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Summary 

Toll like receptors (TLRs) are a group of membrane bound pattern recognition receptors 

(PRRs). TLRs are able to detect a variety of pathogen associated molecular patterns (PAMPs) 

and start inflammation upon recognition of these. They are essential in the efficiency of the 

innate immunity as well as mobilizing an adaptive inflammatory response. TLR signaling has 

been studied intensively since their discovery, however, trafficking of the TLRs has not been 

given the same attention. In this study we hoped to develop a system that could be used to study 

the trafficking and signaling of TLR4, and potentially the other TLRs, in THP-1 cells that upon 

differentiation display a macrophage (Mφ)-like phenotype.  

Rab GTPases have been described to be key regulators of intracellular trafficking. Rab 

GTPases have been reported in roles involving vesicular movement, vesicular integrity, and 

protein recycling. Their function in the intracellular trafficking events makes them the ideal 

targets when it comes to the study of trafficking and signaling of proteins involved in the innate 

immunity.  

In this study we present data suggesting that Rab7a might be involved in regulating the 

coherence of the TLR4 inflammatory signaling pathways, especially the TRIF-dependent 

pathway leading to the induction of type I interferons. Our data on Rab11a showed that Rab11a 

depletion had a surprisingly weak effect on the TRIF-dependent pathway in the THP-1 model 

system contrary to what has been earlier reported in human monocytes. A possible explanation 

to this may be due to redundancy with Rab11b that seems to be up regulated during the rest 

period introduced after the PMA differentiation. The data from Rab4a knock down were 

inconclusive, but based on the observation made in these experiments we cannot exclude a role 

of Rab4a in the TLR4 inflammatory signaling pathways.  

We believe that THP-1 cells, which are used in this study, can be used as a model system 

for Mφ signaling and trafficking. We have shown that optimization of the THP-1 differentiation 

has a substantial effect on LPS activated signaling and on the amount of Mφ markers such as 

CD11b and CD14 on the PM, however, the system appears to be somewhat unstable to obtain 

quantifiable data. We believe that these drawbacks can be negated with further optimization of 

the differentiation protocol   
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1 Introduction 

1.1 The innate immunity system 

The innate immunity system is the body’s first line of defense, active from the day we 

are born. The ability of the innate immunity to respond to pathogenic invaders is essential for 

the health and survival of an organism. How the innate immunity responds to these threats, as 

well as its function as a primer forming a stronger and more specific adaptive immune response, 

have been subject to decades of intense research. How they work, and how the cells of the 

innate immune system detect and relay information about bacteria, viruses, parasites and fungi 

are yet to be fully comprehended.   

Over the course of evolution, organisms have generated a number evolutionary 

conserved pattern recognition receptors (PRRs) in order to defend itself from invading 

pathogens. These germline encoded PRRs are expressed consistently during the life cycles of 

certain cells, and are independent of immunological memory, in contrast to that of B-cells. The 

PRRs recognize conserved pathogen associated molecular patterns (PAMPs) [1]. The PAMPs 

are highly evolutionary conserved molecular structures that are indispensable and specific for 

a group of pathogens, and different from the host molecules. In this way the innate immunity is 

able to distinguish between potentially dangerous invaders and self-molecules.  As the 

evolutionary rate of change is exceedingly low for these PAMPs, so the PRRs of the innate 

immunity are able to target these with high specificity over several generations.  

The first of the PRRs to be recognized was the Toll-like receptor (TLR) 4 [2]. To date 

there has been described thirteen known functional TLRs between humans and mice, however, 

only ten of these are expressed in humans[3]. Later other classes of PRRs have been identified 

such as the RIG-I-like receptors (RLR) [4], the Nod-like receptors (NLR) [5], and the C-type 

lectin Receptors (CLR) [6] and there are still suspected to be further classes of unknown PRRs. 

These PRRs are able to induce cellular responses towards a wide range of bacterial, viral, 

parasitic and fungal PAMPs, as well as cytokines and cellular stress. PAMPs can range from 

lipopolysaccharides (LPS), di- and tri-acyl lipopeptides, flagellin, or bacterial or viral 

DNA/RNA [7-10]. The detection of one of these pathogenic factors by a PRR will induce a 

cellular response that calls the innate immunity into action to fight of the infection, as well as 

priming a specific adaptive immunity inflammation if needed [11, 12].  
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Monocytes are cells of the innate immunity that carry an abundance of different PRRs. 

They are white blood cells that classified among the leukocytes and are extremely potent in 

reacting towards foreign threats. They are of special interest in the system of the innate 

immunity due to their extensive sum of responses when activated.  Their ability to detect the 

presence of PAMPs via PRRs and consequently mount a specific inflammatory response 

towards these is crucial for the host’s defense. Monocytes will in the case of an infection 

relocate to the site of infection, where they will be exposed to PAMPs from the invading 

microorganism. This will in turn cause them to differentiate into macrophages (Mφ) or dendritic 

cells (DCs), serving specialized functions in innate immunity. Mφs and DCs both play 

important roles as they phagocytose pathogenic microorganisms, release cytokines, and present 

antigens, necessary to induce an adaptive immune response[13, 14].  

1.2 Toll-like receptors 

TLRs are one of the classes of evolutionary conserved PRRs that have been one of the 

most intensely researched. TLRs are expressed on cells of the innate and adaptive immunity 

but also on cells such as fibroblasts and epithelial cells [15, 16]. They are a series of type I 

transmembrane receptors with a number of leucine-rich-repeat (LRR) motifs in their ligand 

binding domains [17].  

TLRs recognize a wide variety of different PAMP’s that are present in pathogens such 

as Gram-positive and Gram-negative bacteria, different types of viruses and fungi. Activation 

of a TLR by any such PAMP would prompt a specific cellular response in order for the cell and 

organism to defend itself. The various TLRs have evolved to be located at different sites or 

compartments in the cell.  TLR1, TLR2, TLR4, TLR5 and TLR6 are all located at the plasma 

membrane (PM) and react towards PAMPs that can be found in the extracellular environment, 

such as LPS found on Gram negative bacteria or the flagellin protein [3, 7, 9]. TLR3, TLR7 

TLR8 and TLR9 are expressed in intracellular vesicles in the endolysosomal pathway. Here 

they respond towards PAMPs such as bacterial or viral DNA/RNA that might be exposed in the 

endosomal compartments during infection [3]. This distinct compartmentalization is essential 

for the ability of TLRs to detect their specific PAMPs as well as their connection with the 

specialized signaling machinery associated with the TLRs [18] 

The TLRs have the ability to form homo- and heterodimers such as TLR3-TLR3 [19] 

and TLR2-TLR6 [20], forming a horseshoe-shaped ectodomain that bind their ligands [3, 19]. 

The ability for some TLRs to associate with other TLRs in more than one way creates a broader 
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range of their pathogen detection abilities, increasing their capabilities to defend the host 

organism [20].  

Activated TLRs are dependent on the recruitment of specific adaptor proteins initiate 

their inflammatory response. These adaptor molecules contain the toll-interleukin receptor 

(TIR) that binds the TIR-domain of the TLRs to initiate signaling. Members of the TIR-

signaling adaptors are the Myeloid differentiation factor 88 (MyD88), TIR-associated protein 

(TIRAP) (also known as MyD88 adaptor like (MAL)), the TIR-domain-containing adapter-

inducing interferon-β (TRIF), and the TRIF-related adaptor molecule (TRAM). Each of the 

TLRs are able to interact in a highly specific manner toward one of these adaptor molecules. 

This interaction is central to determine the signaling cascade created in response to pathogenic 

stimuli. However, MyD88 and TRIF are key regulators [21] and control two distinct signaling 

pathways upon TLR4 activation that are known as the MyD88-dependent pathway and the 

TRIF-dependent pathway, respectively [22]. TLR4 is to date the only TLR that is known to 

utilize all these adaptor molecules [23]. The recruitment of these adaptor molecules are the first 

link to the cytosolic signaling cascade that eventually leads to the recruitment of specific 

transcription factors, effectively inducing the expression of genes of essential inflammatory 

cytokines [18].   

A series of regulating proteins are called into action to relay the inflammatory response 

upon activation of the TLRs. However, these inflammatory responses might be excessive and 

lead to life threatening conditions in the host organism. A disproportionally strong 

inflammatory response towards a pathogenic ligand can induce potentially fatal sepsis [24, 25]. 

Another potential risk is that unwanted chronic responses and autoimmune diseases arise due 

to a flawed genetic structure [26]. Achieving a greater understanding of how the inflammatory 

signaling through TLRs are both relayed and regulated is therefore vital to understanding how 

to treat bacterial and viral diseases, as well as chronic and autoimmune conditions.  
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1.3 TLR4 inflammatory signaling 

TLR4, located on the PM and in the ERC [27], is the most well described of the TLRs. 

It induces inflammatory signaling upon recognition of LPS [28], a structural protein commonly 

found on Gram-negative bacteria, such as Escherichia Coli (E. coli) [21]. Upon contact with 

this PAMP in the extracellular environment, TLR4 is activated and initiates an intracellular 

signaling cascade by recruiting certain adaptor molecules.  

TLR4 is able to induce two distinct pathways upon stimulation with quite different 

outcomes (Fig. 1). One being activated immediately from the PM known as the MyD88-

dependent pathway and the other activated from the intracellular compartments known as early 

endosomes (EEs) known as the TRIF-dependent pathway [29].    

Upon activation, TLR4 is dependent on several co-receptors such as Myeloid 

Differentiation Factor 2 (MD2) [30], Cluster of Differentiation 14 (CD14) [31], and LPS-

binding protein (LBP) [32, 33] to initiate a full inflammatory response. CD14 is a 

glycosylphosphatidylinositol-anchored (GPI-anchored) protein and is considered to be one of 

the most essential factors in regulating the inflammatory response of TLR4. CD14 is necessary 

for the binding and translocation of LPS to the MD2-TLR4 complex [34], and an important 

regulator of the endocytosis of the LPS bound MD2-TLR4 complex [35] that is required to 

activate the TRIF-dependent pathway [11, 36].  
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Figure 1: TLR4 activation triggers two distinct pathways. 
LPS activated TLR4 at the PM. Activated TLR4 is able to recruit two sets of distinct adaptor molecules that triggers two 

distinct pathways. TIRAP and MyD88 trigger the MyD88-dependent pathway while TRAM-TRIF triggers the TRIF-

dependent pathway (also known as the MyD88-independent pathway). TLR4 is the only known TLR that is able to utilize all 

of the four known TIR adaptor molecules. Illustration acquired from Lu, et al 2008  [22] 

LBP is an acute-phase protein found circulating in the bloodstream. It is secreted from 

a variety of host tissues induced by Interleukin 6 (IL-6) and Interleukin 1 (IL-1) [33]that is 

found circulating in the bloodstream. At low concentrations it is able to effectively detect and 

bind LPS and subsequently interact with CD14 in order to effectively support an inflammatory 

response [32]. LBP also plays a role in the negative regulation of inflammation as high 

concentrations have been suggested to inhibit LPS-induced cell activation and thus preventing 

potentially lethal sepsis [37].  

LBP promotes the transfer of LPS on to CD14 [32]. CD14 has not been linked to induce 

any form of cellular response on its own, but plays an essential part in the translocation of LPS 

along the PM to protein complexes serving this function [38]. It’s most noted for its role in 

coherence with TLR4, where it is both necessary for the LPS transfer and sensitivity of the 

MD2-TLR4 complex [39], as well as a CD14/LPS-dependent endocytosis event required for 

the TRIF-dependent pathway of TLR4-stimulation [35, 40].  
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MD2 is a protein that physically interacts with TLR4 that is instrumental for TLR4 

signaling [30]. CD14 interacts with MD2 in order to enhance its LPS binding properties 

although MD2 is capable of binding LPS in the absence of CD14 and LBP [41, 42]. Upon 

interaction with CD14 and LPS, MD2 forms a heterodimer with TLR4, and this interaction is 

crucial for TLR4 to steadily interact with LPS in order to increase TLR4s stimulatory abilities 

[43, 44]. The MD2-TLR4 complex subsequently dimerize on the PM, which allows the 

activated TLR4 to induce an intracellular inflammatory response.  MD2 has also been reported 

to have a role in efficient recruitment of TLR4 to the PM as TLR4 was mostly restrained in an 

intracellular compartment in MD2 deficient mice [43].  
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1.3.1 The MyD88-dependent pathway 

The initial pathway to be activated is the MyD88-dependent pathway (fig. 2). The 

MyD88-dependent pathway is activated directly from the PM when TLR4 is exposed to its 

ligand in the extracellular environment [31]. 

 

Figure 2: The MyD88-dependent pathway.  
The recruitment of TIRAP and MyD88 to activated TLR4 on the PM results in the assembly a specific intracellular signaling 

cascade resulting in the production of proinflammatory cytokines. Proteins such as IRAK4, IRAK1 TRAF6, and TAK1 

regulate the downstream activation of IKKs and MAPK. The activation of IKKs and MAPK result in the nuclear 

translocation of transcription factors such as NF-κB and AP1 that cause the transcription of proinflammatory cytokines such 

as TNF-α. Illustration acquired from Lu, et al 2008  [22] 

The dimerization of the MD2-TLR4 complexes following LPS stimulation allows for 

the specific TIR-domain-containing proteins TIRAP and MyD88 to be recruited to the cytosolic 

TIR-domain of TLR4. The activated cytoplasmic TIR-domain of TLR4 readily interacts with 

the TIR-domain in the C-terminal portion of MyD88 [30, 45]. This interaction leads to the 

recruitment of TIRAP through their N-terminal death domains [30, 45]. TIRAP have in addition 

to its death domain a phosphatidylinositol 4,5-bisphosphate (PIP2) binding domain in its N-
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terminal portion, which assist in its translocation to the plasma membrane, supporting its 

interaction with MyD88 [46-48].  

When recruited the MyD88 and TIRAP complex in turn recruit the downward signaling 

protein IL-1 receptor-associated kinase 4 (IRAK4) through a homotypic interaction with both 

of their N-terminal death domains [49]. The role of IRAK4 in TLR signaling is thought to be 

to activate and degrade IRAK1 [50]. IRAK1 and IRAK2 establish a complex that mediates the 

signaling onward to TNF receptor associated factor 6 (TRAF6) [51] that in cooperation with 

ubiquitin-conjugating enzyme 13 (UBC13) activates Transforming growth factor-β-activated 

kinase 1 (TAK1) [52].  

