4_Left_rev_#1.0 AGCCCTCAATCAGAACCTTTTCCTAGCGAGCTCGTTTAAACA 

ARPC4_Right_fwd_#1.1 (mut) GAAAAGGTTCTGATAATTAAATCCTCGAGTCTAGAGTCGACCTG 

ARPC4_Left_rev_#1.1 (mut) ATTTAATTATCAGAACCTTTTCCTAGCGAGCTCGTTTAAACA 

ACTR2_Right_fwd_#1.0 GGTGATGAGGCAAGTGAATTACGCCTCGAGTCTAGAGTCGACCTG 

ACTR2_Left_rev_#1.0 CGTAATTCACTTGCCTCATCACCCTAGCGAGCTCGTTTAAACA 

 

2.14 Western Blot 

2.14.1 Cell lysis 

Eukaryotic “cell lysates from at least 1x106 cells were prepared for proteomic 

analysis” (73). For protein extraction of cytoskeletal proteins, a Tris-Triton buffer (pH 

7.4; Table 22) was used (compare (73)). Samples were incubated in the buffer for 20 

min and the centrifuges for 30 min at 10,000×g (compare (73)). 
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Table 22: Composition of the Tris-Triton® buffer used to extract proteins from THP-1 cells. After mixing all 

components together, pH was adjusted to 7.4. 

Amount Reagent 

10 mM Tris base 

100nM NaCl  

1mM EDTA  

1%(v/v) Triton x-100® 

10%(v/v) Glycerol  

0.1% (v/v) Sodium dodecyl sulfate  

0.5% (v/v) Deoxycholate  

 

2.14.2 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-

PAGE) 

Prior to SDS-PGE, total protein concentration of cell lysates was determined by 

Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific) according to manufacturer’s 

instructions. For SDS-PAGE, 50 µg protein was mixed with Laemmli buffer (for 

composition see Table 23) and incubated at 95°C for 10 min for denaturation 

(compare (73)). 

 

Table 23: Composition of the Laemmli buffer used to denaturate proteins. 

Amount  Reagent 

375 mM Tris base 

9 % (w/v) SDS  

50% (v/v) Glycerol  

9% (v/v) β-mercaptoethanol  

0.03% (v/v)  Bromophenol blue  

 

After denaturation, samples were loaded onto 12% (w/v) polyacrylamide gels (for 

composition see Table 24 and Table 25) inside a gel chamber (Bio-Rad) filled with 

1x SDS running buffer (Table 26). Electrophoresis was performed at 120 V and 500 

mA. 
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Table 24: Composition of the SDS polyacrylamide stacking gel. Volumes apply for one gel. 

Volume Reagent  

1 ml dH2O 

250 µl Rotiphorese® Gel 30 (37,5:1)  

200 µl 1 M Tris buffer (pH 6.8) 

15 µl 10% (w/v) SDS  

15 µl 10% (w/v) Ammonium Persulfate  

1.5 µl N, N, N′, N′-Tetramethylethylendiamin  

 

Table 25: Composition of the SDS polyacrylamide separating gel. Volumes apply for one gel. 

Volume Reagent  

1.65 ml dH2O 

2 ml Rotiphorese® Gel 30 (37,5:1)  

1.25 ml 1.5 M Tris buffer (pH 8.8) 

50 µl 10% (w/v) SDS  

50 µl 10% (w/v) ammonium persulfate  

2 µl N, N, N′, N′-Tetramethylethylendiamin 

 

Table 26: Composition of 10x SDS running buffer. Buffer was diluted to 1x SDS running buffer with dH2O. 

Amount Reagent 

3 g Tris base 

14.4 g glycine (Sigma-Aldrich) 

1 g SDS  

Add to 100 ml dH2O 

 

2.14.3 Western Blotting 

Proteins on the gels were electroblotted on a nitrocellulose membrane (Macherey-

Nagel) for 25 min at 1 A and 25 V in blotting buffer (Table 27 and Table 28) using a 

Trans-Blot®Turbo Transfer System (Bio-Rad; compare (73)). Blocking was carried out 

in 5% (w/v) BSA-solution in TBS-T (Table 29 and Table 30) for 1h. 

 

Table 27: Composition of 10x blotting buffer.  

Amount  Reagent 

5.8 g Tris base 

6.5 g glycine  

Add to 100 ml dH2O 
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Table 28: Composition of 1x blotting buffer.  

Volume Reagent 

10 ml 10x blotting buffer 

70 ml dH2O 

20 ml methanol  

 

Table 29: Composition of 10x TBS buffer. pH was adjusted 7.6. 

Amount  Reagent 

6.0 g Tris base 

8.76 g NaCl  

Add to 100 ml dH2O 

 

Table 30: Composition of 1x TBS-T buffer. 

Volume Reagent 

100 ml 10x TBS buffer 

1 ml Tween20 (Sigma-Aldrich) 

Add to 1l dH2O 

 

Membranes were then incubated with a primary antibody o/N at 4°C. Mouse anti-

ARPC3 antibody (Becton Dickinson) or mouse anti-GAPDH (Epitope Biotech) were 

diluted 1:500 in 5% BSA in TBS-T. Rabbit anti-ARPC4 antibody (Sigma-Aldrich) was 

diluted 1:100. Membranes were washed three times in TBS-T before incubation with 

secondary goat anti-mouse HRP-conjugated antibody (Thermo Fischer Scientific) or 

goat anti-rabbit HRP-conjugated antibody (Thermo Fischer Scientific) diluted 1:5000 

in 5 % BSA in TBS-T (compare (73)). After washing twice, Pierce® ECL Western 

Blotting Substrate (Thermo Fischer Scientific) was added according to 

manufacturer’s instructions. “Chemiluminescence signals were detected in an 

iBright FL1000 visualization system (Invitrogen). Protein expression was semi 

quantitatively determined by measuring signal intensities of the specific protein 

bands using ImageJ® software (167) ” (73). 
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2.15 Statistical Analysis 

“Statistical analysis was performed using Graph Pad Prism (GraphPad Software Inc.). 

Data of experimental setups with more than two comparison groups were analyzed 

with one-way analysis of variance (ANOVA) and Dunnett’s post-hoc tests for 

multiple comparisons. The same analysis was also used to identify miRNAs with 

significant effects on the percentage of phagocytic cells and the phagocytic activity 

compared to NT-siRNA controls on individual plates of the screen using the raw data 

of the FACS analysis. For inter-plate data comparison, each miRNA value was 

normalized to the mean of the on-plate NT-siRNA control. Where appropriate and 

indicated, Geisser-Greenhouse correction for repeated measures was performed. 

Data of experimental setups with two experimental groups were analyzed using 

two-tailed Student’s t-test. Differences between experimental groups with a 

confidence level of 95% (p<0.05) were considered statistically significant”(73).
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3 Results 

3.1 Establishment and optimization of a miRNA high-content 

screening system in THP-1 macrophages 

3.1.1 THP-1 monocyte differentiation to macrophages 

For systematic identification of miRNAs involved in the regulation of phagocytosis, 

a cell-based assay to screen a complete library of human miRNA mimics was 

established (compare (73)). To ensure long-term reproducibility, the widely used 

THP-1 cell line was utilized as a model to study the phagocytic activity of human 

macrophages. For this, THP-1 monocytes (THP-1 Mo) were differentiated into a 

macrophage-like phenotype (THP-1 Mφ) using 100 nM PMA as described in 

section 2.1.4. Following treatment with PMA for 72 h, THP-1 cells evidenced typical 

macrophage characteristics such as plastic adherence and fully developed 

lamellipodia and filopodia (Figure 7A; compare (73)). By contrast, non-differentiated 

THP-1 Mo were non-adherent and exhibited a small rounded phenotype (Figure 7A; 

compare (73)). In addition, cell size and granularity of THP-1 Mφ were increased 

compared to THP-1 Mono as observed by flow cytometry analysis (Figure 7B; 

compare (73)).  
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Figure 7: Differentiation of THP-1 monocytes (THP-1 Mo) into a macrophage-like phenotype (THP-1 Mφ). 

Morphological differentiation of THP-1 Mo into THP-1 Mφ was observed by bright field microscopy. (A) 

Microscopic images were acquired with an AxioObserver Z1 microscope (Zeiss) using a 40x objective. Scale 

bars represent 20 µm. (B) Flow cytometry analysis. Density plots show cell size (FSC) and granularity (SSC) of 

THP-1 Mo and PMA-activated THP-1 Mφ populations. Plots from one representative of 6 independent 

experiments are shown. Image modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC 

BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

Functionality of THP-1 Mφ was assessed by phagocytosis of human-serum 

opsonized FITC-labeled latex beads using flow cytometry analysis. PMA-

differentiated THP-1 Mφ exhibited a significant higher population of FITC-positive 

cells (%FITC+ cells) compared to THP-1 Mo (58.3 ± 1.6 % vs 30.7 ± 3.8 %; p < 0.001; 

n=4, Figure 8A and B; compare (73)). In line with this, the phagocytic activity as 

indirectly measured by the mean FITC florescence intensity (MFI) of individual cells 

was significantly increased in THP-1Mφ (119.6± 10.5 vs 45.5± 0.9 A.U.; p < 0.001: 

Figure 8A and C; compare (73)). “Based on these results PMA-stimulated THP-1 

THP-1 MφTHP-1 MoB

A THP-1 Mo

THP1 -Macrophages

THP-1 Mφ
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were considered as a feasible model to screen for miRNAs that have an impact on 

the phagocytic activity of human macrophages” (73). 

 

 

Figure 8: Phagocytosis of serum-opsonized FITC-labeled beads by THP-1 Mo vs THP-1 Mφ. (A) 

Representative histogram plots after flow cytometry analysis and quantification of percentage of the 

phagocytic FITC+cells (B) and MFI FITC+ cells (C) across n=4 independent experiments. Bar charts indicate 

mean values and error bars indicate standard deviation (SD). Statistical analysis was performed using 

Student’s t-test (***: p < 0.001). Image modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed 

by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 
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3.1.2 MiRNA transfection optimization 

For screening purposes, miRNAs must be efficiently delivered into the cytoplasm of 

PMA-differentiated THP-1Mφ. To ensure this, the commercially available 

transfection reagents for small double-stranded RNAs Viromer® BLUE and 

Lipofectamine™ RNAiMAX were tested. THP-1 Mφ were transfected with siGLO®, a 

DY547-labeled double-stranded ribonucleic acid (dsRNA) molecule, in combination 

with one of the transfection reagents. Qualitative analysis of successfully 

transfected cells was performed by fluorescent microscopy. Cells transfected using 

Viromer® BLUE and control non-transfected cells did not show any DY547-

fluorescent signal (Figure 9; upper panel). By contrast, THP-1 Mφ transfected using 

the liposome-based transfection reagent Lipofectamine™ RNAiMax showed strong 

red DY547-fluorescent double-stranded RNA (dsRNA) spots (Figure 9; upper panel), 

suggesting successful transfection. To confirm this, functional intracellular delivery 

was assessed by transfecting an apoptosis-inducer siRNA (siDeath) in combination 

with one of the transfection reagents. Efficient functional transfection was 

determined using bright field microscopy. THP-1 Mφ transfected using 

Lipofectamine™ RNAiMax exhibited increased cell shrinkage and plasma membrane 

blebbing, indicating cell apoptosis (Figure 9; lower panel). By contrast, cells 

transfected using Viromer® BLUE and control non-transfected cells did not show any 

signs of apoptosis (Figure 9; lower panel).  
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Figure 9: Evaluation of suitable transfection reagents for small dsRNA molecules delivery in THP-1 Mφ. Cells 

were transfected with DY547-labeled dsRNA molecule siGLO® or apoptosis-inducing siRNA siDeath using 

either Viromer® BLUE or Lipofectamine™ RNAiMAx. Images for one representative experiment from n=6 

independent experiments are shown. Images were acquired an AxioObserver Z1 microscope (Zeiss) using a 

40x objective in bright field (BF) mode as well as in the red (DY547) and blue (Hoechst). Scale bars represent 

20 µm. 

 

In addition, cell death was assessed with the membrane impermeable DNA dye, 

propidium iodide (PI) to validate functional delivery of siDeath by 

Lipofectamine™ RNAiMAX. To this end, siDeath and a non-targeting siRNA (NT-

siRNA) control transfected cells were stained with PI and Hoechst and analyzed 

using fluorescent microscopy and subsequent image analysis. SiDeath transfected 

THP-1 Mφ showed a 2.7-fold increase in PI-positive cells (PI+ cells) compared to cells 

transfected with the NT-siRNA control (94.7 % ± 4.9 vs 35.1 % ± 4.6; p < 0.001; 

Figure 10A and B). Taking together, these results demonstrate successful and 

functional delivery of dsRNA molecules into the cellular cytoplasm by 

Lipofectamine™ RNAiMax. Consequently, Lipofectamine™ RNAiMax was selected 

for further transfection experiments. 
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Figure 10:  Functional transfection using Lipofectamine™ RNAiMAX.  THP-1 Mφ were transfected with 

siDeath using Lipofectamine™RNAiMAX and incubated for 72 h. (A) Cells were stained with PI (red; dead cells 

or cells with damaged membranes) and Hoechst (blue; nuclei of all cells). Images were acquired with a Zeiss 

AxioObserver.Z1 microscope using the 10x objective in bright field (BF) mode as well as in the red (PI) and 

blue (Hoechst) fluorescence channels. Scale bars represent 100 µm. (B) Quantification of the percentage of 

PI+ cells. For each sample, PI+ cells were normalized to total cell number (Hoechst+ cells). Bar charts show 

mean and SD from n=3 independent experiments. Statistical analysis was performed using Student’s t-test 

(**: p < 0.01). 

 

Next, the impact of the transfection protocol on phagocytosis of THP-1 Mφ was 

assessed (compare (73)). For this purpose, cells were transfected with a control NT-

siRNA and phagocytosis of serum-opsonized latex beads was analyzed after 72 h. No 

difference in percentage or MFI of FITC+ phagocyting cells between non-transfected 

and NT-siRNA transfected THP-1 Mφ was observed (Figure 11) indicating that the 

transfection protocol does not alter the functional capacity of THP-1 Mφ to 

phagocytose (compare (73)). As a functional control for phagocytosis, the actin 

polymerization inhibitor cytochalasin D (CytoD) was used. Treatment with CytoD 

significantly reduced percentage of phagocytic THP-1 Mφ (% FITC+ cells) and its 
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phagocytic activity (MFI FITC+) compared to non-transfected cells (Figure 11; 

compare (73)). 

 

 

Figure 11: Effect of the transfection protocol on phagocytosis of THP-1 Mφ. PMA-activated THP-1 Mφ were 

transfected either with a NT-siRNA or mock transfected (non-transfected). As a functional control, CytoD was 

added to NT-siRNA transfected cells 30 min prior to phagocytosis assay. Percentage of phagocytic cells 

(% FITC+ cells; A) and their phagocytic activity (MFIFITC+ cells; B) was quantified by flow cytometry after 1 h 

incubation with human serum-opsonized latex beads. Bar charts show mean with standard deviation (SD). 

