Macrophage Response via CD14 Receptor
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The macrophage is a primary key to the body's initial immune system response when faced with impending infection.  The ability of the macrophage to travel through organ tissues seeking to identify and consume different types of foreign materials and bacteria  allows time for the slower "active" immune system to recognize and generate a protective response to that infection (1).  Macrophages also provide a means for the body to rid itself of cells undergoing apoptosis, or programmed cell death.  Once an apoptotic cell or hostile bacteria has been identified, macrophages undergo phagocytosis to completely envelope the target object or organism and either disassemble that target into it's component molecules, or to indefinitely contain a foreign object such as carbon to prevent contact with surrounding tissues.  In addition, if a macrophage becomes activated through various stimuli, an increase in metabolic rate, motility, and phagocytic activity occurs.  Activated macrophages are capable of producing over 100 secretory products in which some are released individually while others are released in combinations depending on the stimuli involved (2).  

Below is a description of phagocytosis by using the Gene Ontology demonstrating that phagocytosis is a contributor to intracellular protein traffic which in turn contributes to cell growth and maintenance all of which are biological processes (all relations are "is-a" unless otherwise noted) (9):

Gene_Ontology

   biological_process

     cell growth and maintenance

       intracellular protein traffic

         exocytosis +

         endocytosis +

         non-selective vesicle transport +

         pinocytosis +

         phagocytosis [GO:0006909]

While the active immune system has the ability to generate antigen specific receptors, macrophages must rely on a limited set of pattern recognition receptors capable of detecting structures common to most pathogens (8).  One of these receptors on the surface of human macrophages is known as CD14.  This protein plays an important and complex role in recognizing apoptotic cells as well as gram-negative and gram-positive bacteria (4).  Ultimately, CD14 can trigger the release of inflammatory agents such as TNF or, when recognizing an apoptotic cell, trigger the release of anti-inflammatory agents.  Our discussion will be limited to CD14 expressed on the surface of macrophages (mCD14) due to the complicated interactions involved in completely describing the signaling pathways for CD14.  It should be noted that soluble CD14 (sCD14) also exists, but knowledge of the purpose and function of the protein in this form remains murky.

The structure of CD14 has proved to be an elusive target.  No X-Ray or NMR structures are available as yet (1), however it is known that CD14 is connected to the surface of macrophages by glycosylphosphatidylinositol (GPI) anchors (1) and that there are ~105 receptors/cell (5).  Additionally, CD14 is not a transmembrane receptor and relies on other receptors at the cell surface to act as a communication link to the intracellular domain.  Currently, the mediating receptors thought to play a role in the translation of extracellular signals from CD14 are Toll-like Receptors 2 and 4 (TLR2 and TLR4) but the mechanisms for this transfer of information also remain hidden (4).  

Through evolutionary changes over time, gram-negative bacteria have developed commonalities with one another.  One of the components consistently expressed on the surface of these bacteria are structures known as Lipopolysaccharides (LPS) (1).  Because of the  development of LPS over this long period of time, it has become an integral part of the function of gram-negative bacteria and offers an excellent means for identifying these particular pathogens via CD14 (5).  Evidence that CD14 can bind, not only to LPS, but other conserved bacterial structures gives rise to it's classification as a pattern recognition receptor.  

In general terms, once LPS has bound to extracellular CD14, the macrophage is "activated" to produce inflammatory agents such as TNF (1).  TNF then activates endothelial cells lining nearby capillaries which, in turn, permit granulocytes (another type of phagocyte) to travel to the site of infection and consume as many bacteria as possible(1).    In this way, macrophages serve as the first agent to trigger an immune system response during the onset of an infection.  

This process highlighting the release of inflammatory agents as a defense mechanism from the Gene Ontology is shown below (all relations are "is-a" unless otherwise noted).  Here, the inflammatory response is a defensive response as a result of a pest, pathogen, or parasite.  In this case, the response is due to a pathogen which, in turn, is a stress response.  Again, all of these responses contribute to overall cell growth and maintenance.

Gene_Ontology

   biological_process

     cell growth and maintenance

       stress response

         response to pest/pathogen/parasite

           defense response

                       hypersensitive response

                       systemic acquired resistance

                       acute-phase response

                       inflammatory response [GO:0006954]

Difficulties arise in our description of the signaling process after an LPS has bound to CD14 however.  The fact that CD14 is a GPI-anchored protein precludes it from being a transmembrane receptor (7) and it has no ability to directly transmit an activation signal directly to the intracellular area (1).  The protein is thought to rely on the assistance of additional cell receptors that are also expressed on the surface of the macrophage, but description of these different pathways has been difficult at best (see figure 1).  


Figure 1:  This schematic of the signaling process from detection of LPS via 


CD14 in the presence of LBP or via TLR2/4 shows the complexities involved


in clearly defining such pathways.  The complexity of CD14 alone in it's ability


to detect pathogens as well as apototic cells suggests it will be some time 


before these mechanisms will be fully understood (4).
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To help explain the current theories for activation of CD14, it is necessary to expand on how LPS is detected by CD14.  LPS themselves exist in a micelle and the shape is of a form such that direct detection by CD14 is difficult.  The structure of LPS actually prevents or hides the portion of the molecule that CD14 is most receptive to.  Although some direct binding of CD14 to LPS is possible, the presence of LPS Binding Protein (LBP) greatly increases the interaction between LPS and CD14 by extracting LPS from the micelles and presenting it in an acceptable form to CD14 (1).  Additional in-vitro studies have confirmed that the responsiveness of cells to LPS is greatly increased in the presence of LBP and that LBP deficient mice remained largely unaffected by increased quantities of LPS (5).  