TAK1 is responsible for the activation of IκB kinase (IKK), c-jun terminal kinase 

(JNK), and mitogen-activated protein kinase (MAPK) [52, 53]. The mature forms of NF-κB 

are held in the cytoplasm by the physical interaction with IκBα that mask the nuclear 

translocation signal of NF-κB [54].  The activation of IKK result in amino specific 

phosphorylation of IκBα, consequently resulting in polyubqutination of IκBα and its 

degradation by the 26S proteasome. Now that the nuclear translocation signal of NF-κB is 

exposed it translocate to the nucleus and induce the production of proinflammatory cytokines 

[54]. MAPK regulates the activity of  the transcription factor CREB [55, 56], while JNK 

activation result in in the nuclear translocation of Adaptor protein 1 (AP1) that both lead to their 

distinct induction of cytokines [57, 58].  

MyD88 is also responsible in similar activation of all the other TLRs, with the exception 

of TLR3 [59], but are in many of these pathways not dependent on neither TIRAP nor IRAK4, 

though these and other effector proteins may play similar roles such as TIRAP in the activation 

of TLR2 [47]. MyD88 is then responsible for the recruitment of IL-1r-associated kinase 4 

(IRAK4) and IRAK1. Activated IRAK-1 in complex with MyD88 and IRAK4 phosphorylates 

TRAF6 [60]. TRAF6 controls several downstream pathways which all regulate NF-κB 

dependent gene expression. MyD88 and its ability to interact with several of these adaptor 

molecules, makes it a potent seat for the initiation of signaling in many events.  
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1.3.2 The TRIF-dependent pathway 

The TRIF-dependent pathway (also commonly called the MyD88-independent 

pathway) was discovered at a later time point when MyD88 deficient cells showed a delayed 

activation of NF-κB and MAPKs when stimulated with LPS (Fig. 3) [21]. The TRIF-dependent 

pathway is brought on by the internalization of TLR4 in a CD14-dependent manner [35]. This 

pathway can both boost the primary MyD88-dependent pathway response [51, 61], and induce 

the expression of type-1 interferons such IFN-β and IFN-α [62]. 

 

Figure 3: The TRIF-dependent pathway.  
The TRIF-dependent pathway (also known as the MyD88-independent pathway) is activated from endosomes. TRAM and 

TRIF is recruited to activated TLR4 that has been internalized from the PM. TRIF is able to recruit proteins such as RIP1 and 

TRAF6 that result in the late activation of NF-κB, essentially boosting the MyD88-dependent pathways production of 

proinflammatory cytokines. TRIF is also able to recruit downstream effectors such as TRAF3, TANK, TBK1, and IKKι that 

regulate the activation of IRF3. IRF3 is a transcription factor that upon activation dimerizes and translocate to the nucleus to 

regulate the production of type I interferons whose expression is particular to the TRIF-dependent pathway Illustration 

acquired and modified from Lu, et al 2008   [22].  
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 Once located on EEs the cytoplasmic TIR-domain of TLR4 associates with TRAM [63, 

64], which serves as an intermediate adaptor molecule for TRIF in much the same way as 

TIRAP in the TLR4 MyD88-dependent pathway [65]. TRAM is also found to be located on the 

cytosolic side of the PM as well, but have not been described to play any sort of function in 

TLR4 activated signaling from this location[66].  

The TRAM/TRIF complex contributes to two signaling paths. TRIF actively recruits 

TRAF6 and Receptor-interacting serine/threonine-protein 1 (RIP1). Both proteins have been 

linked to the activation of late phase NF-κB, essentially contributing to the outcome of the 

MyD88-dependent pathway [67, 68]. TRIF binds to TRAF6 through its N-terminal region of 

TRIF [67], while RIP1 binds to the C-terminal part. TRAF6 and RIP1 undergo polyubiqunation 

and forms a complex with TAK1 leading to a substantial and prolonged NF-κB expression, as 

a complement to the MyD88-dependent pathway [61]. Rip1 has also been linked to regulating 

necroptosis and apoptosis through TNF-dependent activation of the TNF-receptor 1 (TNFR1) 

[69].  

The alternate TRIF-dependent pathway starts with the TRAM/TRIF complex’s 

recruitment of TRAF3 [70, 71]. TRAF3 interact with the N-terminal region of TRIF and 

undergo auto-ubiquitination [72] and the assembly of a complex consisting of TRAF family 

member-associated NF-κB activator (TANK) binding kinase 1 (TBK1) and nuclear factor of 

kappa light polypeptide gene enhancer in B-cells inhibitor (IκB) kinase- (IKK) –ι (also known 

as IKKε) [73]. The complex formed mediates downstream signaling as they regulate the 

dimerization and translocation of IRF3 to the nucleus [73, 74]. It is this translocation that results 

in the transcription of type I interferons such as IFN–β, IFN-α, and the Chemokine (C-C motif) 

ligand (CCL) 5 [75].  
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1.4 Small Rab GTPases in endosomal traffic 

A unique group of the Ras superfamiliy of G-proteins are known as the Ras in brain 

proteins of small Guanosine Triphosphatases (Rab GTPases). They are essential regulators in 

intracellular vesicular trafficking (Fig. 4) [76]. They control endosomal maturation and 

transport of membrane enclosed vesicles all throughout the cell just to mention a few of their 

roles [76]. 

 

Figure 4: The Rab GTPases and their role in intracellular vesicle transport.  
The Rab GTPases have been implemented in roles regulating most parts of the intracellular vesicle trafficking. They control 

vesicle movement, budding, membrane identity and recycling of endocytosed content. The vast number of Rab GTPases 

creates a highly specific intracellular network, allowing for highly specific vesicular interactions. Illustration acquired from 

Stenmark, et al 2009  [76]   
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Their activity is regulated by the replacement of GDP to GTP, switching them from 

their inactive form to the active state (Fig. 5). In order for the Rabs to switch from their inactive 

to active state they rely on the attached GDP-dissociation inhibitor (GDI) to be released by the GDI-

displacement factor (GDF). This reveals the Rabs prenyl groups that anchor the Rabs to the 

membrane [77, 78]. The GDFs are located on the cytosolic side of specific organelles in order to 

assure certain Rabs localization and specific function to that organelle. Once associated with the 

limiting membrane of an organelle a Guanine exchange factor (GEF) catalyzes the GDP/GTP 

exchange, that in turns activate the specific Rab to fulfill its function [79]. GTPase activating 

proteins (GAP) regulate this activity by hydrolyzing GTP back to GDP, inactivating and releasing 

the Rabs back to the cytosol. This ability to change between active and inactive states make Rab 

GTPases function as molecular switches turning signaling pathways and cellular processes on or 

off. 

 

 

Figure 5: The cycling of Rab GTPases between vesicle membrane and the cytosol.  
Rab GTPases cycle between their inactive GDP-bound form and their active GTP-bound form. In their inactive GDP-bound 

form they are found in the cytosol associated with GDI, stabilizing their GDP-bound form. GDI is detached through the 

means of GDF, allowing the activation of Rab GTPases through binding of GTP, assisted by the GEF. Activated Rab 

GTPases are able to associate with membrane and their specific effector proteins. Their activity is ended by GAPs that 

through hydrolytic actions cleave GTP to GDP, inactivating them and returning them to the cytosol.  Illustration acquired 

from Stenmark, et al 2009 [76] 
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1.4.1 Endosomal trafficking   

EEs continue to grow in size as they receive content from newly formed endocytic 

vesicles. Internalized content such as transmembrane proteins that are not recycled back to the 

PM are continuously internalized into intraluminal vesicles forming in the EEs. The interior of 

the EEs gradually increase in acidity, until a certain threshold is reached and it matures into a 

late endosome (LE) replacing their Rab5 positive membrane with a Rab7 positive membrane 

[80]. Rab7 is involved in several LE functions and regulates the formation of the endolysosome, 

the compartment that regulates the degradation of its vesicular contents [80]. The degraded 

material can either be reused in the cell, or it can in the event of foreign material be loaded onto 

Major histocompatibility complex II (MHC II) and exposed to the extracellular environment in 

order to alert cells of both innate and adaptive immunity of the current threat [81, 82].  

1.4.2 Rab4 and Rab5 

Rab4 and Rab5’s roles are both connected to the EEs. Rab4 is involved in the rapid 

recycling of content back to the PM [83], whereas Rab5 is involved in several processes 

involving signaling, maturation and trafficking related to EEs [80, 84, 85]. 

The two isoforms Rab4a and Rab4b both function in EE to PM recycling [86]. They 

both have been described in certain roles related to immunity, recycling receptors such as MHC 

II by Rab4b [87], and recycling/regulation of CD4 by Rab4a [88]. That both of these isoforms 

can play other parts in immunity related signaling and trafficking is not unlikely.  

1.4.3 Rab7 

Rab7a is one of the key markers of LEs and has several functions including motility, 

trafficking, and endosome/phagosome maturation [89-92]. Rab7a has been shown to play a role 

in both motility of autophagosomes [91, 93] and the maturation of EEs/phagosomes [89] which 

is necessary for the degradation of active TLR4 [94]. It is not unlikely that Rab7a assert some 

direct control over immunity related events.  

Rab7b was first described in 2004 and is located primarily on endolysosomes and in the 

TGN [95, 96]. It is mainly expressed in monocytes, monocyte derived DCs, and monocytic 

leukemia cells such as the THP-1 cells and it has been shown that it is also mainly expressed in 

cells expressing CD14 [95]. When stimulated with LPS the expression level of Rab7b was 

downregulated in DCs while it was up regulated in monocytes [95]. The expression is also up 

regulated in cells differentiated with PMA [95]. Rab7b was first linked to many of the same 

roles in trafficking such as Rab7a [94], however, it has now been recognized that its role is in 
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the trafficking of content from EEs to TGN [96]. Rab7b has been reported to be an important 

factor in the recycling of TLR4 through TGN and Golgi as cells silenced for Rab7b shows 

TLR4 restrained in EEs and LEs, likely resulting in a prolonged signaling of the TRIF-

dependent pathway [94]. Overexpression of Rab7b resulted in the inhibition of the TRIF-

dependent pathway as well as the MyD88-dependent pathway [94].  

 

1.4.4 Rab11 

Rab11 is another Rab that is associated with endosomes and play a function with the 

slow recycling pathway as cellular components that are tagged for recycling are transported to 

the peri-centriolar endosomal recycling compartment (ERC). From here the cellular 

components can be recycled back to the plasma membrane [97].  

Rab11 exists in three isoforms. These are Rab11a and Rab11b which are generally 

expressed in all tissue, and Rab25 which expression is only found in epithelial cells [98, 99]. 

Rab11a are regulating the slow recycling of protein back to the plasma membrane and is mainly 

located in the endosomal recycling compartment (ERC) [97].  Rab11a is able to recruits Rab11 

family of interacting protein 2 (FIP2), which in turn recruits the actin motor Myosin Vb that 

regulates cargo containing vesicle movement along actin filaments [100, 101]. 

 Rab11a has also been reported to be associated with phagosomes [102], and to be 

involved in the intracellular transport of pro-TNF from the Golgi complex to the phagocytic 

cup [103]. Rab11a is also involved in a regulatory role concerning the trafficking of TLR4 to 

phagosomes, linking Rab11a to a regulatory role in IFN-β production [27]. TLR4 vas first 

believed to have a large intracellular pool located in the Golgi apparatus [42, 104], however, 

Rab11a has been shown to colocalize with TLR4 in the ERC, which is located inside the Golgi 

ring [27, 105]. Rab11a was shown to control TLR4 trafficking in and out of this compartment 

and also the TLR4 translocation to the E. coli phagosome [27].  
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2 Aim of study 

Rab4a and Rab11a are known to function in the recycling of internalized transmembrane 

receptors back to the PM in a rapid and slow recycling pathway, respectively. Rab7a 

participates in maturation of endosomes, and the delivery of transmembrane proteins for 

lysosomal degradation. We hypothesized that Rab4a and Rab7a are active participants in 

regulation of TLR4 signaling in general and the TLR4-TRIF signaling in particular, by 

governing the recycling and degradation of TLR4. We aimed to describe a role for Rab4 and 

Rab7 in TLR4 signaling, as earlier described for Rab11a, as well as investigating the role of 

Rab11a further in the THP-1 model system [27]. We will focus on the following aims: 

Aim 1: Establish a working protocol for the differentiation of THP-1 cells, allowing the 

study of the signaling and trafficking pattern in a Mφ comparable model cell system. 

Aim 2: Investigate changes in the PM expression levels of CD14 and TLR4 in 

differentiated THP-1 cells. CD14 might be a more viable choice as it is expressed in larger 

amount compared to TLR4 at the PM [106]. Using both flow analysis and real time quantitative 

polymerase chain reaction (Q-PCR) to achieve a preliminary understanding of signaling and 

trafficking on the basis of the developed protocol. 

Aim 3: Use the developed THP-1 cell differentiation protocol to determine the effects 

of Rab4a, Rab7a, and Rab11a knockdowns on PM expression levels of CD14 and TLR4 using 

Flow cytometry analysis. 

Aim 4: Correlate findings from Aim 1 & 2 with studies to determine how Rab4a, Rab7a 

and Rab11a knockdown affect the LPS-induced TLR4 signaling in optimally differentiated 

THP-1 cells.  