Statistical analysis was performed using One-way ANOVA followed by and Dunnett’s post-hoc tests (n.s.: not 

significant; **: p < 0.01). Image modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC 

BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

3.1.3 Downscaling of the established transfection protocol to a 96-well 

high-content screening format 

Following the establishment of the workflow to generate and transfect THP-1 Mφ 

(Figure 12), the procedure was adjusted and scaled down to a 96-well format. A 

standard operation procedure (SOP) was established that allows screening of a 

library containing all currently known, human miRNAs for their impact on 
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phagocytosis. The developed SOP takes into account different incubation and 

measuring times, making it technically feasible for one person to handle multiple 

plates at the same time, thereby reducing the overall time required for the screen.  

 

Figure 12: Workflow for miRNA screening. Following PMA-activation of THP-1 Mo to THP-1 Mφ, cells were 

transfected with the corresponding miRNA mimic or control and incubated for 72 h. For phagocytosis assays, 

cells were incubated with human serum-opsonized FITC-labeled latex beads at a bead to cell ratio of 10:1 for 

1 h, stained by PI and analyzed by flow cytometry. Image modified from Herdoíza-Padilla et al., 2019 (73) 

adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

Stringent quality control and comparison of data between different plates of the 

screen was ensured by various controls on each plate of the screen. These controls 

included; non-transfected cells, two non-targeting miRNAs mimics from different 

species (see section 2.3.1) and CytoD treatment as a functional control for 

phagocytosis. As functional positive transfection control, siDeath was used. The NT-

siRNA, used for protocol establishment and optimization, was also transfected on 

each plate and served as a normalization control to allow inter-plate comparison. 

Moreover, an AF647-labeled non-targeting siRNA was co-transfected with each 

miRNA mimic to control for transfection efficiency. 

For the primary screen a total of 2566 miRNA mimics were tested in technical 

triplicates. To avoid positional effects, controls and miRNA mimics were placed 

randomly on each plate (see Figure 5). By completion of the screen, more than 180 

plates were manually prepared and measured.  
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3.1.4 Gating strategy of miRNA high-content screen 

The main read-out of the miRNA screen was phagocytosis of serum-opsonized FITC-

labeled latex beads. Additionally, PI staining was performed to allow exclusion of 

dead cells or cells with a damaged membrane. To quantify the effect of miRNAs on 

phagocytosis, flow cytometry data was analyzed using the gating strategy shown in 

Figure 13. A homogenous population of THP-1 Mφ was gated by granularity (side 

scatter; SSC) and size (forward scatter; FSC). This cell population was separated into 

PI-positive (PI+) cells with a damaged membrane and viable PI-negative (PI-) cells. 

Viable PI- cells were then gated for positive transfection using fluorescence of the 

co-transfected, AF647-labeled NT-siRNA. Phagocytosis was then analyzed as the 

percentage of phagocytic cells that contained FITC-labeled beads and mean 

fluorescence intensity of the FITC+ cells in the PI- AF647+ population (Figure 13; 

compare (73)). 

 

 

Figure 13: Gating strategy for high-content miRNA screen.  “Activated THP-1 Mφ were identified by forward 

(FSC) and side (SSC) scatter and viable cells were selected by PI exclusion. Viable (PI-) cells were analyzed for 

successful transfection by positive AF647-staining (AF647+) of the control siRNA. Within the PI-, AF647+ 

population, phagocytic cells were identified using the FITC signal of fluorescent latex beads” (73). Image 

modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

3.2 Results of the high-content miRNA screen 

The flow cytometry data obtained from all plates of the screen was analyzed as 

described in section 3.1.4 and control-normalized to obtain mean fold-change and 
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standard deviation (SD) of the percentage and MFI of FITC+ cells for each miRNA 

(Figure 14A and B).  

To identify highly significant and robust miRNAs hits, stringent cut-off criteria were 

set for the control-normalized mean fold-change and their corresponding p-value. 

Thus, “potential hits were changes in the proportion of phagocytic cells (% of FITC+ 

cells) and/or their phagocytic activity (MFI of FITC+ cells) by at least 20 % with a 

probability of error of 1 %, i.e. a fold-change of phagocytic cells or MFI of ≤ 0.8 or ≥ 

1.2 at p-value ≤ 0.01 compared to the NT controls ” (73) (Figure 15). Of the 2566 

miRNAs screened, 95 miRNAs significantly (p≤0.01) enhanced or reduced the 

percentage of phagocyting cells (% FITC+ cells; 27 miRNAs), their phagocytic activity 

(MFI FITC+; 39 miRNAs) or both parameters (29 miRNAs; compare (73)). These 95 

miRNAs mimics were selected for validation in a secondary screen (compare (73)). 
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Figure 14: Inter-plate comparison of the effect of all 2566 miRNAs mimics on phagocytosis of FITC-labeled, 

opsonized latex beads. Bar charts are mean fold change and SD of the phagocytic cells (% FITC+ cells; A) and 

phagocytic activity (MFI FITC+ cells; B) of technical triplicates for each miRNA mimic, normalized to the mean 

of the on-plate NT-siRNA control, which was set to 1. Bars are ranked according to the extent of the effect 

(fold-change). 
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Figure 15: Volcano plots of p-value over fold-change of the different read-outs of primary screen data.  The 

fold-change and p-value of each miRNA mimic on the percentage of FITC+ cells (phagocytic cells; A) and the 

MFI FITC+ cells (phagocytic activity; B) was calculated from raw data using one-way ANOVA with Dunnett’s 

post analysis to adjust p-values for multiple comparisons. NT-siRNA-transfected cells were set as control 

condition (dotted line; fold-change=1). Each dot represents one miRNA. Horizontal dotted line indicates 

p=0.05. Blue lines indicate set cut-off values (p ≤ 0.01 AND fold change ≤0.8 or ≥1.2) to select miRNA hits for 

further validation. MiRNA mimics reducing the fold-change are marked in red, miRNAs enhancing the fold-

change are marked in green. Image modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by 

CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

3.3 Results of the validation screen 

MiRNAs that were selected for validation as specified in section 3.2 were screened 

again for both read-outs under identical experimental settings and analysis as in the 

primary screen. Results of the validation screen are plotted in Figure 16A and B 
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(detailed information in Supplementary Table 1). Only highly significant miRNAs (p-

value ≤0.01) that showed a reproducible effect on fold change (≤0.80 or ≥1.20) on 

both (primary and validation) screens were considered as validated hits (Figure 17A; 

compare (73)). Out of the 95 miRNAs selected from the primary screen, 5 miRNAs 

were validated for their impact on the percentage of phagocyting cells (% FITC+ cells) 

and 6 miRNAs for their modulating effect on phagocytic activity (MFI FITC+ cells). The 

percentage of phagocytic cells was affected reproducibly by miR-6793-5p, miR-

6794-3p, miR-455-5p and miR-8078 whereas miR-4484, miR-490-5p, miR-595, miR-

6798-5p and miR-3939 consistently had an impact on phagocytic activity 

(Figure 17B; compare (73)). The only miRNA that showed a robust and reproducible 

reduction of both parameters was miR-124-5p (Figure 17B; compare (73)). 
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Figure 16: Inter-plate comparison of the effect of the 95 miRNA mimics on phagocytosis of FITC-labeled, 

opsonized latex beads in the validation screen. Bar charts are mean fold-change and SD of the phagocytic 

cells (% of FITC+ cells; A) and phagocytic activity (MFI FITC+ cells; B) of technical triplicates for each miRNA 

mimics, normalized to the mean of the on-plate NT-siRNA control, which was set to 1. Bars are “ranked 

according to the extent of the effect (fold-change)” (73). Image modified from Herdoíza-Padilla et al., 2019 

(73) adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 
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Figure 17: Validated miRNAs. (A) Scheme showing selection criteria to identify miRNAs that robustly and 

reproducibly modulated THP-1 Mφ phagocytic behavior. (B) Venn diagram showing validated miRNAs for 

each read-out parameter. MiRNAs validated for downregulation of the corresponding parameter are shown 

in red. MiRNAs validated for upregulation of the corresponding parameter are shown in green. Image 

modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/), see Note1. 
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3.4 Characterization of miRNA screen hits: MiR-124-5p 

3.4.1 MiR-124-5p significantly decreases phagocytosis of opsonized latex 

beads and bacteria in THP-1 Mφ 

The significant and robust reduction in percentage of phagocytic cells and 

phagocytic activity by miR-124-5p, observed in both screens, were validated and 

analyzed in more detail in further experiments (compare (73)). “This confirmed the 

results of the screen. Upon transfection with miR-124-5p, the percentage of FITC+ 

cells were reduced significantly compared to NT-siRNA transfected cells 

(13.9  13.1 % vs 30.1  19.2 %; p=0.002; (Figure 18A)). Likewise, the number of 

phagocytic cells was also reduced significantly by CytoD treatment (7.4  3.6 %; 

p=0.020). Similarly, MFI was reduced significantly by both CytoD (38.2  21.7; 

p < 0.001; Figure 18B) and miR-124-5p transfection (43.9  22.3; p=0.015) 

compared to NT-siRNA transfected cells (60.4  27.4)” (73). 
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Figure 18: MiR-124-5p decreases phagocytosis of opsonized latex beads. “Phagocytosis of FITC-labeled, 

serum-opsonized latex beads by PMA-activated THP-1 Mφ treated with NT-siRNA, CytoD or miR-124-5p as 

percentage of phagocytic cells (% FITC+ cells; A), phagocytic activity (MFI FITC+ cells; B) and viability (% PI- 

cells; C) across n=6 independent experiments” (73). Bar chats indicate mean value ± SD. “Statistical analysis 

was performed using repeated measures, one-way ANOVA with Geisser-Greenhouse correction. Dunnett’s 

post analysis was used to calculate p-values adjusted for multiple comparisons with the NT set as control 

condition (*: p < 0.05; **: p < 0.01: ***: p < 0.001)” (73). Image modified from Herdoíza-Padilla et al., 2019 

(73) adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

Although “the percentage of PI- cells was not affected by treatment with miR-124-

5p or CytoD (Figure 18C), a slight, yet significant increase in PI signal intensity was 

observed in PI- cells treated with miR-124-5p compared to the NT-siRNA treated 

controls” (73) (data not shown). Thus, FACS data was reassessed with a modified 

gating strategy analyzing cells by plotting forward scatter over PI-intensity 

(Figure 19A). This revealed that the cells previously considered PI- were actually 

divided in two distinct subpopulations: one with a large FSC and low PI staining 

(PIlow) and a second one with a smaller FSC and a slightly increased PI-staining (PIint). 

Both populations were distinct from a third population with high PI staining (PIhi), 

which consisted of the PI+ population in the gating strategy of the screen. All three 

population were also observed in cells transfected with NT-siRNA although in 
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different relative abundances (data not shown). In previous studies, cell populations 

with a similar PI-staining profile were identified and shown to be pre-apoptotic cells 

(135). This suggests that treatment with miR-124-5p (and CytoD) may have a slight 

pro-apoptotic effect (compare (73)).  

In order to check for differences with respect to the effects on phagocytosis 

between the PIlow and PIint cells, both populations were analyzed separately for the 

percentage of phagocytic cells and their activity (Figure 19B). In the PIlow population, 

the percentage of phagocytic cells (% FITC+ cells: 20.5  20.2 % vs 33.9  22.8 %; 

p=0.001) as well as the phagocytic activity (MFI FITC+ cells: 52.2  25.7 vs 63.8  28.8; 

p=0.012) was reduced significantly by transfection with miR-124-5p compared to 

NT-siRNA controls. A similar reduction in the percentage of FITC+ cells (9.4  7.7 % 

vs 19.9  15.4 %; p=0.028) and their MFI (43.1  22.0 vs 75.9  49.4; p=0.069) by 

miR-24-5p was observed in the PIint population. In fact, even amongst the PIhi 

population both the percentage of phagocytic cells as well as their MFI was reduced 

by transfection with miR-124-5p (data not shown). This suggests that, despite a 

slight pro-apoptotic effect, miR-124-5p genuinely reduces the number of phagocytic 

cells and the phagocytic activity of PMA-treated THP-1 macrophages since this effect 

can be observed in all PI subpopulations. 
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Figure 19: PI staining separates PMA-activated THP-1 Mφ into distinct PIlow, PIint and PIhi populations that 

show similar reduction in phagocytosis following transfection with miR-124-5p. (A) Representative density 

plots showing FSC over PI intensity of THP-1 Mφ following transfection with control NT-siRNA or miR-124-5p. 

(B) Quantification of the percentage of FITC+ cells and MFI FITC+ cells in the PIlow (left panels) and PIint  (right 

panels) populations across n=6 independent experiments. Bar charts show mean and SD. Statistical analysis 

of data was performed using one-way ANOVA with Geisser-Greenhouse. Dunnett’s post analysis was used to 

calculate p-values adjusted for multiple comparisons with the NT-siRNA set as control condition (*: p < 0.05; 

**: p < 0.01). 

 

For better characterization of the miR-124-5p pro-apoptotic effect and its impact on 

phagocytosis, additional experiments were performed. Since phosphatidylserine 

exposure on the outer leaflet of the cytoplasmic membrane is a characteristic trait 

of apoptotic cells  (169), Annexin V staining of phosphatidylserine in combination 

with PI staining was used to discriminate between early (Annexin V+/PI-) and late 

(Annexin V+/PI+) apoptotic cells in miR-124-5p or NT-siRNA transfected THP-1 Mφ. 
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Additionally, apoptosis was blocked by using the broad-spectrum caspase inhibitor 

Z-VAD-FMK. Annexin V and PI staining revealed a population shift of THP-1 Mφ from 

Annexin V-/PI- to Annexin+/PI+ after miR-124-5p treatment compared to NT-siRNA 

(Figure 20A) and a significant reduction in the percentage of viable cells 

(% AnnexinV-/PI- cells: 57.2 ± 4.1% vs 83.9 ± 1.1 %; p=0.008; Figure 20B left panel). 

This shift was not observed when apoptosis was inhibited in miR-124-5p or NT-siRNA 

treated cells (Figure 20A and B right panel). For all conditions, phagocytosis was 

analyzed in Annexin V-/PI- viable cells. Treatment with the caspase inhibitor slightly 

reduced the percentage of phagocytic cells in NT-siRNA control treated cells 

(19.5 ± 2.0 % vs 11.0 ± 2.4%; Figure 20B middle panel). More importantly, even in 

the presence of Z-VAD-FMK, miR-124-5p significantly reduced the population of 

phagocytic cells (% FITC+ cells: 7.4 ± 1.3 % vs 11.0 ± 2.4 %; p=0.04; Figure 20B 

middle panel). The reduction in phagocytic activity was only observed as trend (MFI 

FITC+ cells: 71.3 ± 2.1 vs 75.3 ± 0.6; p=0.10; Figure 20B right panel). Together, these 

results suggest that miR-124-5p at least partially inhibits phagocytosis by a pathway 

that is not linked to apoptosis. 
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Figure 20: MiR-124-5p effect on phagocytosis is independent of its pro-apoptotic effect. (A) Representative 
density plots showing PI against Annexin V stained THP Mφ. Cells were treated with miR-124-5p or NT-siRNA 
and with or without Z-VAD-FMK caspase inhibitor (inhib). (B) Quantification of % Annexin V-/PI- cells (right 
panel), % FITC+ cells of Annexin V-/PI- cells (middle panel) and MFI FITC+ cells (right panel) across n=3 
independent experiments. Bar charts show mean and SD. For statistical analysis of data one-way ANOVA with 
Geisser-Greenhouse correction was performed. Dunnett’s post analysis was used to calculate p-values 
adjusted for multiple comparisons with the NT-siRNA or NT-siRNA inhib set as control condition (*: p < 0.05; 
**: p < 0.01; ***: p < 0.001). 
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miR-124-5p compared to the NT-siRNA control (2.1± 1.7x102 CFU/ml vs. 23 ± 1.1x102 

CFU/ml; p<0.05; Figure 21A; compare (73)). Similar observations were made for the 

phagocytosis of E. coli (1.2 ± 0.5x105 CFU/ml vs 3.3 ± 1.2x105CFU/ml; p=0.06; 

Figure 21B; compare (73)) and L. monocytogenes (7.1 ±3.8x103 CFU/ml vs 17.5 ± 

2.1x103 CFU/ml; p=0.1; Figure 21C). These effects did, however, not reach statistical 

significance. “As expected, treatment with CytoD significantly reduced intracellular 

bacteria” (73). Collectively, these results indicate that the downregulation of 

phagocytosis by miR-124-5p is not limited to serum-opsonized latex beads but is 

also observed for different non-opsonized live bacteria.  