Figure 2 below shows two different methods by which CD14 detects the presence of LPS.  These are by bacteria expressing LPS along their surface in the presence of LBP or by directly binding to LPS existing in solution without the presence of hostile bacteria (again in the presence of LBP).  The latter case will still cause CD14 to become activated in the same way that it would when detecting an LBP-opsonized gram-negative bacteria.
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Figure 2:  This image depicts GPI-anchored CD14 and the pathways   in which it can detect bacteria bound and free floating LPS.  Case A shows the LPS bound bacteria coming into contact with LBP.  LBP then presents LPS in such a way as it can be received by CD14.  Case  B shown soluble LPS also in the presence of LBP and it's reception by CD14.  CD14 then supposedly triggers a response via TLR2 or TLR4 initiating intracellular responses (5).  Note: sCD14 is specifically not being included in this discussion to limit length. 

Once CD14 has been activated, additional complications arise in describing the path of the signal from outside the macrophage to the intra-cellular components.  It is not known for sure by what mechanism that CD14 relays it's signal to within the intra-cellular domain.  Recently, either TLR2 has been shown to provide at least one of the signaling pathways for LPS-bound CD14 (6).  TLR2 is a transmembrane Type I receptor that is also capable of binding to LPS directly and thus CD14 acts to enhance the responsiveness of macrophages to LPS (4).  

The Gene Ontology again can be used to describe the biological process that CD14 uses to target LPS in body tissues.  Once the protein (CD14) has been produced by the nucleus, it is hard-coded to target LPS and a few other ligands (including gram-positive bacteria and apoptotic cells).  The protein is then attached to the surface of the macrophage to perform its function supporting cell growth and maintenance.

Gene_Ontology

   biological_process

     cell growth and maintenance

       metabolism

         protein targeting

           protein-membrane targeting

                    co-translational membrane targeting +

                    post-translational membrane targeting [GO:0006620]

In addition, the plasma membrane exists as a membrane, and thus a cellular component, to which CD14 is anchored (via GPI anchors as mentioned earlier):

Gene_Ontology

   cellular_component

     membrane

      integral membrane protein +

      cell wall inner membrane +

      cell wall outer membrane

      basement membrane +

      prospore membrane

      nuclear membrane +

      nuclear inner membrane +

      nuclear outer membrane

      mitochondrial membrane +

      mitochondrial outer membrane +

      lysosomal membrane

      vacuolar membrane +

      peroxisomal membrane +

      integral peroxisomal membrane

      intra-peroxisomal peripheral membrane

      endoplasmic reticulum membrane

      Golgi membrane

      secretory vesicle membrane

      plasma membrane [GO:0005886]

A subsequent query for LPS or TLR2 yielded no gene classifications within the Gene Ontology, however, TLR4 has entries in all three classes of the GO as shown below starting with biological process.  TLR4 is a contributor to intracellular protein traffic which contributes to overall cell growth and maintenance.

Gene_Ontology

   biological_process

     cell growth and maintenance

         metabolism +

         transport +

         ion homeostasis +

         cell volume regulation

         pH regulation +

         intracellular protein traffic [GO:0006886]

The cellular component category for TLR4 shows the nucleus as it's entry for reasons not understood.  The GO implies that the nucleus is the place in the macrophage where TLR4 is active and the nucleus is definitely a cellular component (10).

Gene_Ontology

   cellular_component

    intracellular

     cell

      cell wall (sensu Magnoliophyta)

      ubiquitin ligase complex +

      exosome (RNase complex) +

      ascus +

      nucleoid

      nucleus [GO:0005634]

Finally, the molecular function, or biochemical activity, of TLR4 is that of GTP binding.  Again, the process through which TLR4 performs it's function is not clear and thus is difficult to define.  TLR4 serves as a location for ligands to bind with (as does TLR2).  In this case, the ligands are LPS expressed on the surface of bacteria or in solution.

Gene_Ontology

   molecular_function

     ligand binding or carrier

       nucleotide binding

        ATP binding

        GTP binding [GO:0005525]

The final topic to discuss is the medical relevance of CD14 to human health and disease.  Normally, CD14 serves a vital role in the body's first line of defense against infection.  However, in the complex rules played out through evolution, certain bacteria attack this defense mechanism by causing macrophages to continually produce an inflammatory response.  Activated macrophages secrete pro-inflammatory signals to aid in rapidly allowing granulocytes to reach the area of infection.  However, if these inflammatory agents become widespread due to overstimulation, the effects can be devastating including leakage of capillaries, multiple organ failures, shock, and death (5).  The process of overstimulation of macrophages resulting in overproduction of inflammatory agents such as TNF is known as toxic shock.  Septic shock results in a high level of mortality.  Based on a case study of 89 patients diagnosed with septic shock, 54% of them died (11).  Diagnosis of septic shock includes monitoring blood pressure for marked drops as well as monitoring the patient for signs of organ failure.
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