  

  



 

16 

 

 



Material and methods 

 

17 

 

 

3 Material and methods 

3.1 Reagents, kits and solutions 

Table 1: Chemicals and reagents 

Distributor Product Usage 

5 Prime Isol-RNA lysis reagent Q-PCR 

AppliChem DTT Molecular biology grade WB 

ATCC RPMI 1640 High glucose Cell cultivation 

 THP-1 Cells Cell cultivation 

BD Pharmingen CD11b/Mac-1 PE ICRF44 Flow Cytometry 

 CD14 FITC M5E2 Flow Cytometry 

 CD16 FITC 3G8 Flow Cytometry 

Dako Polyclonal Goat Anti-Rabbit Immunoglobulins (hrp) WB 

 Polyclonal Goat Anti-mouse Immunoglobulins (hrp) WB 

Gibco Fetal Calf Serum (FCS) Cell cultivation 

 Ultrapure K12 LPS WB, FLOW, Q-PCR 

 OptiMEM siRNA 

 Tryphan Blue Cell cultivation 

Invitrogen Lipofectamine RNAi max reagent siRNA 

Novex 4-12% bis-tris NuPage gradiant Gel WB 

 4x Sample Buffer WB 

 20x MOPS running buffer WB 

Roche PhosphoStop Lysisbuffer (WB) 

 Protease inhibitor Lysisbuffer (WB) 

Sigma Aldrich β-mercaptoethanol Cell cultivation, WB 

 Accutase Flow Cytometry 

 Bovine Serum Albumin WB 

 Dulbecco’s phosphate buffered saline (PBS) General Cell work 

 Ganzumycin Cell cultivation 

 PMA Cell cultivation 

St. Olav Blood bank A+ Serum WB, FLOW, Q-PCR 

Thermo Scientific Maxima First Strand cDNA Synthesis Kits* Q-PCR 

Qiagen Hs RAB4a 5 FlexiTube siRNA Q-PCR 

 Hs RAB7a 5 FlexiTube siRNA Q-PCR 

 Hs RAB11a 5 FlexiTube siRNA Q-PCR 

 Qiagen RNeasy mini kit* Q-PCR 

 

Table 2: Kits and buffers 

Buffers 2x Lysisbuffer 

 TBS-Tween (0.01% Tween) 

 5% BSA 

Thermo Scientific  Maxima First Strand cDNA Synthesis Kits 

Qiagen Qiagen RNeasy mini kit 
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Table 3: 2x Lysisbuffer 

Components Working solution 

Glycerol 10% 

NaF 50mM 

Tris HCL 50mM 

EDTA 1mM 

EGTA 1mM 

NaCl 157mM 

Triton x-100 1% 

Na3Vo4 1mM 

Sodium Deoxycholate 0,5 % 

 

Table 4: Premade lysisbuffer 

Components Chemicals and Reagents 

2x lysisbuffer (Table 3) 5 ml 

dH20 ~5 ml 

Phosphostop 1 tablet 

Protease Inhibitor 1 tablet 

PMSF 100 µl 

Benzonase  1 µl 

 

3.2 THP-1 cells 

3.2.1 Background 

THP-1 cells were originally cultured from the peripheral blood of an infant boy suffering 

from acute monocytic leukemia, a disease that leads to the unimpeded growth of monocytes. 

THP-1 cells were first characterized in 1980 by S. Tsuchiya and was deemed to be a leukocytic 

cell line with a multitude for common markers equal to those of monocytes [107].  The THP-1 

cells can be shortly described as singular cells with a large and round morphology. They have 

Fc- and C3b receptors, but immunoglobins are absent. They are able to induce inflammatory 

responses, such as the production of IL-1 and TNF-α. They can be differentiated into 

macrophage-distinct entities by either phorbol 12-myristate 13-acetate (PMA) or Vitamin D3 

(VD3). It should be noted that PMA and VD3 results in differentiated THP-1 cells with distinct 

signaling and characteristics [108]. Cells differentiated with PMA become adherent and obtain 

more Mφ-like appearances, as VD3 differentiate cells do not. PMA differentiated cells display 

a higher rate of phagocytosis and expression of TNF-α. They also express higher levels of 

CD11b, but a lower amount of CD14, compared to VD3 differentiated THP-1 cells. [108] 
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3.2.2 Maintenance of cell culture 

The THP-1 cells used originated from American Tissue Culture Center (ATCC). The 

cells were grown in ATCC modified RPMI 1640, containing L-glutamine and Hepes. In 

addition to this the medium was supplemented with 10 % FCS, β-merkaptoethanol, and 

Gansumycin in an environment of 5 % CO2 at 37o C.  The cells were split after two or three 

days in order to keep the cells within optimal density (not exceeding 1,0 x 106 cells/ml) as they 

can undergo certain morphological changes if excessively stressed.  

For experiments the cell suspension was transferred to a 50 ml Falcon tube and spun 

down for 8 min at 125 g, 20o C. The supernatant was discarded and the pellet dissolved in 5 ml 

of medium. For experiments involving siRNA transfection Ganzumycin was excluded from the 

medium, due to the toxicity of antibiotics when working with the specific transfection reagents. 

A sample of 10 µl was mixed with 10 µl of Trypan blue and used to calculate the number 

of live cells using the Countess® Automated Cell Counter from Invitrogen and the total number 

of live cells was determined. Then the volume was increased by the addition of extra medium 

to obtain proper cell density for the experiment and PMA added to differentiate the cells. The 

suspension was then seeded in 6-well plates with 2 ml of suspension in each well. The 

preferable density of cells were 350 000- 400 000 cells per well. The seeded cells were 

transferred to incubators that maintained 5 % CO2 at 37o C.  

3.2.3 LPS stimulation 

LPS stimulation was used when we were interested in studying the behavior of a target 

receptor or signaling cascade in the activated TLR4 pathways. We used the ultrapure K12 LPS, 

alternatively called rough LPS, for this task. K12 LPS is distinct by the fact that it lacks the O-

side chain found on wild type (wt) LPS, which is commonly called smooth LPS. [109]. The 

ultra-pure form is required to reduce any cross activation of other TLRs such as TLR2. [110] 

  Prior to the LPS stimulation the medium was removed and replaced with 1 ml of fresh 

medium. The K12 LPS by vortexing and sonication for 30 seconds each. Then K12 LPS was 

dissolved in a 1:1000 ratio in A+ serum and heated to 37o C. 100 µl of the K12 LPS mix (100 

ng/ml) was added to the wells at specific time points 
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3.3 Transient knock down using siRNA 

Small interfering RNA, commonly called siRNA, is a method of targeting and greatly 

reducing the expression of a certain mRNA. Double stranded RNA (dsRNA) oligos that is 

complementary towards the mRNA of interest is transfected into the cell using a specific set of 

reagents, ensuring the optimal conditions for both cell vitality and transfection success. Once 

the dsRNA oligos has been transfected into the cell it is subsequently targeted by dicer enzymes, 

reducing the dsRNA into short on average ~22 basepair long siRNA strands. These ~22 long 

siRNA strands are guided by the dicer complex and assisting the siRNA to form an RNA 

interacting silencing complex (RISC) that possesses catalytic cleavage activity towards the 

transfected siRNA. The siRNA is untwined in the RISC complex and generates a single 

stranded RNA strand that are able to locate and associate to complementary mRNA strands 

situated in the cytosol. This triggers the sequence specific degradation of the mRNA in question 

and results in the abolished expression of the target protein [111].  

3.3.1 siRNA transfection procedure 

Cells were seeded as described above, 24 hrs pre-transfection with siRNA. During 

siRNA transfection it is important to reduce the possibility of RNase contamination that could 

offset the results. In order to reduce this risk of contamination filter tips and separately packed 

eppendorf tubes were used, as well as increased caution overall. In order to make the 

transfection mix, two separate mixtures were prepared. The first mix contained 490µl 

OptiMEM and 10µl Lipofectamine RNAi max reagent was subsequently set aside to rest for 5 

min. The second mixture contained 496µl of OptiMEM and 4µl of the target siRNA (specific 

targets can be found in the table in section 3.1.1). The mixtures were combined to create one 

final 1ml transfection mix, and subsequently set aside to incubate for 18-20 min at room 

temperature (RT). Upon transfection 475 µl of the medium was discarded from the wells, and 

485 µl of the transfection mix added to the cells. This ensured a final solution of approximately 

16nM of siRNA in each well. The cells were returned to the incubator for 24 hrs, before the 

total medium in the wells were substituted with 2 ml of fresh medium without PMA, siRNA 

and antibiotics. The cells were then incubated for either 48 hrs or 72 hrs depending on the 

experiment.  
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3.4 Flow Cytometry  

3.4.1 Principle of method 

Flow cytometry is the monitoring of physical and/or chemical characteristics of cells or 

particles when passed through a ray of light at a certain wavelength (commonly a laser beam) 

in a laminar flow of fluids. When passing the detector highly precise measurement of both 

physical and fluorescent characteristics within a cell population can be monitored. The basic 

properties measured by a flow cytometer are cell size, detected in the forward scatter channel 

(FSC), granularity, measured in the side scatter channel (SSC) and fluorescence detected at 

specific wavelengths [112].   

The cell size detected in the FSC gives you a rough overview of the cell size and allows 

you to separate between living and dead cells. The granularity, which is measured in the SSC, 

tells you something about the composition of the cells. As many cells have very unique sizes 

and cytoplasmic contents (i.e. basophils, dendritic cells etc…), the SSC in combination with 

FSC can be used to separate distinguished cells from each other when located in the same 

suspension [112]. 

 If the cells have been labelled with a fluorochrome towards a cell surface or intracellular 

protein, fluorescent signal can be detected in one of the flow cytometers fluorescence channels 

(FLCs). The specificity of these channels are adjusted by filters, separating light with different 

wavelength, either by exclusion of wavelengths higher or lower than the filter specifics, or by 

reflecting light with different wavelengths through different paths. It is essential to select both 

the optimal laser for excitation of the fluorochrome, as well the proper filters as to detect the 

emission light [112].  

3.4.2 Flow cytometry example procedure 

The cells were seeded as described in Material and Methods 3.2.2, and LPS stimulated 

accordingly to in Material and Methods 3.2.3 

After LPS stimulation it is important to reduce the amount of cellular activity. Cellular 

processes initiated by LPS will continue to work and it is important to reduce these processes 

to a bare minimum in order to create reproducible results. If the cells are to be labeled with 

antibodies, then after detaching the cells, it’s imperative to keep the cells on ice in order to 

reduce any excess of cellular processes that can affect the results. Keeping the cells on ice when 

lysing the cells is also ideal in order to reduce the actions of phosphatases and proteases that 

might cleave proteins that are significant for the result.  
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At the end of the LPS stimulation, the medium was removed and the wells washed with 

1 ml of PBS. 500 µl of undiluted Accutase was added in order to detach the cells, and treated 

10-15 min at 37o C. Accutase was used due to its ability to detach cells without cleaving surface 

proteins [113]. This is important as we were investigating surface protein levels. The cells were 

transferred into specifically designed flow tubes and centrifuged at 1500 g at 4o C for 5 min to 

harvest the cells. The supernatant was discarded and the tubes were shaken in order to detach 

the cells. One sample served as a negative control and remained unstained while another control 

sample was added 10 µl of an associated isotype control. Experimental samples were added 10 

µl of a fluorochrome conjugated antibody towards the target protein and it is important that the 

isotype control is added in the same concentration as this. The cells were put on ice for 30 min 

in the dark before washing with PBS to remove excess antibody. The samples were then spun 

down at 1500 g at 4o C for 5 minutes, and the supernatant discarded. The cells were resuspended 

in 300 µl of PBS and analyzed by Flow cytometry.  

3.4.3 Data collection and analysis 

The samples were analyzed using the BD LSR II flow cytometer. The LSR II hold four 

individual lasers at wavelengths 405 nm, 488 nm, 565 nm and 633 nm. This collection of lasers 

can detect a broad range of fluorescent labels, and with the combination of precise optical 

solutions it gives the user flexibility to maximize the results. The information from the LSR II 

is interpreted using the BD FACS DIVA software, allowing easy manipulation of voltage, 

fluorescent targets, gating and data collection. The collected data from the experiments were 

interpreted using specialized software named FlowJO. Using FlowJo one can analyze different 

subgroups by gating, compensate for spectral overlap if more than one fluorochrome has been 

used, obtain a wide range of different statistics, and create layouts of the different samples.  
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3.5 Quantitative-PCR analysis 

3.5.1  Principle of method 

Real time quantitative polymerase chain reaction (Q-PCR) is the improved extension of 

the PCR method. The improvement lies within the ability to detect the levels of nucleic acid 

after each thermal cycle using fluorescent dyes or probes [114].  

The first of the three fundamental principles within PCR is the denaturing of double 

stranded DNA by applying  high temperatures, usually just slightly below 100o C. The reaction 

is then cooled down so that target specific primers are allowed to anneal to the denatured single 

stranded DNA. Once the primers are annealed the temperature is increased in order for the Taq 

DNA polymerase to elongate the strand. This process is repeated for a set number of cycles, 

resulting in an exponential growth of the PCR-product until the reagents are depleted and the 

reaction levels out [114].  

Q-PCR is achieved by addition of a fluorescent dye or probe which amount can be 

detected after every thermal cycle. One such probe is the TaqMan probe. The TaqMan probe is 

built up in three parts, a probe sequence, fluorescent marker, and a quencher. The probe 

sequence that specifically binds to the single stranded target DNA in the sample is enhanced 

with a fluorochrome at the 5’-end, and an additional quencher in the 3’-end. As long as the 

fluorochrome and quencher are in proximity the energy that would have excited the 

fluorochrome is transferred to the quencher. Only when the exonuclease activity of the Taq 

polymerase cleave the probe the fluorescent marker is released from the tight proximity of the 

quencher and emits wavelength specific light that can be detected by the thermal cycler [114].  

The Applied biosystems “Step one Plus thermal cycler” provides a quantitative 

detection of the target nucleic acid using real time analysis. It also provides a qualitative 

analysis of the product based on the melt curve analysis. Samples are analyzed in technical 

duplicates and the system software provides a distinction of valid and invalid results based on 

the variation of standard deviation. A variation of   < 0.3 in standard deviation between Ct-

values signify a valid result.  

3.5.2 Q-PCR example procedure 

Cells were seeded as described in Materials and Methods 3.2.3 and LPS stimulated as 

described in Materials and Methods 3.4.3. Upon harvesting the wells were washed with 1 ml 

of PBS, and added 375 µl of Isol to lyze the cells. The cell lysate was collected after a couple 

of minutes in the Isol solution and stored overnight at -80o C.  
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The RNA was extracted with phenol chloroform before isolated using the Qiagen 

RNeasy mini kit according to manufacturer’s protocol. The final RNA concentration was 

measured by using Nanodrop.  

The RNA was then used to synthesize complementary DNA (cDNA).  An equal amount 

of RNA was added to 14 µl of RNase free water. The volume was finalized to 20 µl by addition 

of 4 µl of 5x reaction mix and 2 µl Maxima enzyme mix. In one of the samples, the Maxima 

enzyme mix was replaced with 2 µl of water to serve as a reverse transcriptase control to assess 

the purity of final product.  The cDNA reaction was synthesized using a program set to 10 min 

at 25o C, 30 min at 50o C, and finally 5 min at 85o C to cancel the reaction.  

The cDNA product was diluted in a 1:100 ratio and used in the final Q-PCR reaction. A 

mix containing 10 µl of Fast mix, 1 µl of a specific TaqMan probe, and 4 µl of H2O was added 

to the wells in the Q-PCR plate, before 5 µl of the cDNA was added. The Q-PCR plate was 

sealed and centrifuged before transferred to the thermal cycler for measurement of specific 

mRNA levels.   
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3.6 SDS-PAGE and western blotting 

3.6.1 Principle of method 

SDS-Polyacrylamid gel electrophoresis (SDS-PAGE) combined with western blotting 

(WB) is a well-established method for separating and analyzing proteins from cell samples. The 

cell lysate is treated with a sample buffer containing SDS, giving all proteins a negative charge 

so they can be separated linearly accordingly to the protein size during electrophoresis. The 

samples are then added to the wells of a polyacrylamide gel for separation. The SDS-PAGE 

gels can vary in density in order to increase the separation of the proteins at certain sizes [115, 

116].  