 

 

Figure 21: Transfection with miR-124-5p reduces phagocytosis of live bacteria in PMA-activated THP-1 Mφ. 

Phagocytosis of live L. lactis (A), E. coli  (B) or L. monocytogenes (C) in “the same experimental setup assessed 

as intracellular colony forming units (CFU/ml) by gentamicin protection assay (n=3-4 independent 

experiments)” (73). CytoD pretreated cells were used as negative control for phagocytosis. “Statistical 

analysis was performed using repeated measures, one-way ANOVA with Geisser-Greenhouse correction. 

Dunnett’s post analysis was used to calculate p-values adjusted for multiple comparisons with the NT-siRNA 

set as control condition” (73) (*: p < 0.05; **: p < 0.01). Image modified from Herdoíza-Padilla et al., 2019 (73) 

adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 
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3.4.2 MiR-124-5p target identification 

To identify mRNA-targets of miR-124-5p, twelve online target prediction databases 

were compared using miRWalk2.0 (39). A total of 57204 mRNA transcripts were 

predicted as putative 3’UTR targets of miR-124-5p (compare (73)). Functional KEGG 

pathway enrichment analysis of miR-124-5p putative targets revealed genes 

involved in “Pathways in cancer”, “Wnt signaling” and “regulation of the actin 

cytoskeleton” to be significantly over-represented amongst the predicted targets of 

miR-124-5p (Table 31; compare (73)). From these three pathways, the most crucial 

mechanism required for phagocytosis is the reorganization and “regulation of the 

actin cytoskeleton” (17, 161) (compare (73)). 

 

Table 31: Functional pathway enrichment amongst the predicted targets of miR-124-5p. All significant 

pathways predicted by miRWalk2.0 are shown. Statistical significance and pathway enrichment were 

computed by miRwalk2.0 based on Fisher’s exact test and adjusted for multiple testing (39). Table modified 

from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/), see Note1. 

Functional Pathway Genes predicted as 
putative targets  

Genes in the given 
pathway 

Adjusted 
p-value 

Pathways in cancer 313 330 0.0006 

Wnt signaling 147 152 0.0101 

Regulation of the actin cytoskeleton 202 212 0.0138 

Axon guidance 125 129 0.0273 

Chemokine signaling 180 189 0.0374 

Insulin signaling 134 139 0.0387 

 

3.4.3 Lamellipodia and filopodia formation is determined by miR-124-5p. 

To investigate the impact of miR-124-5p on the actin cytoskeleton, THP-1 Mφ were 

again transfected with either miR-124-5p or the control NT-siRNA (compare (73)). 

72 h after transfection, cells were analyzed for cell morphology and organization of 

the cytoskeleton by staining actin filaments using Alexa-488-conjugated phalloidin 

and fluorescent microscopy. Compared to the NT-siRNA control (Figure 22A and B), 

miR-124-5p transfected THP-1 Mφ showed altered round morphology with less 

defined actin filaments and thus reduced cellular protusions, i.e. lamellipodia and 
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filopodia (Figure 22E and F; compare (73)). This phenotype was similar to the CytoD 

treated control, in which actin polymerization of actin filaments is inhibited 

(Figure 22C and D; compare (73)).  

 

 

Figure 22: Fluorescent microscopy of phalloidin-stained actin in THP-1 Mφ. Cells were treated with NT-

siRNA alone (A and B), in combination with CytoD (C and D) or with miR-124-5p alone (E and F) and stained with 

Alexa Fluor 488-conjugated phalloidin (green; filamental actin) and Hoechst (blue; cell nuclei). Images were 

acquired with a Zeiss AxioObserver.Z1 microscope using the 100x objective and the green (Alexa Fluor 488-

conjugated phalloidin) and blue (Hoechst) fluorescence channels (compare (73)). Scale bars represent 10 μm.  

 

3.4.4 RT-qPCR for miR-124-5p predicted targets 

Since lamellipodia and filopodia formation as well as actin polymerization dynamics 

are directly regulated by the ARP2/3 complex, genes encoding for the seven 

subunits of the ARP2/3 complex were manually searched in the list of potential miR-

124-5p targets obtained through database comparison by miRWalk2.0 (39) 

(compare (73)). All seven ARP2/3 subunits (ARPC1A/ARPC1B, ARPC2, ARPC3, ARPC4, 

ARPC5/ARPC5L, ACTR2 and ACTR3) were predicted as miR-124-5p targets. Thus, 
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mRNA transcript levels of genes encoding for ARP2/3 subunits were analyzed by 

qRT-PCR (Figure 23; compare (73)). A significant reduction in relative expression of 

ARPC1A, ARPC1B, ARPC2, ARPC3, ARPC4 and ACTR2 in miR-124-5p transfected THP-

1 Mφ compared to NT-siRNA transfected controls suggested that these genes might 

be indeed targets of miR-124-5p (compare (73)). 
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Figure 23: Transcriptional analysis of genes encoding ARP2/3 subunits. THP-1 Mφ were transfected with 

either miR-124-5p or NT-siRNA control. Values are relative expression normalized to GAPDH transcript levels. 

Bar charts show means and SD for n=3 independent experiments. Statistical analysis was performed using 

Student’s t-test (*: p < 0.05; **:  p < 0.01: ***: p < 0.001). Image modified from Herdoíza-Padilla et al., 2019 

(73) adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 
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3.4.5 ARPC3 and ARPC4 are direct targets of miR-124-5p 

To experimentally test if the reduction in expression of the ARP2/3 subunits genes 

is caused by direct interaction of miR-124-5p with the respective mRNAs, luciferase 

reporter assays were performed (compare (73)). To this end, potential binding sites 

for the miR-124-5p seed region in ARPC1A, ARPC1B, ARPC2, ARPC3, ARPC4 and 

ACTR2 mRNAs were retrieved from the respective databases (Table 32). These 

binding sequences were cloned into the 3’UTR of a firefly luciferase gene encoded 

in the pmirGLO® Dual Luciferase reporter vector (compare (73)). For luciferase 

activity assays, HEK-293 cells were co-transfected with either the miR-124-5p or the 

NT-siRNA control and a pmirGLO® derivative containing a potential miR-124-5p 

binding site. 72 h upon transfection, luciferase activity was measured. No significant 

difference in relative luciferase activity was detected for cells transfected with 

pmirGLO® harboring the potential binding sites of ARPC1A, ARPC1B, ARPC2 and 

ACTR2 binding sites in combination with miR-124-5p or NT control siRNA 

(Figure 24A-D; compare (73)). However, significant decrease in relative luciferase 

activity was measured in cells co-transfected with pmirGLO® harboring ARPC3 or 

ARPC4 binding sites and miR-124-5p compared to NT-siRNA control (Figure 25A 

and C; compare (73)). Furthermore, when cells were co-transfected with a 

pmirGLO® harboring mutated ARPC3 and ARPC4 binding sites and the miR-124-5p, 

no significant decrease in luciferase activity was observed (Figure 25B and D; 

compare (73)). Collectively, these results suggest that ARPC3 and ARPC4 may be 

directly regulated by binding of miR-124-5p via its seed sequence. 
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Table 32: “Predicted binding sites of miR-124-5p in potential target genes cloned into a pmirGlo® Dual 

Luciferase miRNA target expression vector” (73). Table modified from Herdoíza-Padilla et al., 2019 (73) 

adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

Gene Target sequence Location1 𝚫G [°C]2 Database 

ARPC1A CAACAUGUCUGCCAUGGAACGCU 1009-1031 (CDS)  -22.4 RNA22 v2.0 

ARPC1B AACAAGUUUGCUGUGGGCAGCG  634-655 (CDS) -28.1 RNA22 v2.0 

ARPC2 AAGCGGCUGGCAACUGAAGGCUGG
AACACUUGCUACUG 

993-1025 (3’-UTR) -23.5 miRmap 

ARPC3 UGUGAAGAGACAGUUCAUGCGUAA 583-604  (CDS) -13.8 STarMir 

ARPC4 GAAAAGGUUCUGAUUGAGGGCU 237-258  (CDS) -19.4 RNA22 v2.0 

ACTR2 GGUGAUGAGGCAAGUGAAUUACG 260-283 (CDS) -16.5  miRWalk2.0 

 

“1 Position of predicted binding motifs with nucleotides numbers and its location in the coding sequences 

(CDS) or 3’ untranslated region (3’UTR) of target mRNA.  

2 Binding energy of the interaction with miR-124-5p and the respective target sequence predicted by the 

STarMir algorithm” (73). 
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Figure 24: Dual Luciferase assays indicate no interaction of miR-124-5p to its predicted binding sequence 

in ARPC1A (A), ARPC1B (B), ARPC2 (C) and ACTR2 (D). HEK-293 cells were co-transfected with miR-124-5p or 

NT-siRNA control and the pmirGLO® reporter plasmid harboring miR-124-5p predicted binding sites for the 

corresponding mRNAs. To obtain normalized firefly luciferase activity in relative luminescence units (RLU), 

the ratio between firefly and constitutively Renilla activity was calculated per well following normalization to 

the mean ratio of cells transfected with NT-siRNA. MiR-124-5p binding to predicted sites was modeled by 

STarMir (158). MiR-124-5p seed sequence is marked in red. Bar charts show mean values and SD of n=3 

independent experiments. Statistical analysis was performed using Student’s t-test. Image modified from 

Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/), see Note1. 
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Figure 25: Dual Luciferase assay indicates interaction of miR-124-5p to its predicted binding sequence in 

ARPC3 (A and B) and ARPC4 (C and D). HEK-293 cells were co-transfected with miR-124-5p or NT-siRNA 

control and the pmirGLO® reporter plasmid harboring miR-124-5p predicted binding sites for ARPC3 (A), 

ARPC4 (C) or harboring a mutated binding site (B and D). To obtain normalized firefly luciferase activity in 

relative luminescence units (RLU), the ratio between firefly and constitutive Renilla activity was calculated 

per well following normalization to the mean ratio of cells transfected with NT-siRNA. MiR-124-5p binding to 

predicted sites was modeled by STarMir (158). MiR-124-5p seed region is marked in red. Bar charts show 

mean values and SD of n=3 independent experiments. Statistical analysis was performed using Student’s t-

test (*: p < 0.05; ***: p < 0.001). Image modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed 

by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 
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3.4.6  MiR-124-5p reduces ARPC3 and ARPC4 protein expression  

In addition to transcriptional analysis and luciferase reporter assays, western blot 

analysis for ARPC3 and ARPC4 protein was performed on extracts of THP-1 Mφ 

transfected with miR-124-5p or NT-siRNA. Expression of ARPC3 protein was clearly 

detectable in NT- treated cells (Figure 26A) and showed significant reduction by 

70%, close to the limit of detection in miR-124-5p-transfected cells ( 1 ± 0.19 vs 

0.30 ± 0.07 fold change; p < 0.004; Figure 26B; compare (73)). Similarly, expression 

of ARPC4 was significantly reduced by 37 % in THP-1 Mφ transfected with miR-124-

5p compared to NT-siRNA control (1 ± 0.07 vs 0.63 ± 0.08; p=0.005; Figure 26C 

and D; compare (73)). 
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Figure 26: MiR-124-5p transfection reduces ARPC3 and ARPC4 protein levels in THP-1 Mφ extracts. One 

representative western blot showing ARPC3 (A; 21 kDa) and ARPC4 (C; 20 kDa) protein levels in crude extracts 

of THP-1 Mφ after 72 h of transfection with miR-124-5p or NT-siRNA. Signal intensities for ARPC3, ARPC4 and 

GAPDH were quantified using Image J (167) analysis software. Relative expression was calculated by 

normalizing ARPC3 (B) or ARPC4 (D) intensity to mean intensity of the GAPDH signal (36 KDa) that was used 

as control. Bar charts are mean and SD of western blots on extracts from n=3 independent experiments. 

Statistical analysis was performed using Student’s t-test (**:  p < 0.01). Image modified from Herdoíza-Padilla 

et al., 2019 (73) adaptation is allowed by CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), 

see Note1. 

 

3.4.7 MiR-124-5p transcriptional analysis   
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investigated by a specific qRT-PCR” (73). In THP-1 Mo and Mφ, miR-124-5p 

expression levels were generally low and no significant difference was observed 

between THP-1 Mo and  Mφ (0.037 ± 0.028 vs. 0.021 ± 0.018; p=0.49; Figure 27A; 

compare (73)).  
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Additionally, miR-124-5p expression was analyzed in ex vivo generated human 

monocyte-derived macrophages that display low phagocytosis of bacteria and 

serum-opsonized beads (GM-Mφ) as well as in ex vivo generated macrophages with 

higher phagocytic activity (M-Mφ) (25, 101, 136). MiR-124-5p expression was clearly 

detectable in GM- Mφ of all donors (0.068 ± 0.038) but was below the detection 

limit in M-Mφ of the same individuals (Figure 27B; compare (73)).  

 

 

Figure 27: Relative miR-124-5p expression in THP-1 Mo and Mφ (A) and in human primary macrophages 

(B). Relative expression of miR-124-5p was calculated by normalization to miR-93-3p levels. Bar charts show 

mean and SD of RNA samples of n=3 independent experiments (A) or n=7 human donors (B; n.d.: not 

detected). Data of Figure 27A was analyzed using Student’s t-test (n.s.: not significant). Image modified from 

Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/), see Note1.  
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3.5 Characterization of miRNA screen hits: MiR-6793-5p 

3.5.1 MiR-6793-5p significantly increases phagocytosis of opsonized latex 

beads and bacteria in THP-1 Mφ 

MiR-6793-5p was identified in the screen to significantly increase the percentage of 

phagocytic cells. A robust, yet not significant, increase in phagocytic activity, was 

also observed. Further additional experiments confirmed the results of the screen 

(compare (73)). The percentage of FITC+ cells and, in this case also, their MFI was 

significantly increased in miR-6793-5p transfected THP-1 Mφ compared to NT-siRNA 

transfected cells (% FITC+ cells: 42.17   4.84 vs 29.85  4.92; p=0.0005; Figure 28A; 

MFI FITC+ cells: 19.09  8.91 vs 14.39  5.84; p=0.048; Figure 28B; compare (73)). In 

contrast, the percentage of FITC+ cells and the corresponding MFI were reduced 

significantly after treatment with the actin polymerization inhibitor CytoD. 

Treatment with miR-6793-5p or CytoD did not affect the percentage of PI- cells 

(Figure 28C) indicating that viability of the cells is not affected. 
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Figure 28: MiR-6793-5p increases phagocytosis of opsonized latex beads. Phagocytosis of FITC-labeled, 

serum-opsonized latex beads by PMA-activated THP-1 Mφ treated with NT-siRNA, CytoD or miR-6793-5p as 

percentage of phagocytic cells (% FITC+ cells; A), phagocytic activity (MFI FITC+ cells; B) and viability (% PI- 

cells; C). Bar charts show mean and SD of n=5 independent experiments. Statistical analysis was performed 

using repeated measures, one-way ANOVA with Geisser-Greenhouse correction. Dunnett’s post analysis was 

used to calculate p-values adjusted for multiple comparisons with the NT set as control condition (*: p < 0.05: 

**: p < 0.01: ***: p < 0.001). Image modified from Herdoíza-Padilla et al., 2019 (73) adaptation is allowed by 

CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), see Note1. 

 

In a next step, the impact of miR-6793-5p on phagocytosis of different pathogenic 

and commensal bacteria was analyzed (Figure 29A-C). A statistically significant 

increase in phagocytosis of L. lactis was observed in miR-6793-5p transfected THP-

1 Mφ compared to NT-siRNA control transfected cells (10.4 ± 1.9x104 CFU/ml vs. 

5.5± 1.2x104 CFU/ml; p=0.03; Figure 29A). Likewise, phagocytosis of E. coli (2.9 

± 0.1x105 CFU/ml vs 1.9 ± 0.2x105CFU/ml; p=0.03; Figure 29B) and 

L. monocytogenes (18.1 ± 1.9x103 CFU/ml vs 5.9 ± 0.8 x103 CFU/ml; p=0.02, 

Figure 29C) were also significantly enhanced in miR-6793-5p treated cells compared 

to NT-siRNA control. Treatment with CytoD, significantly reduced phagocytosis of all 

bacteria. Together, these results suggest that increase in phagocytosis by miR-6793-
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5p is not restricted to serum-opsonized latex beads but is also observed for different 

non-opsonized live bacteria. 

 

 

Figure 29: Transfection with miR-6793-5p increases phagocytosis of live bacteria in PMA-activated THP-1 

M. Phagocytosis of live L. lactis (A), E. coli (B) or L.monocytogenes (C) “in the same experimental setup 

assessed as intracellular colony forming units (CFU/ml) by gentamicin protection assay of (n=3-4 independent 

experiments)” (73). CytoD pretreated cells were used as negative control for phagocytosis. Statistical analysis 

was performed using repeated measures, one-way ANOVA with Geisser-Greenhouse correction. Dunnett’s 

post analysis was used to calculate p-values adjusted for multiple comparisons with the NT-siRNA set as 

control condition (*: p < 0.05; **: p < 0.01). 
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The obvious changes in cytoskeleton architecture observed with miR-124-5p 
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visible increase in formation of cell protusions, i.e. lamellipodia and filopodia, 

compared to the NT-treated cells (Figure 30A and B). These results suggest 

involvement of miR-6793-5p in the regulation of cytoskeleton dynamics. 

 

 

Figure 30: Fluorescent microscopy of phalloidin-stained actin in THP-1 Mφ. Cells were treated with NT-

siRNA alone (A and B), in combination with CytoD (C and D) or with miR-6793-5p alone (E and F) and stained 

with Alexa Fluor 488-conjugated phalloidin (green; filamental actin) and Hoechst (blue; cell nuclei). Images 

were acquired with a Zeiss AxioObserver Z1 microscope using the 100x objective and the green (Alexa Fluor 

488-conjugated phalloidin) and blue (Hoechst) fluorescence channels. Scale bars represent 10 μm.  

 

3.5.3 MiR-6793-5p target identification 

To identify targets of miR-6793-5p, twelve online target prediction databases were 

compared using miRWalk2.0 (39). 61019 mRNA transcripts were predicted as 

putative 3’UTR targets of miR-6793-5p. Functional pathway enrichment by 

miRWalk 2.0 (39) showed no statistical significance for phagocytosis relevant 

pathways. For this reason, Gene Ontology (GO) analysis of miR-6793-5p targets was 

performed. This analysis revealed proteins associated to actin-cytoskeleton 
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organization as well as GTPases activity and their regulation to be significantly over-

represented amongst the predicted targets of miR-6793-5p (Table 33).  

 

Table 33: Gene Ontology analysis of miR-6793-5p predicted targets. Only information related to GTPase 

regulation, GTPase signal transduction or actin cytoskeleton organization is shown. Statistical significance and 

gene ontology were computed by miRwalk2.0 based on Fisher’s exact test and adjusted for multiple testing 

(39). 

Gene Ontology (GO) biological process Total genes 
from GO 

Genes from GO 
predicted as 
putative targets 

Adjusted 
p-value 

Small GTPase signal transduction 315 307 0.001 

Regulation of small GTPase signal transduction 147 144 0.01 

Actin cytoskeleton organization 126 124 0.01 

Positive regulation of GTPase activity 54 54 0.03 

 

It is known that miRNAs suppress gene expression by degrading target mRNA 

transcripts or inhibiting their translation (45). The fact that transfection of miR-

6793-5p in THP-1 Mφ significantly increased their phagocytic behavior, strongly 

points towards a downregulation of a negative regulator of phagocytosis. The 

observed changes in the cytoskeleton structure and the increased cell protrusions 

suggest deranged actin cytoskeleton dynamics. For this reason, the list of potential 

miR-6793-5p target genes was narrowed down to negative regulators of 

phagocytosis involved in cytoskeleton dynamics that have been previously 

described in literature (Table 34).  
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Table 34: MiR-6793-5p predicted targets selected for transcriptional analysis. Genes from corresponding 
GO that were listed by miRWalk2.0 (39) as putative miR-6793-5p targets and reported to be involved in the 
negative regulation of phagocytosis. 

 GO Involvement in actin dynamics related to 
phagocytosis 

Literature 

RHOD Small GTPase signal 
transduction  

Depletion of RHOD increases cortical actin 
filaments and membrane ruffling. 

Blom et al., 2017 
(14). 

ACAP2 Positive regulation of 
GTPase activity 

Overexpression of ACAP2 reduces 
phagocytosis efficiency. 

Egami et al., 2011 
(41). 

ARHGAP25 Positive regulation of 
GTPase activity 

Depletion of ARHGAP25 enhances 
phagocytosis and membrane ruffling. 

Csépányi-Kömi et 
al., 2012 (31). 

RAP1GAP Positive regulation of 
GTPase activity 

Overexpression of RAP1GAP in macrophages 
inhibits their ability to phagocytose IgG-
opsonized RBCs. 
Depletion enhances cell migration through 
upregulation of Rac1. 

Chung et al., 2008 
(26). 
 
Tsygankova et al., 
2013 (189). 

SHIP-1 Actin cytoskeleton 
organization 

SHP-1 enhances Fc-RIIB-mediated inhibition 
of Fc-RIIA phagocytosis. 

Huang et al., 2003 
(77). 

SHIP-2 Actin cytoskeleton 
organization 

SHIP-2 reduces phagocytosis by 
downregulating upstream activation of Rac. 

Ai et al., 2006 (3). 

 

To determine if genes listed in Table 34 are miR-6793-5p targets, mRNA transcript 

levels after miR-6793-5p or NT-siRNA transfection were analyzed by qRT-PCR. As 

shown in Figure 31, only ARHGAP25, SHIP-1 and SHIP-2 showed a slight, yet not 

significant, reduction in mRNA levels upon transfection with miR-6793-5p compared 

to the NT-siRNA control. 



R e s u l t s   

 

81 
 

 

Figure 31: Transcriptional analysis of miR-6793-5p predicted targets. THP-1 Mφ were transfected with either 
miR-6793-5p or NT-siRNA control. Values are relative expression of predicted target genes normalized to 
UBE2G1 transcript levels. Bar charts show means and SD for n=3 independent experiments. Statistical analysis 
was performed using Student’s t-test.  

 

3.5.4 MiR-6793-5p transcriptional analysis   

Further, expression of miR-6793-5p in THP-1 Mo and Mφ was analyzed by qRT-PCR. 

Endogenous levels of miR-6793-5p were detectable only in THP-1 Mφ but not THP-

1 Mo (0.01 ± 0.008; Figure 32A).  
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In addition, expression of miR-6793-5p was also determined in ex vivo generated 

GM-Mφ and M-Mφ, known for their differences phagocytic activity  (25, 101, 136). 

MiR-6793-5p expression was observed in all GM-Mφ (0.05 ± 0.04) donors but only 

in two of the seven M-Mφ samples (0.02 ± 0.006; Figure 32B). 

 

 

Figure 32: Relative miR-6793-5p expression in THP-1 Mo and THP-1 Mφ (A) as well as in human primary 

macrophages (B). Relative expression of miR-6793-5p was calculated by normalization to miR-93-3p levels, 

which was used as an endogenous control. Bar charts show mean and SD of miRNA samples of n=3 

independent experiments (A; n.d.: not detected) or n=7 human donors (B).  
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4 Discussion 

Over the last years, increasing evidence has revealed the crucial role of miRNAs in 

the regulation of immunity and macrophage function. Most studies focus on the 

differential miRNA expression during Mo to Mφ differentiation (44, 107, 170) 

(compare (73)). “However, there are only few reports on individual miRNAs and 

their impact on phagocytosis. For example, miR-21” (73) limits the phagocytosis of 

L. monocytogenes and FITC-labeled E. coli in murine bone marrow-derived Mφ 

(BMDM; compare (73)). Targets of miR-21 are the actin mediators Myristoylated 

alanine- rich protein kinase C substrate (MARCKS) and Ras homolog gene family 

member B (RHOB) which are involved in phagocytosis regulation (86). Similarly, 

Naqvi et al. identified miR-24, miR-30b and miR-142-3p to be differentially 

expressed in human Mo, M-Mφ and GM-Mφ (50) (compare (73)). Overexpression 

of these miRNAs by miRNA mimics transfection led to significant reduction in 

phagocytosis (130). In line with this study, Bettencourt et al. demonstrate that miR-

142-3p negatively regulates phagocytosis of M. segmatis and M. tuberculosis in 

mouse J774A cells by targeting neuronal Wiskott-Aldrich Syndrome protein (N-

WASP) (12) (compare (73)). Furthermore, miR15/16 deletion in murine myeloid 

cells, increased the survival of murine sepsis models by increasing phagocytosis of 

E. coli. The proposed mechanism for miR15/16-dependent phagocytosis regulation 

includes the targeting of the main transcriptional regulator of the LPS-receptor, the 

Toll like Receptor 4 (TLR4) and its signaling cascade (125). Likewise, overexpression 

of miR-615-5p in murine splenic macrophages enhanced the phagocytic uptake of 

E. coli-FITC BioParticles™ in these cells by targeting ligand-dependent nuclear 

receptor corepressor (LCoR) (84) (compare (73)). Nevertheless, a global, functional 

approach to identify miRNAs involved in the regulation of phagocytosis was, to the 

best of our knowledge, missing (compare (73)). 

In the presented study, a functional high content screen was performed in human 

macrophages in order to identify miRNAs that regulate phagocytosis. 
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4.1 Set-up of a suitable phagocytosis model  

Macrophages play a key role in tissue homeostasis and as first line defense against 

invading microorganisms. In vitro experimental studies of primary human 

monocytes/macrophages are very challenging due to limited availability, the 

complexity of their activation and their phenotype heterogeneity. Furthermore, the 

metabolic and phenotypic discrepancies between macrophages from different 

species, make it difficult to extrapolate data obtained in in vivo studies in mice to 

the human system (98, 166). For this reason, it is necessary that pathway-specific, 

biologically relevant approaches are defined for each study. Here, the human 

monocytic cell line THP-1 (188) was selected for a functional cell-based miRNA high-

content screen on macrophage phagocytosis. This cell line has been widely used to 

study phagocytosis of pathogens like Staphylococcus aureus (88), Escherichia coli 

(165), parasite infected erythrocytes (182) and cancer cells (13). Furthermore, 

recent studies have used this cell line to perform high-throughput phagocytosis 

assays of antigen-specific clinically relevant antibodies against the human 

immunodeficiency virus (HIV), dengue and influenza virus (2) as well as the 

Plasmodium falciparum parasite (109). The results obtained in all these studies were 

robust and reproducible.  

In the present work, monocytic THP-1 cells (THP-1 Mo) were successfully induced to 

a macrophage-like phenotype (THP-1 Mφ) by cultivation for 72 h in the presence of 

PMA. The Mo to Mφ switch in morphology was demonstrated by bright field 

microscopy and flow cytometry analysis (Figure 7). In addition to the morphological 

changes, PMA-treatment increased the percentage of serum-opsonized FITC-

labeled latex beads phagocytosis and phagocytic activity of the cells (Figure 8), as 

also observed in previous reports (187). This may be linked to altered expression of 

phagocytic receptors. It has been shown that PMA-activated THP-1 exhibit increased 
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expression of different phagocytic receptors, including complement receptors, 

scavenger receptors and C-type lectins (51). 

Collectively, it can be concluded that PMA-activated THP-1 Mφ represent a suitable, 

reproducible and easy-to-handle model to individually screen 2566 miRNA mimics 

on phagocytosis. Thus, they were selected as a model system and further used to 

set-up a suitable protocol for screening. 

High-content functional miRNA screens are considered effective tools to identify 

biological functions of distinct miRNAs (171). Successful and reproducible 

transfection of miRNAs are crucial for high-content screens and need to be 

established properly. Thus, two different transfection reagents that were shown to 

have good transfection efficiencies in Mφ (11, 63, 136) were evaluated: the 

liposome-based Lipofectamine™ RNAiMAX (Thermo Scientific) and the complex 

virus-like polymer-based Viromer® BLUE transfection reagent (Lypocalyx). Our 

results showed that only Lipofectamine™ RNAiMAX efficiently deliver the 

fluorescent siRNA (siGlo®; Figure 9) and the apoptosis inducer siDeath (Figure 10) 

into the cells. Recently, the intracellular trafficking mechanism, that could partially 

explain the high efficiency of Lipofectamine™RNAiMAX, has been elucidated. It has 

been shown that Lipofectamine™/nucleic acid complexes are taken up by via the 

endocytic pathway but manage to escape from the endosome on a very early stage. 

By doing so, these complexes actively avoid transportation to the lysosomes and 

thus, metabolic degradation (18).  

The reason Viromer® BLUE failed in delivering siRNA into the cells remains unclear. 

A possible explanation might be an inhibition of the cellular uptake of Viromer® 

complexes by some component of the Opti-MEM transfection medium. However, 

this assumption needs to be further investigated by using other minimal media or 

increasing the concentration of Viromer® BLUE. 