Once the gel has been run, it can be transferred to a nitrocellulose blot using either wet, 

semi-dry, or dry transfer. Dry transfers are time efficient compared to wet transfers, however, 

they all have advantageous compared to each other [115, 117].  Proteins are transferred from 

the gel to the blot by the means of an electrical field that is applied to the gel. Once the proteins 

has been transferred to the blot it’s placed in a blocking solution. 

 The blocking buffer can be solutions such as bovine serum albumin (BSA) and 

skimmed dry milk, and its purpose is to block nonspecific bindings on the blot. After the 

blocking is complete, a primary antibody specific to the target protein is applied, and incubated 

with the blot. The incubation period may vary depending on the quality of the antibody. A HRP-

conjugated secondary antibody targeting the isotype of the primary antibody is then added. The 

blot is then washed and a chemical substrate added that reacts with the secondary antibody. The 

reaction of the chemical substrate with the secondary antibody creates a chemi-luminescent 

signal that can be detected using specialized hardware [118].  

3.6.2 Western blotting procedure 

Cells were seeded as described in Materials and Methods 3.2.3 and LPS stimulated as 

described in Materials and Methods 3.2.3. The cells were washed with 1 ml PBS, and lysed in 

the well, with the addition of 170 µl of premade lysisbuffer (Table 3 and 4) on ice for 15 min. 

In order to enhance lysis the cells were shaken every 5 min. The lysate was transferred to 

eppendorf tubes and centrifuged at 13000 g at 4o C for 15 minutes. The supernatant was 

transferred to new eppendorf tubes and mixed with 3.6 x loading buffer (containing 100mM 

DTT, a protein reducing agent that also protects cysteine residues from oxidation) in a 1:3 

loading buffer/lysate ratio. The lysate was denatured in a heating block at 70o C for 10 min.  
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The denatured lysate was loaded into a 4-12% bis-tris NuPage gradient gel that was 

assembled according to manufacturer’s instructions. MOPS-buffer was used as running buffer. 

The gel was run for 10 min at 100 V in order for the samples to be evenly loaded into the gel, 

and subsequently for 1.5 H at 155 V. For WB an iBlot® gel transfer device from Invitrogen 

was used to dry transfer proteins from the polyacrylamide gel to a nitrocellulose membrane. 

The blot was then transferred to a 5 % BSA blocking solution for 1 hr. After blocking, the 

membrane was incubated with a primary antibody in 2 % BSA. The incubation period of the 

primary antibody depends on the quality of the antibody and amount of the protein of interest 

transferred to the nitrocellulose membrane. Whereas housekeeping genes need 1 hr of 

incubation, other antibodies might need to incubate over night or longer in order to obtain 

detectable levels.  

After the incubation of the primary antibody, the blot was washed 3 x 5 min with TBS-

Tween, before a secondary antibody was added, incubated for 1 hr. The blot was washed 3 x 5 

min with TBS-tween. Super signal substrate was added to the blot and it was successively 

developed using LI-COR Odyssey Fc according to manufacturer’s instructions.  
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4 Results 

4.1 Optimizing the differentiation protocol of THP-1 cells 

THP-1 cells are derived of an acute monocytic leukemia cell line, obtained from the 

peripheral blood of a 1-year old child [107]. As THP-1 cells are of monocyte origin, signaling 

in THP-1 cells share similarities with primary monocytes and Ms, thus they potentially 

provide a good model system for studying the cell biology of innate immune signaling. 

Specifically we wanted to establish the THP-1 cell line as a human model system to study 

TLR4-mediated signaling. THP-1 cells endogenously express proteins regulating the TLR4 

signaling pathways. They are easily grown and maintained, can easily be differentiated to 

express Mφ morphology using either PMA or VD3 [108], and can be used for both siRNA and 

transfection experiments. These properties could make THP-1 cells a valuable tool in exploring 

TLR4 signaling.  

TRIF activation is dependent on the internalization of LPS and activation of TLR4 on 

endosomes. This internalization has been shown to be tightly regulated by CD14 [35, 66]. 

Hence one of our main interests was the surface expression of CD14 and TLR4 and the effect 

LPS-stimulation would have onto this. We wanted to study the dynamics of TLR4 on the PM, 

however, TLR4 proved hard to visualize using flow cytometry. We chose to address this 

problem by investigating the CD14 levels on the PM relative to that of TLR4 [106]. CD14 is 

tightly linked to TLR4’s activity when stimulated by LPS. CD14 regulates the transfer of LPS 

to TLR4 [30] and controls the internalization of TLR4 [119], and it is likely that their dynamics 

on the PM are co-dependent.  
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Figure 6:  THP-1 cells differentiated with 100 ng/ml PMA for 72 hrs.  
THP 1- cells differentiated with 100 ng/ml PMA for 72 hrs. The cells were labeled with a CD14 FITC-conjugated antibodies 

and analyzed by flow cytometry.  A) THP-1 cells labeled with isotype control B) THP-1 cells labeled with CD14 FITC.  Data 

was interpreted using FlowJo. Cell count = 5000  

 

 

 In our first experiments we used 100 ng/ml PMA for 72 hrs to differentiate THP-1 

cells into Mφ-like structures.  As displayed in Figure 6 and Figure 7c the use of this protocol 

resulted in a very limited population of CD14 positive cells. As CD14 is readily detectable in 

primary cells [120], including earlier observations that CD14 was expressed at mRNA and 

proteins levels in THP-1 cells [121], we found it strange that CD14 displayed such limited 

PM levels. We speculated that this problem could be addressed by optimizing the 

differentiation protocol.   

It was reported that total protein levels of CD14 could be increased using lower 

concentrations of PMA [121]. Using a PMA concentration as low as 10 ng/ml PMA were 

beneficial for both CD14 expression, as well as reducing unwanted background expression of 

cytokines [121].  Other works suggests that replacing the medium of THP-1 cells 48 hrs after 

PMA differentiation to PMA-free medium was beneficial in promoting a more Mφ like 

phenotype [122].   

Combining these two observations we set up an experiment using six different 

conditions in order to investigate if any of these would yield a higher percentage of THP-1 cells 

expressing CD14 on the PM. 

A B 
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First we were interested to see if reducing the concentration of PMA from 100 ng/ml to 

10 ng/ml PMA, with 72 hrs incubation period would have any significant effect upon CD14 

expression. Analysis was performed by flow cytometry.   

 

Figure 7: THP-1 cell differentiation protocol optimization (72 hrs PMA).  
THP-1 cells differentiated with different PMA concentrations and incubated for 72 hrs. The cells were labeled with a CD14 

FITC-conjugated antibody and analyzed by flow cytometry. A) Isotype control B) THP-1 cells treated with 10 ng/ml PMA. C) 

THP-1 cells treated with 100 ng/ml PMA. These results are representative data of 4 experiments and presented as percentage 

of positive cells. This was chosen over median + standard deviation, in correspondence with engineers and external advice. 

This is due to the variations in the results and the bimodal populations observed in later results. Count = 10000  

We observed that there was no essential variation in the expression of CD14 on the PM 

between the two conditions. Both 100 ng/ml PMA (Fig. 7c) and 10 ng/ml PMA (Fig. 7b) 

resulted in basically the same minor amount (11.1 % and 11.7 % respectively) of CD14 on the 

PM. This result signifies that changing the PMA concentration alone was not enough to provoke 

a change in the expression of CD14 on the PM in THP-1 cells after 72 hrs of incubation time, 

and that further optimization of the protocol was necessary.  

For the next experiment we introduced a resting period of 48 hrs, which meant that the 

cells would rest in PMA-free medium after the initial 48 hrs of incubation in either 10 ng/ml 

PMA or 100 ng/ml PMA [122]. This changes was based on other studies and we theorized that 

including this resting period, combined with the lower concentration of PMA would confer 

some changes into the PM CD14 expression levels.  
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Figure 8: THP-1 cell differentiation protocol (48 hrs PMA + 48 hrs PMA free).  
THP-1 cells were differentiated with different concentrations of PMA for 48 hrs and rested for 48 hrs in PMA-free medium. 

The cells were labeled with a CD14 FITC-conjugated antibody and analyzed by flow cytometry. A) Isotype control B) THP-1 

cells treated with 10 ng/ml PMA. C) THP-1 cells treated with 100 ng/ml PMA. These results are representative data of 4 

experiments. Count = 10000 

 

The 48 hrs rest period without PMA in the culture media had a substantial effect on the 

CD14 levels on the PM. In cells treated with 100 ng/ml PMA we could observe an increase of 

CD14 positive cells to slightly less than 30 % of the cell population (Fig. 8c). For the cells 

treated with 10 ng/ml PMA we observed an increase of CD14 positive cells closer to 40 % (Fig. 

8b), a significantly greater number than what was observed on the cells treated with 100 ng/ml 

PMA. We also observed that the population of CD14 positive cells treated with 10 ng/ml 

seemed to be a more homogeneous population, separated from the CD14 negative cells (Fig 

8b), whereas the cells treated with 100 ng/ml PMA displayed a more heterogeneous population 

(Fig 8c).    

Next we increased the resting period to 72 hrs, with the same set up for PMA 

concentrations. This was due to the observation by Daigneault et al that there were no 

significant changes to the morphology of the THP-1 cells after 72 hrs of rest in PMA-free 

medium [122]. Even though we had a desirable effect after only 48 hrs of rest, we wanted to 

make sure that the PM-composition was stable.  
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Figure 9: THP-1 cell differentiation protocol (48 hrs PMA + 72 hrs PMA free).  
THP-1 cells were differentiated with different concentrations of PMA for 48 hrs and rested for 72 hrs in PMA-free medium. 

The cells were labeled with a CD14 FITC-conjugated antibody and analyzed by flow cytometry. A) Isotype control B) THP-1 

cells treated with 10 ng/ml PMA. C) THP-1 cells treated with 100 ng/ml PMA. These results are representative data of 4 

experiments. Count = 10000 

The cells treated with 10 ng/ml PMA displayed much the same phenotype both for 48 

hrs and 72 hrs rest (Fig. 8b and 9b). This could indicate that the most major changes toward the 

differentiation to Mφs have been achieved after 48 hrs rest when the PMA concentration is 

reduced to 10 ng/ml.  

For cells treated with 100 ng/ml PMA the increased rest period of 72 hrs prompted a 

significant change in the amount of CD14 expressed on the PM from ~30% to ~45% compared 

to the results for the similar concentration, but 48 hrs of rest (Fig 8c and 9c). 

  



Results 

32 

 

   Even so, there still was a difference in the manner of which these cells differentiate 

depending on the concentration of PMA. Whereas the cells treated with 100 ng/ml PMA now 

displayed an even higher portion of cells expressing CD14 on the PM compared to 10 ng/ml 

PMA (Fig. 9), the latter display a much more homogenous population of CD14 positive cells, 

separate from the CD14 negative cells in the sample (Fig. 9b). This observation strengthens our 

theory that cells differentiated with 10 ng/ml PMA appear to be more fully differentiated.  

From these data we concluded that reducing the PMA concentration from 100 ng/ml to 

10 ng/ml had a clear effect upon the PM levels of CD14.  We also demonstrated that a resting 

period in PMA-free medium, after the initial 48 hrs of incubation with PMA, resulted in a higher 

CD14 positive population suggesting that this protocol was necessary for obtaining optimal 

differentiation of THP-1 cells.     
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4.2 Further classification of PM located proteins 

4.2.1 TLR4 

We had previously tried assessing the amount of TLR4 on the PM, but not found any 

striking expression.  Due to the great alteration in the expression of CD14 on the PM, induced 

by both reduced PMA concentration and the inclusion of a rest period, we investigated the 

effects of these on the PM levels of TLR4. We used both 10 ng/ml and 100 ng/ml to differentiate 

the THP-1 cells and rested the cells for 48 hrs, 72 hrs, and 96 hrs in PMA-free medium in order 

to see if any of these conditions had any improved effect on the PM levels of TLR4.  

 

Figure 10: TLR4 PM levels using the altered differentiation protocol.  
THP-1 cells were differentiated using A) and C) 10 ng/ml PMA, B) and D) 100 ng/ml PMA. The cells were incubated in the 

PMA-medium for 48 hrs before the medium was replaced with PMA-free medium. The THP-1 cells were rested for 48 hrs, 72 

hrs, and 96 hrs. The THP-1 cells were labeled with TLR4-HTA125-PE conjugated antibodies and analyzed with flow 

cytometry. The data in A). and B) are representative of two parallel experiments.  The data in C) and D) are the mean of the 

median values of the measured PE-intensity from both experiments. Count=10000 
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The new protocols did not infer any major changes on the amount of TLR4 expressed 

on the PM compared to CD14 (Fig. 8 and 9). We observed a small shift compared to the isotype 

control (Figure 10a and b), and an increase in the median values of TLR4 (Fig. 10 c and d). A 

considerably smaller population of TLR4 compared to CD14 was to be expected [106]. We 

concluded that the new protocols had no considerable effect upon the PM levels of TLR4 and 

decided to focus on CD14.  
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4.2.2 CD11b 

CD11b, also known as integrin α M, is one of two components forming the heterodimer 

complement receptor 3 (CR3), the other being CD18 [123]. It is found predominantly expressed 

in cells involved in innate immunity such as monocytes, neutrophils, DCs and Mφs, and to a 

lesser extent B- and T-cells [123]. CD11b physically interacts with CD14 when cells are 

stimulated with LPS[124] in an event that affects CR3-mediated adhesion, it has been linked to 

influence LPS-mediated signaling [125], as well as playing an important part in phagocytosis 

[126]. Addressing any effect of the expression of CD11b was therefore interesting as the 

internalization and phagosome formation is an essential part of triggering the TRIF-dependent 

pathway [27]. 