It is well known that the transfection process per se causes stress and phenotypic 

variations in transfected cells (80, 195). Furthermore, off-target effects of non-
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targeting siRNAs due to partial complementarity to cellular mRNAs have been 

observed before (40, 78). In order to exclude adverse effects of the transfection 

protocol and the non-targeting siRNA control on phagocytosis in THP-1 Mφ, 

additional experiments were performed. No significant differences in the phagocytic 

behavior of non-targeting transfected THP-1 Mφ was observed, indicating that 

neither the transfection protocol nor the non-targeting siRNA control alter 

phagocytosis of THP-1 Mφ (Figure 11). In addition to the non-targeting siRNA 

control, two non-targeting miRNAs were provided with the miRNA library and 

included in the screen. These non-targeting miRNAs harbor no sequence similarity 

to any known human miRNA and are derived from the plant Arabidopsis thaliana 

and the nematode Caenorhabditis elegans. Collectively, the above-mentioned non-

targeting controls served to monitor quality and reproducibility throughout the 

screen and provided a standard to allow comparison of the effects of each miRNA 

mimics on phagocytosis. 

As a negative control for phagocytosis, cytochalasin D (CytoD), a fungal metabolite, 

was used. CytoD inhibits actin polymerization by binding to barbed-ends of forming 

actin filaments, hindering the binding of actin monomers (29). CytoD has been 

widely used as a strong inhibitor of actin dynamics to study different types of 

phagocytosis in macrophages (42, 123, 159). 

To make high-content screening technically feasible, all protocols were scaled-down 

and adapted to a 96-well plate format. The location of miRNAs and controls on each 

screening plate was randomized to avoid systematic artefacts (201). To evaluate 

transfection efficiency on each well, Alexa-Flour 647 (AF647)- labeled non-targeting 

siRNA was co-transfected with each miRNA mimic (47). Careful design of flow 

cytometry experiments and our gating strategy enabled the specific gating on viable 

transfected THP-1 Mφ for analysis of phagocytosis only in these cells (Figure 13). 
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4.2 Screening for phagocytosis modulating miRNAs 

Following the successful establishment of the screening system, the entire human 

miRNome (miRBase v.21 (96)) was systematically tested for individual miRNAs 

involved in the modulation of human macrophage phagocytosis. After two rounds 

of screening (Figure 14 and Figure 16), 10 miRNAs were identified to reproducibly 

and robustly affect the phagocytic behavior of human THP-1 Mφ (Figure 17; 

compare (73)). “Surprisingly, none of these miRNAs has been analyzed for a role in 

phagocytosis in previous studies. Most of the identified miRNAs have been linked 

with cancer. MiR-4755-5p and miR-8078 were suggested as oncomirs (146, 200) 

while miR-6794-5p and miR4484 were shown to act as tumor suppressors (94, 132). 

Interestingly, miR-490-5p and miR-595 were reported to promote or suppress tumor 

growth depending on the type of cancer (1, 157, 183). MiRNAs miR-6793-5p and 

miR-3939 were shown to be increased in diabetic patients (111, 164). So far, miR-

6798-5p has not been linked with any phenotype or role. The fact, that none of the 

identified miRNAs were linked to phagocytosis is previous studies may be due to 

several reasons. On the one hand, this might be related to the cellular model 

systems. The effects of miRNAs on their target mRNAs strongly depend on the cell 

type analyzed (97) ” (73). Previous studies have used murine BMDM (12, 84, 86, 125) 

or primary human monocyte-derived Mφ (HMDM) activated in vitro (50, 130) to 

identify miRNAs. Thus, it is quite possible that miRNAs that play a significant role in 

THP-1 Mφ phagocytosis are not involved in regulation of phagocytosis in these cell 

types. Additionally, effects of miRNAs are dose-dependent (131, 173) (compare 

(73)). “While most of the studies cited above, miRNA mimics were used at 

concentrations of 50-100 nM to produce an effect, we have used a relatively low 

miRNA concentration (15 nM) in our screen to avoid off-target effects or saturation 

of the RNAi machinery“ (73). Likewise, the optimal time point after transfection to 

analyze a specific effect may vary depending on miRNA and target mRNA 

abundance, stability and turnover as well as miRNA affinity to the target (6, 9, 119, 

203) (compare (73)). Also, miRNA mimics delivery into the cytoplasm, their 
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individual Ago-loading dynamics as well as ribosome density levels have been 

described as possible bottlenecks in miRNA-dependent protein expression (72). For 

a few of the above mentioned high-content miRNA screens as well as for the present 

study, the effect of the miRNAs was assayed 72 h after transfection. Thus, it is 

possible that miRNAs identified in murine BMDM or HMDM (12, 50, 84, 86, 125, 

130) also modulate phagocytosis in THP-1 Mφ when assayed at other time points or 

concentrations (compare (73)). 

 

4.3 Validation of miRNA hits 

Among the 10 identified miRNAs that reproducibly and robustly modulated 

phagocytosis in human THP-1 Mφ (Figure 17), miR-124-5p was the only miRNA that 

significantly reduced both; the percentage of phagocytic THP-1 Mφ and their 

phagocytic activity (compare (73)). Likewise, miR-6793-5p significantly enhanced 

the percentage of phagocytic THP-1 Mφ and showed a trend in increasing 

phagocytic activity. Thus, miR-124-5p and miR-6793-5p were selected for further 

validation and characterization.  

Further experiments confirmed the effects of miR-124-5p and miR-6793-5p 

(Figure 18 and Figure 28). Additionally, gentamicin protection assays revealed that 

the effects of these two miRNAs are not limited to opsonized latex beads but are 

also observed for non-opsonized live bacteria (Figure 21 and Figure 29). Phagocytic 

internalization is a highly complex process that strongly depends on the nature of 

the target and phagocytic receptor involved (190). In the case of the human serum-

opsonized latex beads, the free amine groups (N-terminus) of plasma proteins such 

as immunoglobulins (IgG), fibronectin, apolipoprotein A1 or albumin bind to the 

carboxyl groups on the surface of latex beads. These opsonized latex beads are 

mainly recognized by Fcγ and CR receptors (49). Moreover, the non-opsonic 

scavenger receptor A (SR-A) has been implicated in the recognition of 

apolipoprotein A1 and unfolded albumin (126, 137). In case of non-opsonized live 
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bacteria phagocytosis, non-opsonic receptors recognize MAMPs on the bacterial 

surface such as glycoproteins or complex lipids (62). The scavenger receptor CD36 

has been suggested to be important for L. monocytogenes phagocytosis (193), while 

scavenger receptor MARCO contributes to E. coli and L. monocytogenes 

internalization (149, 180). Furthermore, toll-like receptors (TLRs) promote pathogen 

clearance and signal transduction but are not considered phagocytic receptors per 

se (37, 184). It may, therefore, be speculated that phagocytosis of serum-opsonized 

latex beads and non-opsonized bacteria are mediated at least partially by different 

receptors. The fact that the effects of miR-124-5p and miR-6793-5p are observed in 

both settings, points towards targets of regulation downstream of these different 

receptors. 

 

4.4 Identifying the molecular mechanism 

4.4.1 MiR-124-5p 

F-actin microscopy analyses by Alexa Fluor 488-conjucated phalloidin indicated that 

transfection with miR-124-5p (Figure 22) reduces lamellipodia and filopodia 

formation in THP-1 Mφ (compare (73)). In silico analyses uncovered genes for 

different subunits of the ARP2/3 complex as potential targets miR-124-5p (compare 

(73)). “The ARP2/3 complex is a crucial regulator of the dynamics of the actin 

cytoskeleton and consists of seven subunits (60). ARPC1-ARPC5 are structural 

proteins that interact with existing actin mother filaments, while ARP2 and ARP3 

(encoded by ACTR2 and ACTR3, respectively) are required for 

polymerization/growth of branching daughter filaments (163). Together with 

different context-related nucleation promoting factors, ARP2/3-mediated actin 

polymerization drives formation of membrane ruffles, lamellipodia, filopodia and 

phagocytic structures (17)” (73). Transcriptional analysis confirmed miR-124-5p-

dependent regulation of six of these genes (Figure 23). Potential binding sites of 

miR-124-5p in the mRNAs of these genes were retrieved from different databases 
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of MirWalk2.0 (compare (73)). Luciferase reporter assays indicated direct binding of 

the miR-124-5p seed region to the predicted binding sites on ARPC3 and ARPC4 

(Figure 25; compare (73)). Additionally, reduced ARPC3 and ARPC4 protein levels 

were observed in THP-1 Mφ after transfection with miR-124-5p (Figure 26) 

suggesting that these genes may be direct targets of miR-124-5p (compare (73)). 

This provides a “mechanistic explanation for the observed changes in actin 

cytoskeleton, phagocytic activity and its receptor independent effects on 

phagocytosis” (73).  

The complexity of miRNA-mRNA interactions renders predictions of binding sites 

challenging. Algorithms used by databases to predict miRNA binding motifs differ 

from database to database and are often inconsistent (compare (73)). “Thus, it 

cannot be excluded that the other genes of the ARP2/3 complex that also showed 

reduced expression upon transfection are also direct targets via binding sites that 

may be predicted using other bioinformatic tools such as e.g. the STarMir online tool 

(158). Alternatively, these genes could also be subject to an indirect regulation by 

e.g. transcriptions factors targeted by miR-124-5p” (73).  

 

As suggested by first systematic miRNA expression analyses in healthy human 

tissues, miR-124-5p is mainly expressed in the spinal cord, brain tissue, saliva and 

plasma (110, 147). Moreover,  studies in patients with glioblastoma multiforme (22) 

or colorectal cancer (85) revealed that lower expression of this miRNA in tumor 

samples leads to an increase in tumor growth and lower overall survival of the 

patients. In the presented work, expression of miR-124-5p was determined in THP-

1 Mo, THP-1 Mφ and ex vivo generated human monocyte-derived macrophages 

(GM-Mφ and M-Mφ). Although miR-124-5p relative expression levels were 

generally low, THP-1 Mo and GM- Mφ showed higher expression of this miRNA 

compared to THP-1 Mφ and M-Mφ, respectively (Figure 27). It has been well-

described that monocytic-derived GM-Mφ display reduced phagocytosis of 
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pathogens (136), rituximab-opsonized leukemic cells (101) and apoptotic cells in 

artheriosclerotic plaques (25) than M-Mφ from the same donor. Similarly, reduced 

phagocytic behavior of THP-1 Mo compared to THP-1 Mφ has been presented in this 

study. “Thus, expression of miR-124-5p may have a suppressive effect on 

phagocytosis in macrophages although it may not be the only factor responsible for 

the different phagocytic behavior of and GM-Mφ. Formal demonstration of the 

suppressive effect of miR-124-5p on phagocytosis and a role of this mechanism in 

vivo will certainly require further experiments. As a working hypothesis for these 

experiments we would propose a model in which miR-124-5p expression is low in 

M-Mφ, which is the prevailing phenotype in tissue homeostasis. In this model, 

activation by inflammatory stimuli and differentiation to inflammatory GM-Mφ 

induces miR124-5p expression thereby reducing phagocytic activity in favor of an 

enhanced capacity to kill phagocytosed pathogens” (73).  

The presented results are the first report on a role for miR-124-5p in modulation of 

phagocytosis in human Mφ. Moreover, the data provides evidence that miR-124-5p 

acts on phagocytosis by inhibiting actin cytoskeleton remodeling. Several other 

miRNAs were shown to restrict actin dynamics. “For instance, miR-143 and miR-145 

control cytoskeletal dynamics in smooth muscle cells by targeting myocardin-

related transcription factors that regulate remodeling of the cytoskeleton (194)” 

(73). Similarly, miR-142-3p directly targets the N-Wasp which modulates ARP2/3 

activation (12) (compare (73)). 

 

It is known that miRNAs can regulate different cellular pathways at the same time 

(48, 65, 143). The presented results suggest that miR-124-5p not only modulates 

phagocytosis but also may have a slight pro-apoptotic effect in THP-

1 Mφ. Involvement of miRNAs in apoptosis has been extensively investigated and 

reviewed (179), yet there is no report about the role of miR-124-5p in apoptosis. 

Since induction of apoptosis causes reorganization of the actin cytoskeleton (35, 66, 
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133), it may affect the phagocytic activity of the cells. In the presented study, the 

impact of the miR-124-5p pro-apoptotic effect on phagocytosis was investigated. 

Analysis of phagocytic activity in THP-Mφ populations with different PI intensities as 

well as preliminary experiments inhibiting apoptosis in miR-124-5p transfected cells 

(Figure 19 and Figure 20), strongly indicated that miR-124-5p directly regulates 

phagocytosis via the ARP2/3 complex. However, it cannot be excluded that its pro-

apoptotic effect may contribute to some extent to the observed reduction in 

phagocytosis. Thus, further analysis of miR-124-5p targets in the apoptotic 

pathways and phagocytosis experiments with apoptosis inhibitors are required to 

corroborate these findings. 

 

4.4.2 MiR-6793-5p 

Serum-opsonized latex beads and non-opsonized live bacteria are recognized and 

internalized by different phagocytic receptors on the surface of THP-1 Mφ (49). 

Thus, enhanced phagocytosis of opsonized latex beads (Figure 28) and non-

opsonized bacteria (Figure 29) in miR-6793-5p transfected cells suggest involvement 

of this miRNA in a more central event downstream of the phagocytic receptors. 

Microscopy analyses of F-actin by Alexa Fluor 488-conjucated phalloidin showed 

increased number of membrane protrusions in miR-6793-5p transfected cells, 

indicating alterations in the actin cytoskeleton. In silico analyses predicted genes 

encoding for GTPase-activating proteins (GAPs) as well as inhibitory lipid 

phosphatases as potential targets of miR-6793-5p. GAPs inhibit GTPase activity by 

accelerating GTP hydrolysis (124). Some GAPs are known to mediate actin 

depolymerization at the last step of phagocytic internalization by reducing ARP2/3 

activity indirectly through inactivation of small Rho-GTPases (52, 99, 104, 162). 

Likewise, the inhibitory lipid phosphatases SHIP-1 and SHIP-2 play a crucial role as 

negative regulators of phagocytosis in macrophages. They are recruited from the 

cytoplasm to the plasma membrane upon phosphorylation of ITIM-motifs present 
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in FcγRIIb receptors. At the plasma membrane, SHIP-1 and SHIP-2 hydrolyze 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) which is necessary for the 

recruitment of WAVE2, an activator of ARP2/3 (141). Thus, SHIP-1 and SHIP-2 

indirectly inhibit ARP2/3 activation. 

Transcriptional analysis of the predicted GAPs and SHIPs reveled a modest, yet not 

statistically significant, downregulation of ARHGAP25, SHIP-1 and SHIP-2 

(Figure 31). Reduced or absent expression of these genes has previously been 

demonstrated to enhance phagocytic activity in macrophages. For instance, 

monocyte-derived macrophages isolated from SHIP-1-/- or SHIP-2-/- mice showed 

significant increase in phagocytosis efficiency of IgG-opsonized sheep erythrocytes 

(3, 30). Likewise, small hairpin RNA (shRNA)-mediated ARHGAP25 knockdown in 

human primary macrophages increased phagocytosis of serum-opsonized zymosan 

particles by 30 % (31).  

As detailed before, the effects of miRNAs on their targets are generally time and 

dose-dependent. Thus, when analyzed at other time points or concentrations, 

ARHGAP25, SHIP-1 and SHIP-2 might show a statistically significant downregulation 

of mRNA levels. Furthermore, protein expression analysis is required to confirm or 

discard ARHGAP25, SHIP-1 and SHIP-2 as miR-6793-5p targets. 

MiR-6793-5p is expressed in healthy placental tissue, semen and plasma (147). 