 

Figure 11: CD11b PM levels using the altered differentiation protocol.   
THP-1 cells were differentiated using A) and C) 10 ng/ml PMA, B) and D) 100 ng/ml PMA. The cells were incubated in the 

PMA-medium for 48 hrs before the medium was replaced with PMA-free medium. The THP-1 cells were rested for 48 hrs, 72 

hrs, and 96 hrs. The THP-1 cells were labeled with CD11b-PE conjugated antibodies and analyzed with flow cytometry. The 

data in A) and B) are representative of two parallel experiments.  The data in C) and D) are the mean of the median values of 

the measured PE-intensity from both experiments. Count=10000 
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At 10 ng/ml PMA there was no significant difference between the different rest periods, 

as illustrated in both Figure 11a and 11c. The shift observed in Figure 11a indicate that the 

expression of CD11b on the plasma membrane is fairly stable after 48 hrs of rest and remained 

stable after 72 hrs and 96 hrs (Fig. 11a and c). In the cells treated with 100 ng/ml the expression 

of CD11b is notably weaker after only 48 hrs compared to 72 hrs and 96 hrs (Fig. 11b and d).  
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4.3 The effect of PMA concentrations and rest on LPS-induced IFN-β 

and TNF-α responses 

Next we investigated the effect of the THP-1 differentiation protocols on the expression 

of IFN-β and TNF-α. Based on the prior results we determined that rest period was more 

essential than the actual PMA-concentration, so we excluded the protocol with 72 hrs on PMA 

without rest, and continued with 48 hrs and 72 hrs rest and both PMA concentrations in order 

to locate additional variations. In order to assess the status of MyD88 and TRIF-dependent 

signaling in THP-1 cells differentiated with the new protocols, we tested the expression of IFN-

β and TNF-α. Cytokines induced by the MyD88-dependent and TRIF-dependent pathway.   

 

4.3.1 IFN-β response in course of LPS stimulation  

IFN-β is a cytokine that is tightly regulated by the nuclear translocation of IRF3 [62]. 

Since the TRIF-dependent pathway activates IRF3, we used IFN-β expression as a readout of 

TRIF signaling pathway.   

 

Figure 12: LPS stimulated IFN-β expression in THP-1 cells differentiated with 48 hrs rest.   
THP-1 cells were differentiated with A) 10 ng/ml PMA and B) 100 ng/ml PMA for 48 hrs and rested for 48 hrs. The cells 

were treated with K12 LPS (100 ng/ml) at designated time points prior to cell lysis and RNA purification. The RNA was 

analyzed using Q-PCR and the Taqman probe system against IFN-β. The experiment was repeated twice and the results 

presented above are representative for these two experiments.    

The THP-1 cells treated with 10 ng/ml PMA results in a significant response of IFN-β 

when stimulated with K12 LPS. After 0, 5 hrs there is no noteworthy changes in expression of 

IFN-β, however, the cells treated with 10 ng/ml PMA display a modest increase of expression 
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levels after 1 hr (Fig. 13a). After 2 hrs there is a substantial increase of IFN-β levels, while after 

4 hrs the levels are lower (Fig. 12a).  

The THP-1 cells treated with 100 ng/ml PMA (Fig 12b), display a lower expression of 

IFN-β mRNA than cells differentiated with 10 ng/ml PMA (Fig. 12a), when stimulated with 

K12 LPS. At 1 hr of LPS stimulation there is no indication of IFN-β expression. There is a very 

modest increase of the expression of IFN-β mRNA after 2 hrs and 4 hrs (Fig. 12b) compared to 

10 ng/ml (Fig 12a) 

 

 

 

Figure 13: LPS stimulated IFN-β expression in THP-1 cells differentiated with 72 hrs rest.   
THP-1 cells were differentiated with A) 10 ng/ml PMA and B) 100 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells 

were treated with K12 LPS (100 ng/ml) at designated time points prior to cell lysis and RNA purification. The RNA was 

analyzed using Q-PCR and the Taqman probe system against IFN-β. The experiment was repeated twice and the results 

presented above are representative for these two experiments.    

 

Increasing the rest period to 72 hrs in PMA-free medium after PMA differentiation 

resulted in some considerable changes in the expression of INF-β mRNA. THP-1 cells treated 

with 10 ng/ml PMA now displayed a somewhat more restrained production of INF-β (Fig. 13a) 

compared to the cells only rested for 48 hrs (Fig. 12a).  At the 1 hr mark the amount of INF-β 

produced are still negligible, however, after 2 hrs the expression levels have significantly 

increased and remain stable and remain stable at 4 hrs (Fig 13a).   
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The most notable effect was however observed in cells treated with 100 ng/ml PMA 

(Fig. 13b). While the initial 1 hr response was basically nonexistent, after 2 hrs the INF-β 

expression levels have increased a thousand fold (Fig. 13b), comparable to expression levels 

seen in the cells treated with 10 ng/ml PMA at the same 2 hrs time point (Fig. 12a and 13a). 

After 4 hrs the expression levels has increased three-fold the amount observed after 2 hrs (Fig. 

13b).  

The same experiment was also conducted with other TLR4 ligands, such as E. Coli, and 

B4 LPS (data not shown). In the cells treated with E. Coli the cells gave a comparable response, 

although around twice the strength at the 2 hrs mark, but the overall expression behavior was 

comparable to that of K12 LPS (Data not shown). For B4 LPS the cells had an initially weaker 

response, giving a weaker signal at 2 hrs and 4 hrs (data not shown). However, these results 

were not further quantified and could only be used for preliminary estimates compared with the 

K12 LPS results.  
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4.3.2 TNF-α response in course of K12 LPS stimulation 

TNF-α is a cytokine that is regulated by the MyD88-dependent pathway [127]. 

However, the TRIF-dependent pathway is also able to regulate the activity of NF-κB through 

its interactions with TRAF6 [67]. Nevertheless, TNF-α serves as an effective indicator for the 

activity of the MyD88-dependent pathway. For this reason we were interested in investigating 

the expression of TNF-α using the new protocols. 

 

Figure 14: LPS stimulated TNF-α expression in THP-1 cells differentiated with 48 hrs rest.   
THP-1 cells were differentiated with A) 10 ng/ml PMA and B) 100 ng/ml PMA for 48 hrs and rested for 48 hrs. The cells 

were treated with K12 LPS (100 ng/ml) at designated time points prior to cell lysis and RNA purification. The RNA was 

analyzed using Q-PCR and the Taqman probe system against TNF-α. The experiment was repeated twice and the results 

presented above are representative for these two experiments.    

The TNF-α response after 48 hrs incubation of PMA and 48 hrs rest in PMA-free 

medium again shows an increased cytokine expression in THP-1 cells differentiated with 10 

ng/ml PMA compared to the cells treated with 100 ng/ml PMA (Fig. 14). The cells treated with 

10 ng/ml PMA show tendencies to expression after 0,5hrs, before reaching maximum 

expression after 1 hr (Fig 14a). The expression of TNF-α decline after 2 hrs, continuing to do 

so up to 4 hrs as well (Fig. 14a). THP-1 cells treated with 100 ng/ml PMA (Fig 14b) display a 

weaker, as well as delayed expression of TNF-α, compared to the cells treated with 10 ng/ml 

PMA (Fig. 14a). The production TNF-α increases marginally within the 1 hr time point, and 

reaches it maximum expression after 2 hrs (Fig. 14b), approximately reaching half the response 

to what observed after 1 hr in cells treated with 10 ng/ml PMA (Fig. 14a).  This can theoretically 

be related to the difference in amount of CD14 expressed on the PM of THP-1 cells treated with 

the different protocols (Figure 8), considering CD14 plays an active part in the transfer of LPS 
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to the MD2-TLR4 complex ([128], as well as the internalization of the MD2-TLR4 complex 

required for the TRIF-dependent pathway [119].  

 

Figure 15: LPS stimulated TNF-α expression in THP-1 cells differentiated with 72 hrs rest.   
THP-1 cells were differentiated with A) 10 ng/ml PMA and B) 100 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells 

were treated with K12 LPS (100 ng/ml) at designated time points prior to cell lysis and RNA purification. The RNA was 

analyzed using Q-PCR and the Taqman probe system against TNF-α. The experiment was repeated twice and the results 

presented above are representative for these two experiments.    

  

Increasing the rest period to 72 hrs on PMA-free medium (Fig. 15) changed the 

expression pattern compared to 48 hrs rest (Fig. 14).  THP-1 cells treated with 10 ng/ml PMA 

(Fig. 15a) displayed an expression of TNF-α mRNA levels at 0,5hrs and 1,0 hrs comparable to 

the cells rested for 48 hrs (Fig. 14a). However, the expression continued to increase after 2 hrs 

of stimulation with K12 LPS (Fig. 15a) where it declined in cells given only 48 hrs rest (Fig. 

14a). After 4 hrs the expression of TNF-α had greatly declined (Fig. 15a) to a level comparable 

to that of previously observed (Fig. 14a).  

For THP-1 cells treated with 100 ng/ml PMA and rested 72 hrs (Fig. 15b)  the TNF-α 

response was  also lower than in cells treated with 10 ng/ml PMA (Fig. 15a). The onset of TNF-

α expression is delayed and keeps increasing to ~450 fold at 4 hrs  (Fig. 15b) in contrast to with 

10 ng/ml PMA where TNF-α peaks at 2 hrs and thereafter decreases (Fig 15a).  
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4.4 Dynamics of CD14 on the PM in different protocols 

We agreed upon favoring the new reduced concentration of 10 ng/ml of PMA, as well 

as including a rest period after 48 hrs of initial PMA differentiation. Based on the expression 

of the Mφ marker CD14 and the LPS-induced cytokine expression, we reasoned that this 

concentration is more beneficial to obtain a more Mφ-like system.  

As the TLR4 levels detected on the PM were low, we chose CD14 as a target to measure 

the initial PM dynamics of the MD2-TLR4 signaling complex. We reasoned that since CD14 

is essential for the endocytosis of TLR4, their dynamics are most likely closely linked.  

We wanted to explore the optimal amount of rest further, and conducted two separate 

series of experiments for both 48 hrs and 72 hrs of rest in PMA-free medium following the 

initial 48 hrs of PMA differentiation with 10 ng/ml PMA. We stimulated the differentiated cells 

with the TLR4 ligand K12 LPS at chosen time points in order to investigate the dynamics of 

CD14 at the PM [129].  

 

Figure 16: The PM dynamics of CD14 in LPS stimulated THP-1 cells (48 hrs rest PMA-free medium). 
THP-1 cells were differentiated using 10 ng/ml PMA for 48 hrs, and rested for 48 hrs in PMA-free medium. The cells were 

stimulated using K12 LPS (100 ng/ml) at designated time points before labeled with a CD14 FITC-conjugated antibody and 

analyzed using flow cytometry. The Y-axis represents the normalized values of CD14 towards the unstimulated sample (0 

min). The normalized values are derived from the percentage of CD14 positive cells. The experiment was repeated three 

times and presented as mean of normalized values ± standard deviation.  Count = 10000 

The flow cytometry data showed that the cells that had been treated for 48 hrs with PMA 

and 48 hrs of rest had a very limited dynamics of CD14 on the PM (Fig 16). We also wanted to 

study the dynamics in cells rested for 72 hrs. The levels of CD14 on the PM in these to protocols 

did not differ greatly as shown in Figure 8 and 9, but the IFN-β and TNF-α expression varied 

between protocols. Hence we wanted to investigate possible differences in the CD14 dynamics 

between protocols  
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Figure 17: The PM dynamics of CD14 in LPS stimulated THP-1 cells (72 hrs rest PMA-free medium).  
THP-1 cells were differentiated using 10 ng/ml PMA for 48 hrs, and rested for 72 hrs in PMA-free medium. The cells were 

stimulated using K12 LPS (100 ng/ml) at designated time points before labeled with a CD14 FITC-conjugated antibody and 

analyzed using flow cytometry. The Y-axis represents the normalized values of CD14 towards the unstimulated sample (0 

min). The normalized values are derived from the percentage of CD14 positive cells. The experiment was repeated three 

times and presented as mean of normalized values ± standard deviation. .  Count = 10000 

 

THP-1 cells that had been allowed to rest for 72 hrs displayed a much more active 

dynamics of CD14 PM expression (Fig 17). There was a steady decline of CD14 present on the 

PM over the course of 60 min, suggesting that the internalization rate of CD14 might be higher 

in cells rested for 72 hrs in PMA-free medium (Fig. 17).  

These data, combined with the Q-PCR data, indicated that it might be advantageous to 

use 48 hrs PMA, followed by 72 hrs rest in PMA-free medium differentiating THP-1 cells, as 

the increased dynamics of CD14 might suggest an increased rate of trafficking of this receptor, 

and most likely concomitantly with TLR4.  
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4.5 The effect of Rab4a depletion on LPS-induced TLR4 inflammatory 

signaling 

We wanted to explore potential effects of Rab4a on the surface expression of CD14. 

Rab4a has been extensively linked to the rapid recycling of endocytosed material directly back 

to the PM [83] and may play an important role in the recovery of important inflammatory 

signaling proteins, thus Rab4a might play a part in either delaying the TRIF-dependent 

response, or sustaining the MyD88-dependent response. The effect of Rab4a depletion in    

THP-1 cells was investigated using both 48 hrs and 72 hrs rest in PMA-free medium followed 

by stimulation with K12 LPS.  

 

Figure 18: WB confirmation of Rab4a silencing (48 hrs PMA+ 48 hrs PM- free). 

THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs, and rested for 48 hrs in PMA free medium. The cells were 

treated with siRNA towards Rab4a, and the lysate were used to confirm the depletion of Rab4a using WB. The experiment 

was repeated twice and both results are presented in the figure.  

We confirmed that Rab4a had effectively been silenced using WB (Fig.18). We set up 

a flow cytometry experiment using 10 ng/ml PMA for 48 hrs and 48 hrs in PMA-free medium. 

We stimulated the cells with K12 LPS at certain time points, in order to investigate any effect 

on the surface levels of CD14.  

  



Results 

 

45 

 

 

Figure 19: PM dynamics of CD14 in Rab4a depleted THP-1 cells (48 hrs PMA+ 48 hrs PMA-free).  
THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs, rested 48 hrs in PMA-free medium. The cells were treated with 

Rab4a siRNA. The Cells were stimulated with K12 LPS (100 ng/ml) at designated time points. Post-stimulation the cells were 

labeled with a CD14 FITC-conjugated antibody and analyzed using flow cytometry. A) and B) display the data from two 

individual series. Count = 10000 

 

It was apparent that Rab4a siRNA silencing had some sort of effect on the system, 

however, from two independent experiments with cells treated 48 hrs on PMA and 48 hrs of 

rest, showed opposing effects on the CD14 dynamics on the PM (Fig. 19). While the CD14 

surface levels rapidly declined in the first experiment (Fig. 19a), the amount of CD14 actually 

increased rapidly before stabilizing in the second experiment (Fig. 19b).  