Additionally, very recent studies showed that plasma-circulating miR-6793-5p 

negatively correlates with hyperglycemia in patients with type I diabetes (164). 

Besides, miRNA profiling of HBV infected HepG2.2.15 cells, a liver carcinoma cell 

line, revealed upregulation of miR-6793-5p in samples where HBV replication was 

chemically inhibited (145). MiR-6793-5p transcriptional analysis in THP-1 Mφ and 

THP-1 Mo revealed expression of this miRNA in THP-1 Mφ that have high phagocytic 

activity but not in THP-1 Mo with low phagocytic activity (Figure 32). This suggests 

that higher levels of miR-6793-5p correlate with enhanced phagocytosis in human 

macrophages. However, this hypothesis could not be confirmed in primary human 
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cells, where GM-Mφ that have lower phagocytic activity displayed higher miR-6793-

5p expression levels compared to M-Mφ with a higher phagocytic activity (25, 101, 

136). 

The presented data is the first evidence on a role of miR-6793-5p on regulation of 

phagocytosis in human THP-1 Mφ.  As stated before, increased number of 

lamellipodia and filopodia in miR-6793-5p transfected cells suggest alterations in 

actin dynamics. In literature, other miRNAs have been reported to increase actin 

remodeling. For example, miR-205 enhances the formation of filamental actin and 

induces keratinocyte migration by suppressing the expression of lipid phosphatase 

SHIP-2 (199). Similarly, mir-200 directly targets the 3´UTR of WAVE3 mRNA which is 

crucial in lamellipodia formation (175), cancer cell migration and metastasis (176). 

Thus, decrease in miR-200 expression correlates with increase in cell motility and 

promotes epithelial to mesenchymal transition in cancer cell lines (174). 

 

4.5 MiRNA-based therapies for phagocytosis-associated diseases? 

Phagocytosis is a fundamental immunobiologic process to ensure tissue 

homeostasis and clearance of incoming microbes. Thus, tight regulation of 

phagocytosis is essential. Alterations in the phagocytic behavior of macrophages has 

been demonstrated to aggravate chronic disease. For instance, for several cancer 

types it has been shown that tumor cells evade phagocytosis by increased surface 

expression of CD47, an anti-phagocytic “don't eat me signal”, leading to poor clinical 

outcome (21, 81, 108). Inhibition of this anti-phagocytic signal by different 

approaches is currently being tested as an anticancer therapy in phase I 

interventional clinical trials (108). Similarly, glucocorticoid-mediated impairment of 

phagocytosis of adherent-invasive E. coli (AIEC) strains by peritoneal macrophages 

is implicated in the chronicity of Chron’s disease (142). Furthermore, enhanced 

phagocytosis of dopaminergic neurons by microglia contributes to 

neurodegeneration in Alzheimer’s and Parkinson’s disease (82, 134). 
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The idea of altering miRNA levels to treat different diseases by recombinant 

expression, targeted delivery of miRNA mimics or inhibitors has recently gained 

increased interest, particularly in the field of cancer (172). However, most of the 

available studies are pre-clinical and only a few phase I trials have been performed 

(20). The main challenges of miRNA-based therapy strategies are the cell-specific 

delivery and the minimization of off-target and toxic effects. These challenges are 

being currently addressed by several research groups and biopharmaceutical 

companies (23, 90, 95). Despite of these unsolved problems, miRNAs are promising 

candidates for novel therapeutic approaches.  

The presented results provide a mechanistic explanation on the molecular level how 

miRNAs may be involved in fine-tuning phagocytic activity of human macrophages. 

Thus, they may be a starting point to better understand macrophage biology and to 

find new therapeutic miRNA targets for diseases caused by or associated with 

altered activity of phagocytes. 
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5 Summary 

Phagocytosis is an immunobiologic process mainly performed by professional 

phagocytes such as macrophages. It is crucial for recognition and removal of 

apoptotic cells and invading microorganisms. Thus, it plays an important role in 

maintaining tissue homeostasis and in the initiation of appropriate immune 

responses. The phagocytic process is extremely complex and must be tightly 

regulated. Over the last decade, endogenous small non-coding RNAs (miRNAs) have 

emerged as important regulators of biological pathways by fine-tuning expression 

of gene regulatory networks. Some recent studies have revealed a number of 

miRNAs involved in the differentiation and activation of human macrophages. 

However, little is known about the role of miRNAs in macrophage phagocytosis.   

In order to systematically identify miRNAs involved in the regulation of 

phagocytosis, a comprehensive genome-wide miRNA screen (miRbase v.21) was 

performed. To this end, first a cell-based phagocytosis assay was established using 

of phorbol-12-myristate-13-acetate (PMA)-activated THP-1 macrophage-like cells 

and serum-opsonized fluorescent latex beads. Further, miRNA mimics transfection 

was optimized and downscaled to a 96-well plate format for screening purposes. To 

ensure quality and reproducibility during the screen, different controls were 

included and randomly placed on each screening plate. A non-targeting small 

interfering ribonucleic acid (NT-siRNA) control served as a normalization control to 

allow inter-plate comparison. Out of the 2566 miRNAs analyzed, several led to 

significant changes in phagocytosis. From these, only 95 highly significant and robust 

miRNAs hits were again analyzed in a validation screen. Among these, miR-124-5p 

and miR-6793-5p were validated as novel regulators of phagocytosis. Transfection 

with miR-124-5p mimics significantly reduced phagocytosis of serum-opsonized 

fluorescent latex beads and live bacteria. In contrast, transfection with miR-6793-5p 

mimics significantly enhanced phagocytosis of both. 
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In silico analysis suggested miR-124-5p targets genes involved in regulation of the 

actin cytoskeleton. Transcriptional analyses of miR-124-5p transfected cells 

revealed reduced expression of genes encoding for several subunits of the ARP2/3 

complex, a crucial regulator of actin polymerization and thus, phagocytosis. 

Luciferase reporter assays for in silico predicted miR-124-5p binding sites on these 

mRNAs indicate that at least two of the genes (ARPC3 and ARPC4) are direct targets 

of miR-124-5p. This was also supported by western blot analysis that showed 

significant reduction of ARPC3 and ARPC4 protein levels in miR-124-5p transfected 

cells. 

Additionally, in silico analysis for mir-6793-5p targets revealed targets involved in 

the negative regulation of cytoskeleton dynamics and phagocytosis. Transcriptional 

analyses of miR-6793-5p transfected cells suggested reduced expression of genes 

encoding for the GTPase-activating protein ARHGAP25 and the lipid phosphatases 

SHIP-1 and SHIP-2. Yet, these results were not significant. Thus, further experiments 

and target prediction analysis are needed to clarify the molecular mechanism 

underlying miR-6793-5p dependent regulation of phagocytosis in THP-

1 macrophages. 

Collectively, these results provide a better understanding of the role of miRNAs in 

regulation of cytoskeleton dynamics and thus, in phagocytosis of human 

macrophages.
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7 Abbreviations 

Abbreviation Meaning 

ACAP2 ANK repeat and PH domain-containing protein 2 

AF647 Alexa Fluor® 647  

AGO Argonaute  

AIEC adherent-invasive Escherichia coli  

ARHGAP25 Rho GTPase-activating protein 25 

ARP2/3 actin-related protein 2/3 

ARPC actin-related protein 2/3 complex subunit  

ATCC American Type Culture Collection 

ATP adenosine triphosphate 

C3b B-fragment of complement protein 3  

Cdc42 cell division control protein 42 homolog 

cDNA complementary DNA  

cells/ml cells per milliliter  

CFU colony forming units 

CR complement receptor  

CT threshold cycle 

CytoD Cytochalasin D 

°C degree Celsius 

DAMPs damage-associated molecular patterns  

DGCR8 DiGeorge Syndrome Critical Region 8  

dH2O demineralized water 

DMEM Dulbecco´s Modified Eagle’s Medium  

DMSO dimethyl sulfoxide  

DNA  deoxyribonucleic acid 

dNTPs deoxynucleotide triphosphates 

DPBS Dulbecco’s Phosphate Buffered Saline  

dsRNA double stranded RNA 

E. coli Escherichia coli  

EDTA ethylenediaminetetraacetic acid  

elF4E eukaryotic translation initiation factor 4E 

EthBr ethidiumbromid  

FcRs Fc receptors  

FITC Fluorescein isothiocyanate 

FSC forward scatter 

https://www.abcam.com/products?selected.classification=Secondary+antibodies&selected.conjugate=Alexa+Fluor%C2%AE+647
https://de.wiktionary.org/wiki/DNA
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Abbreviation Meaning 

fwd forward 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GAPs GTPase-activating proteins 

GDIs GDP disassociation inhibitors 

gDNA genomic DNA  

GDP guanosine diphosphate 

GEFs guanine nucleotide exchange factors  

GM-CSF granulocyte-macrophage colony-stimulating factor  

GO Gene Ontology 

GTP guanosine-5'-triphosphate 

h hours 

IFN-γ interferon gamma 

IgG immunoglobulins  

IL interleukin 

inhib inhibitor 

ITIM immunoreceptor tyrosine-based inhibition motif  

L. lactis Lactococcus lactis  

L. monocytogenes Listeria monocytogenes  

LPS lipopolysaccharide 

MAMPs microbe-associated molecular patterns  

MAP mitogen-activated protein 

MARCKS dmyristoylated alanine- rich protein kinase C substrate 

M-CSF macrophage colony-stimulating factor  

mDia mammalian Diaphanous formin  

MFI mean fluorescence intensity 

MHC-II MHC class II  

min minute 

miRISC miRNA-induced silencing complex 

miRNA microRNA 

miRNA mimics synthetic RNA molecules that mimic endogenous mature miRNAs in their 

function  

ml  milliliter 

MOI multiplicity of infection 

mut mutant 

Mφ macrophages 

μg microgram 
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Abbreviation Meaning 

µl microliters 

µm micrometer 

µM micromolar 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

ng nanogram 

nM nanomolar 

nt nucleotides 

NT-siRNA non-targeting siRNA 

N-WASP neuronal Wiskott-Aldrich Syndrome protein  

OD optical density 

PBMCs peripheral blood mononuclear cells  

PCR polymerase chain reaction 

PI propidium iodide  

PI3K phosphatidylinositol 3-kinase 

PIP2 phosphorylates phosphatidylinositol (4,5)-bisphosphate 

PIP3 phosphatidylinositol (3,4,5)-trisphosphate  

PKC Protein kinase C  

PMA phorbol 12-myristate 13-acetate  

pmol picomol 

qPCR quantitative polymerase chain reaction 

Rac1 Ras-related C3 botulinum toxin substrate 1 

RAP1GAP Rap1 GTPase-activating protein 1 

rev reverse 

rGM-CSF recombinant granulocyte macrophage colony-stimulating factor  

RHO Ras homolog gene  

RLU relative light units 

rM-CSF recombinant macrophage colony-stimulating factor 

RNA ribonucleic acid 

ROS reactive oxygen species  

RPMI Roswell Park Memorial Institute 

RT room temperature  

SD Standard deviation 

SD standard deviation 

SDS sodium Dodecyl Sulfate  

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SH2 Src homology region 2 

https://en.wikipedia.org/wiki/Phosphatidylinositol_(4,5)-bisphosphate
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Abbreviation Meaning 

SHIP-1 SH2 domain-containing inositol 5'-phosphatase 1 

SHIP-2 SH2 domain-containing inositol 5'-phosphatase 2 

siGLO® DY547-labeled oligonucleotide duplex  

siRNA Small interfering RNA 

SOP standard operations procedure 

SR-A scavenger receptor A 

SSC side scatter 

TAE Tris-Acetate-EDTA  

TGF-β  transforming growth factor  

THP-1 Mo THP-1 monocytes 

THP-1 Mφ THP-1 macrophages 

TLR4 toll-like receptors  

TNF-α tumor necrosis factor alpha  

UTR untranslated region  

v/v volume per volume 

w/v weight per volume 

w/w weight per weight 

WASP Wiskott-Aldrich syndrome protein  

WAVE WASP-family verprolin homologous 

×g number of times the gravitational force 
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8 Supplements 

8.1 Data 

Supplementary Table 1: Normalized fold change and p-value of 95 miRNAs analyzed in the validation 

screen. Data for primary and validation screen are shown. For fold change, mean values from n=3 technical 

are shown. p-value was calculated from raw data using one-way ANOVA with Dunnett’s post analysis to adjust 

for multiple comparisons. On-plate NT-siRNA-transfected cells were set as control condition. 

miRNA 

Primary screen data Validation screen data 

Norm. %FITC+ 

cells 

Norm. MFI FITC+ 

cells 

Norm. %FITC+ 

cells 

Norm. MFI FITC+ 

cells 

fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value 

 hsa-miR-124-5p 0.68 0.0042 0.54 0.01 0.64 0.0001 0.60 0.0001 

 hsa-miR-1244 0.44 0.0001 0.58 0.0001 0.94 0.9996 0.93 0.9999 

 hsa-miR-1268b 0.65 0.0001 0.63 0.0021 1.07 0.995 0.96 0.9995 

 hsa-miR-1269b 1.45 0.0016 1.18 0.5552 1.25 0.109 1.10 0.972 

 hsa-miR-1273 0.39 0.0001 1.17 0.0002 0.96 0.9992 1.07 0.8495 

 hsa-miR-1287-3p 1.03 0.9996 0.73 0.0033 1.58 0.0002 1.19 0.3057 

 hsa-miR-129-3p 0.78 0.0019 0.77 0.005 0.88 0.5757 0.84 0.0467 

 hsa-miR-1295b-5p 0.94 0.9958 0.66 0.0002 0.83 0.3916 0.94 0.9949 

 hsa-miR-1301-5p 0.87 0.6418 0.62 0.0001 1.15 0.5957 1.12 0.6157 

 hsa-miR-181d 0.76 0.0088 0.76 0.0665 0.99 0.9999 0.95 0.9898 

 hsa-miR-1915 0.59 0.0001 0.65 0.3711 0.78 0.0713 0.90 0.6172 

 hsa-miR-202-5p 0.47 0.0049 0.41 0.0024 0.99 0.9998 0.99 0.9998 

 hsa-miR-206 0.49 0.0072 0.41 0.0024 1.01 0.9997 1.08 0.8066 

 hsa-miR-2355-5p 1.23 0.0008 1.18 0.2471 0.85 0.6264 0.85 0.3633 

 hsa-miR-27a-5p 0.45 0.0001 0.51 0.0001 1.28 0.9992 1.10 0.7758 

 hsa-miR-3160-5p 0.65 0.0001 0.76 0.0077 1.29 0.0382 1.24 0.1562 

 hsa-miR-323-3p 1.55 0.7947 1.88 0.0059 1.02 0.9991 0.96 0.9531 

 hsa-miR-33b 0.75 0.1496 0.67 0.008 1.39 0.8891 1.29 0.8311 

 hsa-miR-340-5p 0.73 0.0001 0.58 0.0046 1.18 0.9997 1.13 0.9998 

 hsa-miR-3939 0.91 0.0029 0.77 0.0008 0.48 0.0001 0.57 0.0012 

 hsa-miR-412-5p 0.45 0.0028 0.44 0.0077 1.10 0.9519 1.21 0.0777 
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Supplementary Table 1: Normalized fold change and p-value of 95 miRNAs analyzed in the validation 

screen, continued. 