 

Figure 20: WB confirmation of Rab4a silencing (48 hrs PMA + 72 hrs PMA-free). 
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs, and rested for 72 hrs in PMA free medium. The cells were 

treated with siRNA towards Rab4a, and the lysate used to confirm the depletion of Rab4a using WB. The experiment was 

repeated twice and both results are presented in the figure.  

 

We repeated the experiment using 72 hrs in PMA free medium. We confirmed the 

knockdown of Rab4a using WB (Fig. 20). Interestingly we noticed a band, above the signal 

representing Rab4a (indicated lower band)  
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Figure 21: PM dynamics of CD14 in Rab4a depleted THP-1 cells (48 hrs PMA+ 72 hrs PMA free). 
THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs, rested 72 hrs in PMA-free medium, and treated with Rab4a siRNA. 

The cells were stimulated with K12 LPS (100 ng/ml) at designated time points. Post-stimulation the cells were labeled with a 

CD14 FITC-conjugated antibody and analyzed using flow cytometry. The experiment was repeated four times and A) and B) 

display representative data from two individual series. Count = 10000 

After resting the cells for 72 hrs the similar variation in the results could be observed 

(Fig. 21). In the first experiment the LPS stimulation seemed to have little effect on the amount 

of CD14 dynamics on the PM (Fig. 21a), whereas in the second experiment the CD14 levels 

increases slightly at first (Fig. 21b), similar to the second experiment with 48 hrs rest (Fig 19b), 

before dropping steadily from 30 min and out.  

Again, the variation in CD14 PM levels between the two experiments was too great to 

reach any form of proper conclusion. Nonetheless, the observation that CD14 levels in Rab4a 

siRNA treated cells given 72 hrs of rest (Fig. 21) are substantially lower than what is observed 

in Figure 19, strengthen our hypothesis that Rab4a indeed regulate events involved in 

inflammation.  
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4.1 The effect of Rab11a depletion on LPS-induced TLR4 inflammatory 

signaling 

Rab11a is an essential regulator of the slow recycling of proteins from the endosomal 

pathway back to the PM, through the ERC. Rab11a has been linked to the trafficking of TLR4 

to phagosomes, so examining if it has any effect on the internalization and potential recycling 

of CD14 from and to the PM is of great interest.  

 

Figure 22: WB confirmation of Rab11a silencing (48 hrs PMA + 48 hrs PMA-free). 
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs, and rested for 48 hrs in PMA free medium. The cells were 

treated with siRNA towards Rab11a according to protocol, and the lysate used to confirm the depletion of Rab11a using WB. 

The experiment was repeated twice and both results are presented in the figure. 

We confirmed that Rab11a had effectively been silenced using WB (Fig.22). We set up 

a flow cytometry experiment using 10 ng/ml PMA for 48 hrs and 48 hrs in PMA-free medium. 

We stimulated the THP-1 cells with K12 LPS at certain time points, in order to investigate any 

effect on the surface levels of CD14.  

 

Figure 23: PM dynamics of CD14 in Rab11a depleted THP-1 cells (48 hrs PMA+ 48 hrs PMA-free). 
THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs, rested 48 hrs in PMA-free medium, and treated with Rab11a 

siRNA. The Cells were stimulated with K12 LPS (100 ng/ml) at designated time points. Post-stimulation the cells were 

labeled with a CD14 FITC-conjugated antibody and analyzed using flow cytometry. A) and B) display the data from two 

individual series. Count = 10000 
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After 48 hrs rest there do not seem to be any noteworthy effect of the siRNA Rab11a 

knockdown. The initial amount of CD14 on the PM is not significantly shifted compared to the 

THP-1 cells treated with control siRNA in either of the experiments. The dynamics of CD14 

the first 30 min of LPS stimulation in the Rab11a knockdown cells remain fairly stable and at 

no time seems to deviate greatly from what observed in the control siRNA samples (Fig. 23). 

After 60 min the dynamics of CD14 in siRNA treated cells appear to deviate some from the 

control samples, resulting on opposing behavior (Fig. 23).  

 

Figure 24: WB confirmation of Rab11a silencing (48 hrs PMA + 72 hrs PMA-free). 
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs, and rested for 72 hrs in PMA free medium. The cells were 

treated with siRNA towards Rab11a according to protocol, and the lysate used to confirm the depletion of Rab11a using WB 

(Rab11a lower band indicated with arrow). The experiment was repeated twice and both results are represented in the 

figure. 

When we confirmed the silencing of Rab11a in cells rested for 72 hrs we now could see 

two distinct bands compared to the single band observed band in Figure 24. The lower band 

represents Rab11a and also confirms the depletion of Rab11a. We have previous data (Harald 

Husebye. Unpublished data) confirming that the upper band is indeed Rab11b and this indicate 

that there likely has occurred a change in cellular protein composition, increasing focus on 

trafficking. These results may be interesting considering trafficking in inflammatory pathways. 
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Figure 25: PM dynamics of CD14 in Rab11a depleted THP-1 cells (48 hrs PMA+ 72 hrs PMA-free). 

THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs, and rested 72 hrs in PMA-free medium, and treated with Rab7a 

siRNA. The Cells were stimulated with K12 LPS (100 ng/ml) at designated time points. Post-stimulation the cells were 

labeled with a CD14 FITC-conjugated antibody and analyzed using flow cytometry. The experiment was repeated four times 

and A) and B) display the data from two individual series. Count = 10000 

There are not much difference in cells given 72 hrs of rest compared to those of 48 hrs 

rest (Fig. 23 and 25). Although the starting levels of CD14 on the PM seems to have slightly 

decreased, the internalization behavior when stimulated with K12 LPS don’t digress greatly 

from what is observed in their corresponding control siRNA samples (Fig 25).  
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4.1.1 The effect of Rab11a depletion on LPS-induced cytokine expression 

Rab11a’s role in slow recycling towards the PM [97], as well as trafficking of TLR4 to 

phagosomes [27], makes it an apparent target to study. Using both Q-PCR and WB we wanted 

to investigate Rab11a depletions effect in the THP-1 system.  

We put our focus on the protocol using 10 ng/ml PMA for differentiation, and 72 hrs of 

rest in PMA-free medium after the initial 48 hrs of PMA incubation. We based that decision on 

the expression levels of CD14 appeared to be stable using this protocol (Fig. 9b), a good IFN-

β and TNF-α mRNA expression (Fig. 13a and 15a), and what appeared to be an increase in the 

dynamics of CD14 on the PM (fig. 17). We stimulated the cells with K12 LPS at indicated time 

points, and analyzed the cells using Q-PCR and WB as described in Materials and Methods.  

Using Q-PCR we analyzed the expression levels of both IFN-β and TNF-α, using the 

same set up as illustrated in Results 4.3. First we measured the IFN-β in cells treated in THP-1 

cells treated with Rab11a siRNA to explore any effect Rab11a would have on the TRIF-

dependent pathway.  

 

Figure 26: Expression of IFN-β in Rab11a depleted cells.  

THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells were treated with siRNA 

towards Rab11a according to protocol. The cells were stimulated with K12 LPS (100 ng/ml) at designated time points before 

the cells were lysed and the RNA purified. The RNA was analyzed using Q-PCR and the Taqman probe system against IFN-β. 

The experiment was repeated four times and the results above are representative data of these.    

Rab11a did not display any pronounced influence upon the IFN-β mRNA expression. 

After 1 hr the expression of IFN-β mRNA is basically identical (Fig. 26). The IFN-β response 

reaches its maximum after 2 hrs in both samples, and the Rab11a siRNA samples now display 
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a somewhat weaker IFN-β response compared to the control samples (Fig. 26). After 4 hrs the 

IFN-β response has started to decline, and the difference between the control samples and 

Rab11a siRNA treated samples has more or less equalized (Fig. 26). It could be speculated that 

Rab11a plays a supportive role in the sustainability in IFN-β signaling, as the initial and final 

IFN-β response are fairly equal. If Rab11a is involved in replenishing receptors or adaptors to 

the signaling compartment, it could explain the modest decrease in IFN-β expression levels at 

the peak of signaling. 

 

Figure 27: Expression of TNF-α in Rab11a depleted cells.  

THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells were treated with siRNA 

towards Rab11a according to protocol. The cells were stimulated with K12 LPS (100 ng/ml) at designated time points before 

the cells were lysed and the RNA purified. The RNA was analyzed using Q-PCR and the Taqman probe system against TNF-

α. The experiment was repeated four times and the results above are representative data of these.   .   

When analyzing the TNF-α results there seem to be no apparent effect of Rab11a KD 

(Fig. 27). The samples reach their response maximum for TNF-α after 1 hr, and both the control 

samples and the Rab11a siRNA treated samples display essentially the same amount of TNF-α 

expressed (Fig. 27). After 2 hrs and 4 hrs the expression levels of TNF-α gradually decline, 

however, they remain equal between the control samples and the KD samples (Fig. 27).  It 

seems apparent that Rab11a has no significant role to play, direct or indirectly, in the TNF-α 

MyD88-dependent signaling pathway.  
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4.1.2 The effect of Rab11a depletion on proteins involved in regulation of 

LPS-induced TLR4 signaling 

We wanted to investigate if Rab11a KD had any effect on the regulation of 

phosphorylated proteins that are |involved in TLR4 inflammatory signaling. The samples were 

seeded and stimulated with K12 LPS in parallel with the Q-PCR samples in order to keep the 

variation between the two experiments to a minimum. After stimulation the samples were 

treated  

 

Figure 28: WB analysis of key regulators of the TLR4 signaling pathways in Rab7 depleted cells. 
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells were treated with siRNA 

towards Rab11a according to protocol. The cells were stimulated with K12 LPS (100 ng/ml) at designated time points, before 

the cells were lysed. The cell lysate was used to study the protein levels by WB. The experiment was repeated twice and the 

results above are representative data of these.    
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Figure 29:  WB analysis of proteins regulating TLR4 signaling pathways in Rab11a depleted cells. 

The blots were analyzed using Li-cor Odyssey and information about signal strength obtained using the Image Studio 

software. The graphs show the Gapdh-normalized results of A) p-TBK1, B) p-IRF3, C) p-P38, D) p-IkBa and E) Rab11a. The 

unstimulated control sample (Time point 0) was set to 1 and the rest of the values normalized towards this value. The Y-axis 

represents the increase of phosphorylated protein according to this normalization. The X-axis represents time in minutes.  

Considering we did not observe any great variation in the expression of IFN-β (Fig. 26) 

and TNF- α (Fig. 27) we did not expect to see any great variation in the phosphorylation of the 

proteins involved in the signaling pathways (Fig.  28 and 29).  

The phosphorylation of TBK1 indicates that there is a decreased activation of TBK1 in 

the Rab11a siRNA treated cells compared to the control samples (Fig. 29a). After 30 min the 

amount of p-TBK1 is basically equal between the controls and the siRNA samples, while it 

after 60 min is doubled in the control compared to the siRNA samples (Fig. 29a). If this is the 

case it shows no substantial effect on either the Q-PCR results (Fig. 27) nor any extensive 
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transference of this difference upon the phosphorylation of IRF3 (Fig. 29b). After 120 min there 

is a noteworthy difference between the control samples and the Rab11a siRNA treated cells. 

The control samples express an amount of p-TBK1 about two times higher than what is 

observed in the siRNA treated samples (Fig. 29a), however, this expressively higher amount of 

p-TBK1 does not seem to affect the amount of p-IRF3 correspondingly (Fig. 29b), nor the 

outcome of IFN-β (Fig. 26). If these results are indeed significant, then reason behind this could 

be that since TBK1 works together with TANK1 and IKKι to activate IRF3, there might be 

enough redundancy in the system, allowing for a proper activation of IRF3. One could also 

attain the possibility of Rab11a being involved in the activation or trafficking of this complex, 

or a step prior to this.  

Correlating to the results of IFN-β in Figure 26, we did not see any great variation in the 

phosphorylation of IRF3 (Fig. 29b). There is essentially no amount of p-IRF3 within the first 

30 min, and there is a slight increase after 60 min (fig. 29b) in both the control sample and the 

Rab11a siRNA treated cells. This result connects well to the results in Figure 4.24 where we 

start to see the first expression of IFN-β, the end product of IRF3 activation.  After 120 min we 

still see no significant variations between the control samples and the Rab11a siRNA treated 

samples, as they both reach their recorded maximum values of p-IRF3, again agreeing with the 

results observed in Figure 4.24. Both the Q-PCR results (Fig. 26) and these WB results (Fig. 28 

and Fig. 29b) suggest that Rab11a has little or no effect upon the TRIF-dependent pathway’s 

outcome in the THP-1 model system. 

The activation of P38 indicated that this part of the MyD88-dependent pathway was not 

significantly affected (Fig. 29c). While the Rab11a siRNA treated cells display a notably higher 

activation of P38 after 30 min compared to the control samples (Fig 29c), the overall activation, 

considering all time points, is not remarkably uneven.  

The knockdown of Rab11a was also confirmed (Fig. 29e). The results indicated that there had 

been a depletion, though not as extensive as we had predicted. It might be that this slightly 

ineffective depletion of Rab11a affected the outcome of the experiments.  
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4.1 The effect of Rab7a depletion on LPS-induced TLR4 inflammatory 

signaling 

Rab7a is a novel marker of the limiting membrane of the LEs, and plays an important 

part in the maturation of EEs to LEs [80]. As TLR4 receptors are internalized into EEs from 

the PM, where they consequently activate the TRIF-dependent pathway, they are also detained 

in the endosomes as they mature, resulting in the degradation of TLR4 in the endolysosome 

[94].  

 

Figure 30: WB confirmation of Rab7a silencing (48 hrs PMA + 48 hrs PMA-free). 
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs, rested for 48 hrs in PMA free medium. The cells were treated 

with siRNA towards Rab7a according to protocol, and the lysate used to confirm the depletion of Rab7a using WB. The 

experiment was repeated twice and both results are presented in the figure. 

THP-1 cells differentiated in medium with 10ng/ml PMA for 48 hrs in PMA free 

medium were treated with siRNA towards Rab7a. We confirmed that Rab7a had effectively 

been silenced using WB (Fig.30). We stimulated with K12 LPS at certain time points, and the 

CD14 surface levels of these cells were then investigated using Flow cytometry. 
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Figure 31: PM dynamics of CD14 in Rab7a depleted THP-1 cells (48 hrs PMA+ 48 hrs PMA-free). 

THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs, rested 48 hrs in PMA-free medium, and treated with Rab7a siRNA. 