 

 

miRNA 

Primary screen data Validation screen data 

Norm. %FITC+ 

cells 

Norm. MFI FITC+ 

cells 

Norm. %FITC+ cells Norm. MFI FITC+ 

cells 

fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value 

 hsa-miR-425-5p 0.69 0.0003 0.85 0.0454 1.07 0.9996 0.94 0.8855 

 hsa-miR-429 0.66 0.0001 0.77 0.0005 1.04 0.9993 0.82 0.3086 

 hsa-miR-431-5p 0.76 0.0082 0.85 0.046 1.41 0.9995 1.20 0.999 

 hsa-miR-4321 0.89 0.1115 0.77 0.009 0.82 0.9957 0.82 0.7867 

 hsa-miR-4452 0.81 0.0076 1.67 0.0001 0.85 0.6728 0.86 0.8133 

 hsa-miR-4484 1.03 0.9958 1.32 0.0088 1.23 0.1518 1.40 0.0028 

 hsa-miR-4505 0.40 0.0008 0.51 0.0129 1.13 0.8102 1.00 0.9999 

 hsa-miR-4507 0.87 0.9875 0.40 0.0012 0.91 0.9868 0.86 0.8027 

 hsa-miR-4514 1.43 0.0027 1.52 0.0002 0.98 0.9997 0.92 0.9916 

 hsa-miR-4515 1.47 0.0008 1.33 0.0381 1.02 0.9997 0.92 0.9915 

 hsa-miR-4519 1.42 0.0034 1.29 0.0809 0.86 0.7375 0.80 0.3867 

 hsa-miR-4520a-3p 1.52 0.0002 1.57 0.0001 1.00 0.9999 1.14 0.5332 

 hsa-miR-4525 0.77 0.0069 0.82 0.2454 0.97 0.9996 1.07 0.9881 

 hsa-miR-4668-3p 0.82 0.001 1.45 0.0016 1.08 0.9771 1.18 0.2022 

 hsa-miR-4677-5p 0.71 0.0001 1.51 0.0001 1.04 0.9992 1.09 0.9342 

 hsa-miR-4697-3p 0.93 0.0861 0.74 0.0086 0.95 0.999 1.09 0.9153 

 hsa-miR-4729 1.54 0.0039 1.22 0.9897 1.14 0.9373 1.06 0.999 

 hsa-miR-4750 0.75 0.0001 0.75 0.0319 1.21 0.5312 1.06 0.999 

 hsa-miR-4755-5p 1.22 0.0075 0.90 0.9604 1.53 0.0008 1.20 0.238 

 hsa-miR-486-5p 1.33 0.3745 1.32 0.0051 1.13 0.9999 1.00 0.995 

 hsa-miR-490-5p 1.34 0.3611 1.32 0.004 1.59 0.2501 1.71 0.0008 

 hsa-miR-495 1.27 0.0216 1.45 0.0001 0.84 0.9989 0.84 0.9918 

 hsa-miR-5007-5p 1.39 0.0127 1.61 0.0001 1.33 0.0059 1.21 0.0804 

 hsa-miR-5009-5p 0.54 0.0076 0.61 0.0007 0.77 0.1145 0.88 0.6721 

 hsa-miR-5010-3p 1.47 0.0064 1.42 0.0003 1.25 0.0756 1.26 0.0126 

 hsa-miR-5047 0.54 0.0001 0.64 0.0007 1.36 0.0026 1.22 0.0571 

 hsa-miR-516a-5p 0.66 0.0173 0.74 0.0081 1.43 0.7402 1.25 0.9284 

 hsa-miR-516b-5p 1.26 0.119 1.29 0.002 0.97 0.9949 1.01 0.9957 

 hsa-miR-517-5p 1.42 0.002 1.11 0.6423 1.09 0.9485 1.01 0.9999 



S u p p l e m e n t s  

 

128 
 

Supplementary Table 1: Normalized fold change and p-value of 95 miRNAs analyzed in the validation 

screen, continued. 

 

 

miRNA 

Primary screen data Validation screen data 

Norm. %FITC+ 

cells 

Norm. MFI FITC+ 

cells 

Norm. %FITC+ cells Norm. MFI FITC+ 

cells 

fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value 

 hsa-miR-520f 2.03 0.0001 1.32 0.2576 1.02 0.9996 1.02 0.9996 

 hsa-miR-548aa 0.82 0.0104 0.61 0.0008 0.87 0.8298 0.91 0.9896 

 hsa-mir-550b-2-5p 1.10 0.2732 1.37 0.0013 0.67 0.0186 0.93 0.9839 

 hsa-mir-552-5p 1.14 0.0257 1.33 0.0046 1.19 0.303 1.10 0.8777 

 hsa-mir-5571-3p 1.09 0.3575 1.39 0.0005 1.13 0.7436 1.10 0.8578 

 hsa-mir-5572 1.11 0.189 1.39 0.0005 1.14 0.6753 1.02 0.9996 

 hsa-mir-5681b 0.50 0.0001 0.41 0.0001 1.10 0.9191 1.14 0.4348 

 hsa-mir-5688 0.60 0.0015 0.38 0.0001 0.97 0.9996 1.05 0.9989 

 hsa-miR-576-5p 1.20 0.0083 1.26 0.1535 0.98 0.9996 1.01 0.9997 

 hsa-miR-578 1.16 0.0581 1.41 0.0049 0.90 0.889 0.88 0.4607 

 hsa-mir-579-5p 0.66 0.0277 0.56 0.0019 0.99 0.9999 0.99 0.9998 

 hsa-miR-591 1.49 0.2097 2.03 0.01 1.06 0.9957 1.06 0.9848 

 hsa-miR-592 1.23 0.9599 2.10 0.0051 1.04 0.9993 0.95 0.999 

 hsa-miR-593 1.74 0.0133 2.43 0.0002 1.11 0.7653 1.09 0.808 

 hsa-miR-593-5p 1.18 0.9903 2.26 0.001 1.11 0.7863 1.06 0.9892 

 hsa-miR-595 1.71 0.0196 2.28 0.0008 1.23 0.0616 1.38 0.0001 

 hsa-miR-596 1.50 0.2059 2.11 0.0045 1.04 0.9994 1.02 0.9996 

 hsa-mir-597-3p 0.49 0.0003 0.41 0.0001 1.14 0.9885 1.17 0.469 

 hsa-miR-598 1.69 0.0264 2.10 0.0051 1.07 0.9899 1.06 0.9848 

 hsa-mir-6072 0.48 0.0001 0.46 0.0001 1.13 0.9913 1.02 0.9997 

 hsa-mir-6079 0.66 0.0005 0.57 0.0007 1.31 0.3604 1.22 0.1434 

 hsa-mir-6083 1.28 0.0046 1.31 0.0246 1.48 0.0347 1.30 0.0192 

 hsa-miR-618 1.49 0.0013 1.38 0.0077 0.79 0.9668 0.87 0.9898 

 hsa-miR-621 1.50 0.001 1.18 0.562 0.86 0.9994 0.88 0.9959 

 hsa-miR-627 1.40 0.076 1.45 0.0074 0.83 0.9991 0.93 0.9998 

 hsa-miR-650 1.06 0.7641 0.74 0.0003 0.77 0.9643 0.83 0.9168 

 hsa-miR-6507-5p 0.59 0.0005 0.48 0.0171 1.06 0.9994 1.13 0.791 

 hsa-miR-6717-5p 0.62 0.0001 0.46 0.0001 0.90 0.9991 0.93 0.9955 

 hsa-miR-6772-5p 0.79 0.0001 0.89 0.9078 0.95 0.9996 0.89 0.8974 
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Supplementary Table 1: Normalized fold change and p-value of 95 miRNAs analyzed in the validation 

screen, continued. 

 

 

miRNA 

Primary screen data Validation screen data 

Norm. %FITC+ 

cells 

Norm. MFI FITC+ 

cells 

Norm. %FITC+ cells Norm. MFI FITC+ 

cells 

fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value fold 

change 

p-value 

 hsa-miR-6774-5p 0.57 0.0001 0.53 0.0478 1.29 0.4329 1.15 0.6006 

 hsa-miR-6783-3p 0.44 0.0003 0.29 0.0003 1.29 0.4622 1.14 0.6731 

 hsa-miR-6792-3p 1.45 0.0001 1.49 0.0606 1.46 0.0461 1.29 0.0221 

 hsa-miR-6793-5p 1.35 0.0017 1.37 0.2662 1.57 0.0068 1.46 0.0001 

 hsa-miR-6794-3p 1.39 0.0003 1.45 0.1023 1.49 0.0004 1.24 0.0247 

 hsa-miR-6797-5p 1.36 0.0011 1.45 0.0974 1.21 0.0902 1.07 0.964 

 hsa-miR-6798-5p 0.40 0.0004 0.47 0.0001 0.77 0.8794 0.76 0.0096 

 hsa-miR-6799-3p 0.47 0.002 0.67 0.0004 0.89 0.9998 0.89 0.6443 

 hsa-miR-6809-5p 0.83 0.5862 1.65 0.0003 0.78 0.9172 0.81 0.082 

 hsa-miR-6842-5p 0.85 0.0042 0.42 0.0009 0.77 0.882 0.87 0.4517 

 hsa-miR-6849-5p 0.62 0.0001 0.24 0.0002 0.88 0.9997 0.86 0.3326 

 hsa-miR-6867-5p 1.08 0.3792 1.32 0.005 1.15 0.6501 1.07 0.8624 

 hsa-miR-6883-3p 0.85 0.0063 0.70 0.0017 1.09 0.985 0.98 0.9996 

 hsa-miR-7107-3p 0.29 0.0001 0.94 0.9992 0.91 0.9866 0.94 0.9918 

 hsa-miR-8076 0.85 0.4043 0.63 0.0011 1.04 0.9994 1.03 0.9994 

 hsa-miR-8078 0.69 0.0018 0.69 0.0114 0.41 0.0001 0.61 0.0001 
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8.2 Chemicals and equipment 

Supplementary Table 2:  Chemicals used in this study. 

  Catalog number Manufacturer 

4% (w/v) paraformaldehyde   J19943 ThermoFisher Scientific, Waltham (USA) 

Accutase A6964 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Agar 214010 Difco, Detroit (USA) 

Alexa Fluor 488-conjugated 

Phalloidin 

A12379 ThermoFisher Scientific, Waltham (USA) 

Ammonium chloride A9434 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Ammonium persulfate 215589 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Annexin V Binding Buffer 422201 BioLegend, London (UK) 

anti-clumping agent  0010057AE ThermoFisher Scientific, Waltham (USA) 

BHI 237500 Difco, Detroit (USA) 

Bromophenol Blue  1.11746.0005 Merck KGaA, Darmstadt (GER) 

CytoD C8273 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Deoxycholate 6504 Merck KGaA, Darmstadt (GER) 

DMEM -high glucose D5671 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

DMSO D4540 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

DNase I 18047019 ThermoFisher Scientific, Waltham (USA) 

Dulbecco’s Phosphate Buffered 

Saline  

D8537-500ML Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

EDTA E7889 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Fetal Calf Serum  F9665 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Fluorescent latex beads L4530 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Gentamicin  G1397 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Glucose G-5000 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Glycerol G5516 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Glycine G8790 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Histopaque®-1077  10771 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Hoechst 3342  H3570 ThermoFisher Scientific, Waltham (USA) 

Human serum  H4522  Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

L-Glutamine  G7513 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Lipofectamine™ RNAiMAX 13778100 ThermoFisher Scientific, Waltham (USA) 

Lipofectamine™ 3000 13778100 ThermoFisher Scientific, Waltham (USA) 

M-17 broth 218561 Difco, Detroit (USA) 

MESA BLUE qPCR Master Mix for 

SYBR® Assay 

REF RT-SY2X-03 

+NRW04B 

Eurogentec, Seraing (BE) 
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Supplementary Table 2: Chemicals used in this study, continued. 

 Catalog number Manufacturer 

Methanol 65543 Honeywell Fluka, Morristown (USA) 

MISSION® microRNA Mimic 

Library  

MI00300 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

NaCl A3597 AppliChem,  Illinois (USA) 

Nitrocellulose membrane 741280 Macherey-Nagel, Düren (DE) 

non-essential amino acids  M7145 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

NT-siRNA SI03650318 QIAGEN N.V Hilden (DE) 

Nuclease free water 3098 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Opti-MEM Reduced Serum 

Medium 

31985062 Gibco Life Technologies, New York (USA) 

Pacific Blue™ Annexin V 640917 BioLegend, London (UK) 

Penicillin/streptomycin  P4333 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

PI P4864 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Pierce® ECL Western Blotting 

Substrate 

32209  ThermoFisher Scientific, Waltham (USA) 

PMA P1585 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

ProLong™ Diamond Antifade 

Mountant  

P36965 ThermoFisher Scientific, Waltham (USA) 

rGM-CSF 300-03 Peprotech, Rocky Hill (USA) 

rM-CSF 216-MC-025 Bio-techne, Minneapolis (USA) 

Rotiphorese® Gel 30 (37,5:1) 3029.2 Carl Roth GmbH, Karlsruhe (GER) 

RPMI 1640 A1049101 Gibco Life Technologies, New York (USA) 

Saponin 47036 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

SDS 4360.2  Carl Roth GmbH, Karlsruhe (GER) 

siDeath SI04381048 QIAGEN N.V Hilden (DE) 

siGLO® D-001630-02-05 Dharmacon, Lafayette (USA) 

ß-mercaptoethanol  63689 Honeywell Fluka, Morristown (USA) 

TEMED T9281 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Tris A2756,1000 AppliChem, Illinois (USA) 

Triton-X100®  93443 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Trypan Blue T8154 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Trypsin-EDTA  T4049 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Tryptone 211705 Becton Dickson, Franklin Lakes (USA) 

Tween20 P9416 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Viromer® BLUE  VB-01LB-01 Lipocalyx, Halle (DE) 

Yeast extract 212750 Becton Dickson, Franklin Lakes (USA) 

Z-VAD-FMK S7023 Absource Diagnostics GmbH, Munich (DE) 

 

https://www.thermofisher.com/order/catalog/product/32209
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Supplementary Table 3: Biological organisms and plasmids used in this study. 

  Catalog number Manufacturer 

HEK-293 ATCC® CRL-1573 ATCC®, Manassas (USA) 

THP-1 cell line ATCC® TIB-202™ ATCC®, Manassas (USA) 

Escherichia coli D2241    Nestlé Culture Collection 

Listeria monocytogenes EGD-e  ATCC® BAA-679™ ATCC®, Manassas (USA) 

Lactococcus lactis MG1363  LMBP 3019 Belgian Coordinated Collections of Microorganisms, 

Gent (BE) 

pmirGlo® Dual Luciferase miRNA 

target expression vector 

E1330 Promega, Madison (USA) 

 

Supplementary Table 4: Antibodies used in this study. 

  Catalog number Manufacturer 

Mouse anti-ARPC3 antibody  556430 Becton Dickison, Franklin Lakes (USA) 

Mouse anti-GAPDH  L001 Epitope Biotech, Burnaby (CA) 

Rabbit anti-ARPC4 antibody  SAB1100901 Sigma-Aldrich Chemie GmbH, Steinheim (DE) 

Anti-mouse HRP-conjugated 

antibody 

31430 ThermoFisher Scientific, Waltham (USA) 

Anti-rabbit HRP-conjugated 

antibody 

65-6120 ThermoFisher Scientific, Waltham (USA) 

 

Supplementary Table 5: Kits used in this study. 

  Catalog number Manufacturer 

Dual-Glo® Luciferase Assay 

System  

E2920 Promega, Madison (USA) 

Gibson Assembly ® Master Mix E2611L New England Biolabs, Ipswich (USA) 

GoTaq DNA polymerase® G2 

DNA-Polymerase Kit [5 U/ μl] 

M7801 Promega, Madison (USA) 

ImProm-II Reverse Transcription 

System Kit 

A3800 Promega, Madison (USA) 

miRCURY LNA miRNA PCR Starter 

kit  

339306 QIAGEN N.V Hilden (DE) 

Pierce® BCA Protein Assay Kit  23225 ThermoFisher Scientific, Waltham (USA) 

RNeasy Mini Kit  74104 QIAGEN N.V Hilden (DE) 

miRNeasy Mini Kit 217004 QIAGEN N.V Hilden (DE) 
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Supplementary Table 6: Plastic material used in this study. 

  Catalog number Manufacturer 

96-well plate for qRT-PCR 4ti-0747 4titude, Surrey (UK) 

96-well tissue culture plates  83.3924.005 Sarstedt AG & Co. KG, Nümbrecht (DE) 

Falcon tubes  62.547.004 Sarstedt AG & Co. KG, Nümbrecht (DE) 

Neubauer chamber 40441702 Hecht-Assistent, Sondheim v. d. Rhön (DE) 

Nunc™ Lab-Tek chamber slides  154534 Thermo Fisher Scientific, Waltham (USA) 

T75 cell culture flasks  83.3911.002 Sarstedt AG & Co. KG, Nümbrecht (DE) 

Transparent adhesive foil for 96-

well plates 

4ti-0560 4titude, Surrey (UK) 

 

Supplementary Table 7: Equipment and Software used in this study. 

  Manufacturer 

AxioObserver.Z1 microscope  Carl Zeiss, Oberkochen (DE) 

Cell culture incubator Binder GmbH & Co. KG, Wertheim (DE) 

CellQuest Software BD Biosciences, Heidelberg (DE) 

CFX96™ real time system C1000 touch thermal 

cycler 

Bio-Rad, Hercules (USA) 

Eppendorf centrifuge 5424 Eppendorf AG, Hamburg (DE) 

Eppendorf centrifuge 5810R Eppendorf AG, Hamburg (DE) 

FACSCalibur BD Biosciences, Heidelberg (DE) 

Gel chamber SDS-PAGE Bio-Rad, Hercules (USA) 

Graph Pad Prism version 6 GraphPad Software Inc., San Diego (USA) 

iBright FL1000 visualization system Invitrogen, Carlsbad (USA) 

ImageJ® software  https://imagej.nih.gov/ij/download.html 

Kaluza Analysis software  Beckman Coulter 

MACSQuant Analyzer 10  Miltenyi, Bergisch Gladbach (DE) 

MACSQuantify Software 2.10  Miltenyi, Bergisch Gladbach (DE) 

miRWalk2.0 http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/ 

NanoQuant Plate™ TECAN, Männedorf (CH) 

PCR Thermocycler FlexCycler Analytik Jena GmbH, Jena (DE) 

software ZEN 2012 Carl Zeiss, Oberkochen (DE) 

STarMir http://sfold.wadsworth.org/cgi-bin/starmirtest2.pl  

TECAN plate Reader  TECAN, Männedorf (CH) 

Trans-Blot®Turbo Transfer System Bio-Rad, Hercules (USA) 

http://sfold.wadsworth.org/cgi-bin/starmirtest2.pl


A c k n o w l e d g m e n t s  

 

134 
 

9 Acknowledgments 

This section was removed for data privacy protection reasons.  

  



A c k n o w l e d g m e n t s  

 

135 
 

This section was removed for data privacy protection reasons.  

  



C u r r i c u l u m  v i t a e  

 

136 
 

10 Curriculum vitae 
 

Personal details  

 

Name: 

 

Estefanía Herdoíza Padilla 

  

  
 

 

Practical experience  

 

Since 09/2015 

 

International Graduate School in Molecular Medicine 
Ulm. International PhD Programme: Molecular 
Medicine. 

Since 07/2015 PhD thesis: Ulm University, Germany 

Institute of Microbiology and Biotechnology 
MicroRNA-dependent Regulation of Phagocytosis in 
Human Macrophages 

06/2015 Master’s thesis: Ulm University, Germany 

Institute of Internal Medicine I 
Hepatitis B Core Protein as Vaccine Delivery Platform 
for Influenza A Specific B-cell epitopes 

07/2013 

 

Bachelor’s thesis: Ulm University, Germany 

Central Facility Electron Microscopy 
Structural Analysis of Intracellular Membrane 
Complexes in Chlamydia abortus Infected Epithelial 
Cells 

 

 

Education  

 

06/2015 

 

Ulm University, Germany 
Master’s degree: Molecular Medicine 

07/2013 Ulm University, Germany 
Bachelor’s degree: Molecular Medicine  

06/2010 German School Quito, Ecuador 
German and Ecuadorian Abitur 

 



C u r r i c u l u m  v i t a e  

 

137 
 

Publications 

 

Herdoíza Padilla E, Crauwels P, Bergner T, Wiederspohn N, Förstner S, Rinas R, 
Handrick R, Tuckermann J, Otte K, Walther P, Riedel CU. miR-124-5p regulates 
phagocytosis of human macrophages by targeting the actin cytoskeleton via the 
ARP2/3 complex. Front Immunol. 10: 2210, (2019) 
https://doi.org/10.3389/fimmu.2019.02210 . 
 
Wilkat M, Herdoiza E, Forsbach-Birk V, Walther P, Essig A. Electron tomography and 
cryo-SEM characterization reveals novel ultrastructural features of host-parasite 
interaction during Chlamydia abortus infection. Histochem Cell Biol ;142(2) (2014) 
 

 

Conferences   

 

06/2018 

 

TOLL Meeting 2018- Editing Innate 
Immunity. Porto, Portugal. 

 

      Poster Presentation 

10/2017 Fall Meeting of The International 
Graduate School in Molecular Medicine. 
Ulm, Germany 

      Poster Presentation  

      and Talk 

09/2017 Annual Conference of European 
Macrophage and Dendritic Cell Society. 
Madrid, Spain. 

      Poster Presentation 

09/2017 Dentritic Cells Immunothrapy Day. 
Bergisch Gladbach, Germany 

      Poster Presentation 

10/2016 Fall Meeting of The International 
Graduate School in Molecular Medicine. 
Ulm, Germany 

      Poster Presentation 

09/2016 Annual Conference of European 
Macrophage and Dendritic Cell Society. 
Amsterdam, Holland. 

      Poster Presentation 

 

 

Scholarships  

 

2015-2018 

 

PhD scholarship (Federal state Baden-Württemberg) 

2010-2015 Full scholarship for international students (German Academic 
Exchange Service (DAAD)).  

 

 
 

 



C u r r i c u l u m  v i t a e  

 

138 
 

Tutoring 

 

11/2018 

 

Supervision of the Master´s thesis of Rebecca Rinas 
Effect of microRNA-197-3p on the phagocytic activity of THP-1 
derived macrophages 

11/2018 Supervision of the Master´s thesis of Anna Ruf 
Effect of hsa-miR-8078 on phagocytic activity of THP-1 derived 
macrophages 

05/2018 Supervision of the Master´s thesis of Nicole Wiederspohn 
Down-regulation of phagocytosis in macrophages by hsa-miR-
124-5p 

05/2018 Supervision of the Bachelor´s thesis of Sabrina Förstner 
Etablierung und Optimierung einer qPCR-Methode zur relativen 
Quantifizierung der reifen hsa-miR-124-5p in GM-CSF- und M-
CSF-differenzierten humanen Makrophagen 

12/2017 Supervision of the Bachelor´s thesis of Maximilian Senft 
Effect of has-miR-124-5p on the Phagocytosis of Macrophages 

03/2016 Supervision of research work of Corinna Heizmann 
Tumor-targeting mit Sporen von toxinproduzierenden 
Clostridium sporogenes- Untersuchung der Dosis-Wirkungs-
Beziehung in Tumorsphäroiden 

2016-2018 Tutor in the practical course “Biology of prokaryotes” for 
students  

2016-2019 Tutor in the practical course “Molecular biology” for students 

 

 

 



S t a t u a r y  D e c l a r a t i o n  

 

139 
 

11 Statuary Declaration 

I hereby declare that I wrote the present dissertation with the topic:  

MicroRNA-dependent Regulation of Phagocytosis in Human Macrophages 

independently and used no other aids that those cited. In each individual case, I have 

clearly identified the source of the passages that are taken word for word or 

paraphrased from other works.  

I also hereby declare that I have carried out my scientific work according to the 

principles of good scientific practice in accordance with the current „Satzung der 

Universität Ulm zur Sicherung guter wissenschaftlicher Praxis“ [Rules of the 

University of Ulm for Assuring Good Scientific Practice].  

 

Ulm,



C o p y r i g h t  a n d  N o t e s  

 

140 
 

12 Copyright 

Adherence to copyright laws in dissertations 

Herewith I indicate that parts of the text, data, figures, pictures and graphs shown 

in my dissertation were already published in: 

Herdoíza Padilla E, Crauwels P, Bergner T, Wiederspohn N, Förstner S, Rinas R, 

Handrick R, Tuckermann J, Otte K, Walther P, Riedel CU. miR-124-5p regulates 

phagocytosis of human macrophages by targeting the actin cytoskeleton via the 

ARP2/3 complex. Front Immunol. 10: 2210,  (2019) 

https://doi.org/10.3389/fimmu.2019.02210 . 

 

I confirm that I own the right to use all text, figures, pictures and graphs in my 

dissertation (CC BY 4.0 license; https://creativecommons.org/licenses/by/4.0/)). 

Text and figures taken from other publications are correctly cited.  

 

 

Date:    Ulm,_________________________Signature:    _______________________ 

 

13 Notes 

Note1: Data and results shown in these pictures and text have been already 

published in Frontiers in Immunology: 

Herdoíza Padilla E, Crauwels P, Bergner T, Wiederspohn N, Förstner S, Rinas R, 

Handrick R, Tuckermann J, Otte K, Walther P, Riedel CU. miR-124-5p regulates 

phagocytosis of human macrophages by targeting the actin cytoskeleton via the 

ARP2/3 complex. Front Immunol. 10: 2210,  (2019) 

https://doi.org/10.3389/fimmu.2019.02210 . This paper is an open acces article 

published under the terms of the Creative Commons Attribution license (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/).  

Figures of the paper used in this thesis: Figures 1-7 and Supplementary Figure 4. 

Tables of the paper used in this thesis: Supplementary Tables 6-8 

All figures and some tables were modified. 

  

https://doi.org/10.3389/fimmu.2019.02210
https://doi.org/10.3389/fimmu.2019.02210

	1 Introduction
	1.1 Macrophages
	1.1.1 Macrophage function
	1.1.2 Macrophage ontogeny
	1.1.3 Macrophage activation and phenotyping

	1.2 Phagocytosis
	1.2.1 Pathogen internalization
	1.2.2 Actin dynamics during phagocytosis
	1.2.3 Regulators of actin dynamics: small GTPases
	1.2.4 Negative Regulation of Pathogen Phagocytosis
	1.2.4.1 FCγRIIb Receptor and Inositol 5’Phosphatase SHIP-1 and SHIP-2


	1.3 MicroRNAs (miRNAs)
	1.3.1 MiRNA canonical biogenesis
	1.3.2 MiRNA function
	1.3.3 MiRNA high-content screens
	1.3.4 Regulation by miRNAs in macrophages

	1.4 Aim of this work

	2 Materials and Methods
	2.1 Cell culture
	2.1.1 Isolation of primary human monocytes
	2.1.2 Differentiation of primary human monocytes into macrophages
	2.1.3 Cultivation of eukaryotic cell lines
	2.1.4 THP-1 differentiation

	2.2 MiRNA-library preparation
	2.3 MiRNA mimics transfection
	2.3.1 Transfection miRNA screen and plate layout

	2.4 Phagocytosis assay of opsonized latex beads
	2.5 Propidium iodide staining for flow cytometry
	2.6 Quantitative flow cytometry
	2.7 Apoptosis Inhibition and Annexin V Staining
	2.8 Bright field and fluorescence microscopy
	2.9 In silico analyses
	2.10 Gentamicin protection assay
	2.11 Target gene quantitative real-time polymerase chain reaction (q-RT PCR)
	2.11.1 Total RNA isolation
	2.11.2 Test PCR for genomic DNA
	2.11.3 cDNA synthesis
	2.11.4 SYBR-Green based qRT-PCR

	2.12 Quantification of miRNA expression by qRT-PCR
	2.12.1 Total RNA Isolation
	2.12.2 cDNA Synthesis
	2.12.3 qRT-PCR for miRNA expression analysis

	2.13 Dual luciferase reporter assays
	2.14 Western Blot
	2.14.1 Cell lysis
	2.14.2 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE)
	2.14.3 Western Blotting

	2.15 Statistical Analysis

	3 Results
	3.1 Establishment and optimization of a miRNA high-content screening system in THP-1 macrophages
	3.1.1 THP-1 monocyte differentiation to macrophages
	3.1.2 MiRNA transfection optimization
	3.1.3 Downscaling of the established transfection protocol to a 96-well high-content screening format
	3.1.4 Gating strategy of miRNA high-content screen

	3.2 Results of the high-content miRNA screen
	3.3 Results of the validation screen
	3.4 Characterization of miRNA screen hits: MiR-124-5p
	3.4.1 MiR-124-5p significantly decreases phagocytosis of opsonized latex beads and bacteria in THP-1 Mφ
	3.4.2 MiR-124-5p target identification
	3.4.3 Lamellipodia and filopodia formation is determined by miR-124-5p.
	3.4.4 RT-qPCR for miR-124-5p predicted targets
	3.4.5 ARPC3 and ARPC4 are direct targets of miR-124-5p
	3.4.6  MiR-124-5p reduces ARPC3 and ARPC4 protein expression
	3.4.7 MiR-124-5p transcriptional analysis

	3.5 Characterization of miRNA screen hits: MiR-6793-5p
	3.5.1 MiR-6793-5p significantly increases phagocytosis of opsonized latex beads and bacteria in THP-1 Mφ
	3.5.2 MiR-6793-5p increases lamellipodia and filopodia in THP-1 Mφ
	3.5.3 MiR-6793-5p target identification
	3.5.4 MiR-6793-5p transcriptional analysis


	4 Discussion
	4.1 Set-up of a suitable phagocytosis model
	4.2 Screening for phagocytosis modulating miRNAs
	4.3 Validation of miRNA hits
	4.4 Identifying the molecular mechanism
	4.4.1 MiR-124-5p
	4.4.2 MiR-6793-5p

	4.5 MiRNA-based therapies for phagocytosis-associated diseases?

	5 Summary
	6 Literature
	7 Abbreviations
	8 Supplements
	8.1 Data
	8.2 Chemicals and equipment

	9 Acknowledgments
	10 Curriculum vitae
	11 Statuary Declaration
	12 Copyright
	13 Notes