The Cells were stimulated with K12 LPS (100 ng/ml) at designated time points. Post-stimulation the cells were labeled with a 

CD14 FITC-conjugated antibody and analyzed using flow cytometry. A) and B) display the data from two individual series. 

Count = 10000 

 

As observed in Figure 31 the amount of CD14 on the PM was somewhat elevated 

compared to the control siRNA in both experiments. When stimulated with K12 LPS, CD14 

seemed to drop the initial 15 min, before slightly increasing and stabilizing towards 60 min in 

siRNA treated cells. Nonetheless, CD14 levels remain elevated at all time points compared to 

the control in both experiments (Fig. 31).  

 

Figure 32: WB confirmation of Rab7a silencing (48 hrs PMA + 72 hrs PMA-free). 

THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs, rested for 72 hrs in PMA free medium. The cells were treated 

with siRNA towards Rab7a according to protocol, and the lysate used to confirm the depletion of Rab7a using WB. The 

experiment was repeated twice and both results are presented in the figure. 

 

We repeated the experiment with cells rested for 72 hrs. We confirmed that Rab7a had 

been depleted (Fig. 32) and repeated the Flow cytometry analysis in these cells.  
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Figure 33: PM dynamics of CD14 in Rab7a depleted THP-1 cells (48 hrs PMA+ 72 hrs PMA-free). 
THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs, rested 72 hrs in PMA-free medium and treated with Rab7a siRNA. 

The Cells were stimulated with K12 LPS (100 ng/ml) at designated time points. Post-stimulation the cells were labeled with a 

CD14 FITC-conjugated antibody and analyzed using flow cytometry. A) and B) display the data from two individual series. 

Count = 10000 

After 72 hrs of rest the amount of PM located CD14 remains slightly elevated in Rab7a 

siRNA treated cells during the entire course of the LPS stimulation. However, the amount of 

CD14 remains, on average, quite stable over the first 60 min (Fig. 33).  

Overall it seems that Rab7a don’t have any extensive intrusions upon the internalization 

of CD14 other than its elevated levels on the PM. This could be due to Rab7a’s role in sustaining 

a normal endosomal pathway and an increased recycling of CD14 from EE. Even so, there 

might be certain interactions in both the MyD88-dependent pathway and TRIF-dependent 

pathway that actively influence the behavior of endosomal maturation, as well as 

endolysosomal formation.  
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4.1.1 The effect of Rab7a depletion on cytokine expression 

We wanted to study the effect of Rab7a in the MyD88-dependent and the TRIF-

dependent signaling pathways. We investigate the expression levels of IFN-β and TNF-α with 

Q-PCR to determine the effect of Rab7a depletions effect on signaling.   

Using Q-PCR we analyzed the expression levels of both IFN-β and TNF-α, using the 

same set up as illustrated in Results 4.3. First we measured the IFN-β in cells treated with Rab7a 

siRNA. 

  

Figure 34: Expression of IFN-b in Rab7a depleted cells.  
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells were treated with siRNA 

towards Rab7a according to protocol. The cells were stimulated with K12 LPS (100 ng/ml) at designated time points, before 

the cells were lysed and the RNA purified. The RNA was analyzed using Q-PCR and the Taqman probe system against IFN-β. 

The experiment was repeated four times and the results above are representative data of these.    

 

It became quite apparent that Rab7a plays a role in the regulation of IFN-β mRNA 

expression. At all time points, the cells treated with siRNA towards Rab7a displayed a 

considerably lower amount of IFN-β mRNA than their control siRNA (Fig. 34). After 1 hr the 

cells display a moderate response, however, the IFN-β expression is one third in Rab7a siRNA 

treated cells compared to what is observed in the control samples (Fig. 34). After 2 hrs both 

samples reach their expression maximum, still we see that the IFN-β is lower in the Rab7a 

knockdown cells (Fig. 34). After 4 hrs the total expression of IFN-β considerably drops, but the 

effect of the Rab7a knockdown remains (Fig. 34).  
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Figure 35: Expression of TNF-a in Rab7a depleted cells.  
THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells were treated with siRNA 

towards Rab7a according to protocol. The cells were stimulated with 100 ng/ml K12 LPS (100 ng/ml) at designated time 

points, before the cells were lysed and the RNA purified. The RNA was analyzed using Q-PCR and the Taqman probe system 

against TNF-α. The experiment was repeated four times and the results above are representative data of these.    

Rab7a also proved to have an effect on the expression of TNF-α mRNA. After 1 hr of 

LPS stimulation, the TNF-α expression levels peaked in both siRNA treated samples and the 

control samples. There is not a significant difference between the control samples and the Rab7a 

siRNA treated cells in terms of the expression of TNF-α mRNA at this point (Fig. 35). The cells 

treated with Rab7a siRNA express somewhat reduced levels of TNF-α after 2 hrs, and this 

effect is seen to reoccur at the 4 hrs time point (Fig. 35).  
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4.1.2 The effect of Rab7a depletion on proteins involved in regulation of LPS-

induced TLR4 signaling 

We wanted results that would give us an indication of the effect the Rab7a KD had on 

the signaling cascade leading up to the cytokine induction we observed in the Q-PCR results 

(Fig. 34 and 35).  We were interested in locating a potential stage in the signaling cascade that 

could be a candidate for any direct regulation of Rab7a. 

 The samples were seeded and stimulated with K12 LPS in parallel with the Q-PCR 

samples in order to keep the variation between the two experiments to a minimum. After 

stimulation the samples were treated  

 

Figure 36: WB analysis of key regulators of the TLR4 signaling pathways in Rab7 depleted cells. 

THP-1 cells were differentiated with 10 ng/ml PMA for 48 hrs and rested for 72 hrs. The cells were treated with siRNA 

towards Rab7a according to protocol. The cells were stimulated with K12 LPS (100 ng/ml)  at designated time points, before 

the cells were lysed. The cell lysate was used to study the protein levels using WB. The experiment was repeated twice and 

the results above are representative data of these.    
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Figure 37: WB analysis of proteins regulating TLR4 signaling pathways in Rab7 depleted cells. 

The value of signal strength from blots was obtained using Li-cor Odyssey and Image Studio software. The graphs show the 

Gapdh-normalized results of A) p-TBK1, B) p-IRF3, C) p-P38, D) p-IkBa and E) Rab7a. The unstimulated control sample 

(Time point 0) was set to 1 and the rest of the values normalized towards this value. The data above represents the results 

from 2 individual experiments. The Y-axis represents the increase of phosphorylated protein according to this normalization. 

The X-axis represents time in minutes. 

The effects of the Rab7a siRNA treatment, which were demonstrated in the Q-PCR 

results (Fig. 34 and 35), were confirmed in the WB results as well (Fig. 36 and 37). The results 

indicate a significantly impaired phosphorylation of both TBK1 and IRF3, both regulators of 

the TRIF-dependent pathway (Fig. 37a and b).  TBK-1 phosphorylation, in the Rab7a siRNA 

treated cells, is essentially half of what is observed in the control samples after 30 min (Fig. 

37a). After 60 min and 120 min, the amount of p-TBK1 diminishes in the control samples, 

while the levels of p-TBK1 in the Rab7a siRNA treated cells remain stable (Fig. 37a)  
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The effect on the phosphorylation of IRF3 is even greater. In the control samples we 

could observe a modest increase in p-IRF3 after 30 min, which continued to increase at both 60 

min and 120 min (Fig. 37b). In the cells treated with Rab7a siRNA there is no increase of p-

IRF3 after 30 min, in contrast to what we could see in the control samples (Fig. 37b). After 60 

min we begin to see a modest increase in p-IRF3, which continues to increase after 120 min, 

however, substantially lower to what was observed in the control samples (Fig. 37b).  As to 

why there is such a drastic decrease in p-IRF3 in Rab7a siRNA treated samples (Fig. 37b), 

when there is only an approximate 50 % reduction of p-TBK1 (Fig. 37a) one could speculate 

that the trafficking of co-activators of IRF3, such as TANK and Ikkι is impeded, effectively 

delaying the activation of IRF3. Alternatively it suggests that even a moderate down regulation 

of TBK1 is hindering any downstream amplification, resulting in a substantially lower IRF3 

activation.  

The phosphorylation of P38 is not affected in any significant manner. The amount of p-

P38 is essentially the same at all of the time points in both the control samples and the cells 

treated with Rab7a siRNA (Fig 37c). This indicates that Rab7a infer no significant impact upon 

the MyD88-dependent pathway, which occur at the PM 

IκBα, which is responsible for the activation of NF-κB, displayed some variations 

between the control samples and the Rab7a siRNA treated. The control samples indicate a 

strong phosphorylation after 30 min, which peaks after 60 min, and somewhat decrease after 

120 min (Fig. 37d). The same pattern is seen in Rab7a siRNA treated cells, but with half the 

intensity (Fig. 37d).  

We also confirmed the KD of Rab7a, and the results show that the Rab7a siRNA 

treatment was efficient (Fig. 37e).   
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5 Discussion 

 

THP-1 DIFFERENTIATION PROTOCOL OPTIMIZATION 

THP-1 cells have been established as a human model system to explore the properties 

of monocytes and Mφs [107, 108, 122]. In this study we sought to develop a reliable method of 

THP-1 differentiation into Mφ-like phenotypes, optimizing it towards studies of TLR4 

inflammatory signaling and trafficking.  

One of the most common ways to differentiate THP-1 cells in order for them do adopt 

Mφ-like properties is by treating the cells with 100 ng/ml PMA (~120 nM) [108, 122, 130-132] 

for 72 hrs. However, concentrations ranging from 10 ng/ml [133] to 400 ng/ml [134] have been 

published. At the start of the project we adopted the protocol using 100 ng/ml PMA over a 

course of 72 hrs [130]. Using this protocol we found that the level of expression of CD14 and 

TLR4 on the PM was very limited (Fig.6 and Fig 7c) and we therefore decided to make a new 

protocol for THP-1 cell differentiation into Mφs. We developed a protocol based on two 

formerly published protocols [121, 122] where we lowered the PMA concentration and 

included PMA-free rest period. 

 

PROTOCOL OPTIMIZATION AND THE EFFECT ON PM PROTEIN LEVELS 

We observed that both reduced PMA concentration and the PMA-free rest period had 

positive effects on the surface levels of CD14 compared to the initial protocol. The reduction 

of PMA-concentration alone resulted in no substantial difference (Fig. 7), but with an inclusion 

of a rest period in PMA-free medium we saw a robust increase in the CD14 positive populations 

(Fig. 8 and 9). The rest period had a positive effect both cells differentiated with 100 ng/ml and 

10 ng/ml PMA. We also observed that the THP-1 cells treated with the reduced PMA 

concentration resulted in a more defined CD14 positive population compared to the 100 ng/ml 

PMA (Fig. 8 and 9). Based on these results we concluded that 10 ng/ml PMA and a resting 

period in PMA-free medium for 48 or 72 hrs were important to boost CD14 expression levels 

on the PM.   
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Using the original differentiation protocol (100 ng/ml PMA for 72 hrs and a 3hrs 

incubation step in serum-free medium) we could not detect TLR4 on the PM using flow 

cytometry (data not shown). These indications had also been confirmed using confocal 

microscopy, where no substantial amount of TLR4 was observed on the PM in differentiated 

THP-1 cells (Kristian K. Starheim. Unpublished data). Using the new modified protocols we 

were able to observe a TLR4 positive population (Fig. 10), however, due to the minimal shift 

and low detection levels we chose to focus our studies on CD14. It has been formerly reported 

that humane monocytes express relatively low amount of TLR4 on the PM, so these results 

were not all that surprising.  

CD11b is another PM expressed protein that is involved in inflammatory events, and is 

also up regulated in Mφs. We noticed a difference in the expression of CD11b when comparing 

10 ng/ml PMA and 100 ng/ml PMA after 48 hrs of rest, where an apparently heterogeneous 

population expressed different levels of CD11b. This difference evened out into a homogenous 

expression of CD11b after 72 hrs (Fig. 11). It appeared that 100 ng/ml PMA delayed the stable 

expression of CD11b on the PM after 48 hrs of rest. We determined that, even though TLR4 

PM levels were lower than we expected, the CD11b and CD14 levels indicate a more complete 

differentiation towards Mφ-like morphology in cells differentiated with the new optimized 

PMA concentration and the inclusion of a rest period.  

 

PROTOCOL OPTIMIZATION AND THE EFFECT ON TLR4 SIGNALING 

To explore any further effects the modified differentiation protocols had on the cells, as 

well as determining the most advantageous protocol to our needs, we decided to quantify some 

end products of the LPS-activated signaling. Using Q-PCR we monitored MyD88-dependent 

and TRIF-dependent signaling pathways, as defined by the expression of TNF-α and IFN-β 

mRNA levels, respectively. In cells rested for 48 hrs in PMA-free medium we observed a 

substantial increase induction of IFN-β mRNA levels following LPS stimulation when 

differentiated with 10 ng/ml PMA (Fig 12a), compared to cells differentiated with 100 ng/ml 

PMA (Fig 12b). Therefore we suggest that a higher concentration impedes a full TLR4 response 

upon LPS stimulation.  One could speculate if the lower CD14 levels on the PM cells treated 

with 100 ng/ml (Fig. 8c) is one of the factors involved in the observed weaker or delayed IFN-

β response, as these cells also displayed a weakened TNF-α response (Fig. 15b) compared to 

cells differentiated with 10 ng/ml PMA (Fig. 14a and 15a). A lower amount of CD14 could 



Discussion 

 

65 

 

impair the TNF-α response from the PM [31], as well as decrease the TRIF activation due to 

the reduction of the CD14-dependent endocytosis if the activated MD2-TLR4 complex [11, 

35].  

The cells differentiated using 10 ng/ml PMA and allowed to rest for 72 hrs showed a 

well-developed LPS response inducing high levels of both IFN-β and TNF-α mRNA (Fig. 13a 

and 15a). In contrast the cells differentiated with 100 ng/ml PMA showed an even higher 

induction of IFN-β mRNA levels during the course of LPS stimulation (Fig 13b), however,  the 

induction of  TNF-α mRNA was markedly reduced (Fig. 15b). It has been reported that an 

excessively high PMA concentration can induce unwarranted cytokine expression [121], and 

this may explain why we observed an increase of IFN-β expression in cells differentiated with 

100 ng/ml PMA, but it does not account for the reduced TNF- levels we observed. Taking 

these results in consideration there were a substantial amount of CD14 positive cells (Fig 9) 

argues that the CD14 amount on the PM alone does not explain the extensive response of IFN-

β or TNF-α. Other factors are likely to be involved which are also affected by the differences 

in differentiation protocol. Taking all these results into consideration we concluded that the 10 

ng/ml PMA differentiation protocol was a better protocol than using 100 ng/ml PMA when 

studying the TLR4 signaling pathways. 

 

LPS-INDUCED CD14 DYNAMICS  

When comparing LPS-induced dynamics of CD14 on the PM in the different protocols 

there were a substantial difference between the cells that had been rested for 48 hrs and 72 hrs 

(Fig. 16 and 17). While, 48 hrs rest only gave a small variation in the CD14 levels during LPS 

stimulation the 72 hrs rested cells displayed a general reduction in the PM CD14 levels over 

the course of 60 min LPS stimulation. This observation in the 72 hrs rested cells may be 

explained by an increased rate of endocytosis of the CD14-MD2-TLR4 complex. LPS induced 

endocytosis of the LPS bound CD14-MD2-TLR4 complex has previously been described and 

shown to limit MyD88-dependent signaling by targeting the complex for lysosomal degradation 

[11]. Endocytosis of TLR4 upon LPS stimulation has further been shown to depend on CD14 

[119] and to be instrumental to TRIF-dependent signaling occurring from endosomes [36]. 
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EFFECT OF RAB4A DEPLETIONS ON TLR4 TRAFFICKING AND SIGNALING 

Rab4a is most known for its role in the rapid recycling of endocytosed content directly 

back to the PM [83]. When we repeated the studies of the dynamics of CD14 on the PM 

following LPS stimulation on Rab4a depleted cells we observed highly variable results. The 

THP-1 cells rested for both 48 hrs and 72 hrs following the initial 48 hrs in 10 ng/ml PMA 

showed a generally lower amount of CD14 on the PM at early time points after the LPS 

stimulation (Fig 19 and 21). However, the cells rested for 72 hrs had considerably lower CD14 

levels compared to the cells rested for 48 hrs. This suggests that Rab4a play a part in the 

maintenance of CD14 levels on the PM in differentiated THP-1 cells. During the course of LPS 

stimulation we observed the CD14 dynamics on the PM in Rab4a KD cells to vary from 

experiment to experiment although the same condition were being applied (Fig 19 and 21). We 

have yet to determine any conclusion to why this is the case, however, as the level of CD14 

were lower in the Rab4a depleted cells than in the control siRNA treated cells in all our 

experiments, Rab4a could probably have a role in maintaining the CD14 levels by rapid 

recycling from EEs as reported for a number of  other receptors [83, 135] .  

 

EFFECT OF RAB11A DEPLETIONS ON TLR4 TRAFFICKING AND SIGNALING 

Rab11a is a small Rab GTPase that controls the slow recycling of internalized content 

back to the PM, through the ERC [97]. It has also been linked in recruitment of TLR4 to 

phagosomes [27]. We observed that the amount of CD14 on the PM in Rab11a depleted cells 

were lower than compared to the control siRNA, but not to the same extent as Rab4a depleted 

cells, particularly after a 72 hrs rest. This could be due to Rab4a having a greater role than 

Rab11a in maintaining the surface levels of CD14. We also observed that the dynamics of CD14 

did not vary noteworthy compared to the control siRNA samples in LPS stimulated cells.  

The observation that Rab11a depletion had no striking effect upon the expression of 

neither IFN-β (Fig. 34) nor TNF-α (Fig. 35) seemed to indicate that Rab11a has no noteworthy 

effect upon neither the MyD88-dependent signaling pathway, nor the TRIF-dependent 

signaling pathway in the THP-1 model system. This observation was strengthened by the 

observation that the activation of IRF3 remained equal when Rab11a siRNA treated cells were 

compared to control samples (Fig. 37b). We did observe a decrease in the phosphorylation of 

IκBα, however, this did not result in any notable changes in the expression of TNF-α. Likely 

the activation of NF-κB is more complex too be illustrated by this event alone.  
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Considering that Rab11 has been linked to the trafficking of TLR to E. coli phagosomes 

[27] and a reported effect in the HEK-293 model system in a separate study (Clement Ajayi, 

Astrid Skjesol, Harald Husbye. Unpublished Data), it was unexpected that the Rab11a depletion 

had just a weak effect on the expression of IFN-β mRNA levels. It could be that stimulation 

with K12 LPS is not enough to illustrate Rab11a’s role fully, and that stimulation with E. coli 

and phagosome formation is required. Another possibility for the lack of effect in Rab11a 

depleted cells could be that the Rab11 siRNA treatment was not as efficient as expected (Fig. 

37e). It could be that the reduced, but not diminished, levels of Rab11a was enough to maintain 

the function of the inflammatory signaling response. 

An interesting observation is that in the Rab11a depleted cells the other Rab11 isoform 

Rab11b seems to be up regulated after 72 hrs of rest (Fig 32), while undetected after 42 hrs rest 

(Fig. 30).  The lower band in Figure 32 represents Rab11a, and we resolved that the upper band 

represents the isoform Rab11b based on former observations (Harald Husebye. Unpublished 

data). Rab11b appear unaffected by the Rab11a depletion (Fig. 32). This observation along 

with the weak effect on cytokine expression in Rab11a depleted cells may indicate that Rab11b 

has a redundant effect towards Rab11a. This could explain why we did not see any strong effect 

of the Rab11 depletion on IFN-β nor TNF-α in the THP-1 system, similar to those effects 

observed in the HEK-293 cell line in a separated study (Data not shown). It could also explain 

why the amount of CD14 on the PM in Rab11a depleted cells were not as heavily impacted 

such as in Rab4a depleted cells.  

 

EFFECT OF RAB7A DEPLETIONS ON TLR4 TRAFFICKING AND SIGNALING 

In Rab7a depleted cells we observed that the initial levels of CD14 on the PM were 

substantially elevated compared to the control siRNA samples, in both 48 hrs and 72 hrs of rest, 

and differentiation with 10 ng/ml PMA. Considering Rab7a’s role in maintaining the integrity 

of the endolysomal pathway [136], and as a key regulator of endosomal maturation [80] the 

elevated level of CD14 on the PM might be explained by decreased trafficking of CD14 into 

the endolysomal pathway and impaired lysosomal degradation of CD14. The CD14 levels on 

the PM in Rab7a siRNA treated cells remain elevated following LPS-stimulation and the 

dynamics of CD14 largely mimic those of the control samples in all the experiments. 

When we analyzed the effect of Rab7a depletion on IFN-β and TNF-α we observed that 

the induction of IFN-β mRNA was substantially lowered during the entire course of LPS 
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stimulation (Fig 26). This suggests Rab7a depletion affects the activation of the TRIF-pathway 

considerably. This data was supported by the observation that the activation of IRF3 was 

substantially down regulated in Rab7a depleted cells (Fig. 29b). Additional support to this effect 

was obtained in similar experiments in a separate study in HEK-293 study (Clement Ajayi, 

Astrid Skjesol, Harald Husbye. Unpublished Data). Rab7a depletion affects endosomal 

maturation and the delivery of cargo to the lysosomes [136, 137], but does not affect the 

internalization of cargo from the PM [138]. Taking this into consideration, the MD2-TLR4 

complex is most likely internalized as normal, but other factors result in the decreased IFN-β 

mRNA levels. It could be that the TRIF-dependent pathway is most effectively activated from 

RAb7a positive LEs. TNF-α mRNA levels were unaffected after 1 hr of LPS-stimulation, 

however, at both 2 hrs and 4 hrs the levels of TNF-α were markedly lower than compared to 

the controls (Fig. 27). This delayed reduction of TNF-α could be due to a lower activation of 

TRAF6 and RIP1 through TRIF. TRAF6 and RIP1 are reported to regulate the late activation 

of NF-κB [61, 67] 

 

CELL DEATH 

Finally we have to address the observed cell death. While we did not have time to 

properly assess the extent or rate of apoptosis, we did however, manage to obtain some 

preliminary data that could help explain the instability of the results observed in some of the 

experiments with cells differentiated with 10 ng/ml PMA (Appendix Fig. 38 and 39). In the 

primary loading control of the WB lysates, we generally observed very low protein levels after 

2 hrs of K12 LPS stimulation (Data not shown). The same tendencies could be observed in the 

purified RNA concentration after 4 hrs of LPS stimulation (Data not shown). Even though we 

adjusted the experiments according to these low concentrations in both the WB and Q-PCR 

experiments, it is not unlikely that the cellular response is substantially disturbed at these time 

points to yield exact data. 

Cells differentiated with 10 ng/ml PMA appeared to be susceptible to apoptosis 

compared to cells treated with 100 ng/ml PMA. Cultures of differentiated THP-1 cells seemed 

to be visibly affected by this after 1 hr of LPS-stimulation. The reason for this could be that the 

higher expression of TNF-α, and possibly IFN-β, in these cells induces a higher response of 

Caspace8/3 through receptors such as TNFR [69]. The rate of this cell death seemed to be up 

regulated in cells treated with siRNA as well (Data not shown), further complicating the 
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collection of data. However, it is not surprising that the depletion of certain proteins may cause 

lower cell viability. It might be possible to assess this problem with further optimization of the 

differentiation of THP-1 cells, in order to maintain most the benefits that the new protocols 

yielded.  
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6 Final remarks and future aims 

In this study we show that THP-1 cells is a good model system for studying TLR 

trafficking and signaling, given that they are differentiated in a proper way. We have 

demonstrated that the differentiation of THP-1 cells can be enhanced in order to increase the 

TLR4 induced inflammatory signaling response and to obtain Mφ-like structures. The reduced 

concentration of 10 ng/ml PMA resulted in an improved cytokine expression, as well as an up 

regulation of the CD14 amount on the PM. The introduction of either a 48 hrs or 72 hrs rest 

period in PMA-free medium, after the initial 48 hrs of differentiation with PMA,  also proved 

essential for the CD14 amount on the PM and cytokine expression.  

 Due to the observations of the substantial changes induced by the different protocols, 

we believe that differentiation of THP-1 cells can be further optimized. We consider this to be 

necessary considering that THP-1 cells differentiated with 10 ng/ml PMA seem to easily 

undergo apoptosis. A study assessing the viability of the THP-1 cells during the course of LPS-

stimulation should be conducted. The possibility that we might have to increase the PMA 

concentration slightly in order to generate THP-1 cells that remain stable within 2-3hrs of LPS 

stimulation is likely. There is also a possibility that increasing the rest period might alleviate 

some of these effects. It could be that newly differentiated THP-1 cells are weaker, and that 

increasing the rest period might yield a population of THP-1 cells more resistant towards these 

apoptotic influences.  

If increasing the cell viability is possible, then repeating most of the experiments are in 

order. Creating a more complete picture of the dynamics of PM proteins using flow and/or 

alternatively confocal microscopy would be beneficial to compare the effects of Rab GTPases 

on these initial events of TLR4 trafficking.  

We also observed that the Rab4a oligo gave highly variable data when the CD14 levels 

at the PM were monitored during LPS stimulation using flow cytometry. This may due to how 

the flow analysis was carried out (eg. many samples analyzed over a short time period) or may 

be a result of side effect induced by that particular siRNA. The latter is probably true as less 

variation and more consistent results were observed when the siRNA targeting Rab11a and 

Rab7a were used.  Further, when analyzing the MyD88- and TRIF-dependent signaling in cells 

treated with Rab11a and Rab7a siRNA using Q-PCR or WB, less variation was observed and 

we feel confident about the strength of the data 
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A future aim will be to target Rab4a, Rab11a and Rab7a using several other siRNA 

oligos to test if the results presented holds true. One should also test the effect of these oligos 

in primary cells such as human macrophages and look for a similar effect of Rab knock down 

on TLR4 signaling observed in this study. This is especially interesting considering Rab7a, as 

it provided the most consistent results. Optimizing the THP-1 protocol and verifying these data 

using several oligos would be a top priority. Future experiments could be trying to specifically 

targeting Rab7a effectors in an attempt to reveal a specific function in TLR4 signaling. 

Targeting components of the endosomal maturation complex, such as Mon-1, could be a way 

to determine if endosomal maturation is required for the activation of the TRIF-dependent 

pathway, without targeting other functions of Rab7a. Addressing any changes in the 

internalization rate, as well as investigating whether there is an increase or decrease in the rate 

of LE biogenesis, and the formation of intraluminal vesicles in an unstimulated resting state 

would also be interesting.  

Addressing the potential role of these Rab GTPases in TLR4 signaling and trafficking, 

as well as the function of other TLRs is an interesting issue. Considering the main focus in TLR 

research has mainly been focused on signaling interactions and the regulation of this, trafficking 

has been largely untouched. Increasing our efforts into the understanding of these processes 

will undoubtedly result in a greater understanding of the innate immunity and the mechanism 

behind inflammation.    
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8 Appendix 

 

 

Figure 38: LPS stimulated THP-1 cells become apoptotic (10x magnification). 
THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs and rested for 48 hrs. The cells pictured has been treated with 

control siRNA and stimulated with 100 ng/ml LPS for A) 0hrs, B) 1 hr, C) 2 hrs, and D) 4 hrs. The picture indicate an 

increasing apoptotic tendency over time in LPS-stimulated THP-1 cells. Cells were seeded by Marria Y. and the pictures 

were taken by the student using a light microscope with an attached camera. 
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Figure 39: LPS stimulated THP-1 cells become apoptotic (40x magnification).  
THP-1 cells differentiated with 10 ng/ml PMA for 48 hrs and rested for 48 hrs. The cells pictured has been treated with 

control siRNA and stimulated with 100 ng/ml LPS for A) 0hrs, B) 1 hr, C) 2 hrs, and D) 4 hrs. The picture indicate an 

increasing apoptotic tendency over time in LPS-stimulated THP-1 cells. Cells were seeded by Marria Y. and the pictures 

were taken by the student using a light microscope with an attached camera.  
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Table 5: Antibodies used in WB 

Distributor  Antibody 

Abcam GAPDH Ab8245 

Cell signaling Technologies TBK1/NAK (D1B4)  

 Phospho-TBK1/NAK (Ser172) (D52C2)  

 IRF-3 (D83B9) 

 Phospho-IRF-3 (Ser396) (4D4G) 

 Phospho-IκBα (Ser32) (14D4) 

 p38δ MAPK (10A8)  

 Phospho-p38 MAPK (Thr180/Tyr182) 

 Rab7 (D95F2) 

 Rab11 (D4F5) 

Santa Cruz Rab 4A Antibody (D-20) 
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