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      Abstract




      This chapter comprises of 2 sections.




      Section 1 (By Keyvan Moghissi): This section gives an account of the relevant anatomy of the thorax, thoracic cavity and the bronchopulmonary segments. In addition, it also provides a brief reference to the bronchoscopic morphology.




      Section 2 (By Peter Tcherveniakov): This section describes thoracoscopic anatomy as viewed on the monitor used in the Visual Assisted Thoracoscopic Surgery (VATS) system.
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      INTRODUCTION


    




    

      



      THORACIC CAGE




      The architectural design of the thorax consists of two vertical pillars; one is anterior, the sternum, and the other one is posterior, the vertebral column. These two are held in position by obliquely slanting ribs which are articulated to them, thus providing a firm yet flexible box referred to in many anatomy textbooks as the “thoracic cage”. The anterior pillar (sternum) is shorter in length than the posterior pillar (vertebral column). Therefore, the direction of ribs from the vertebral column to the sternum is oblique and not horizontal and the lowest 5 ribs cannot directly articulate with the sternum. Three of these, namely ribs 8-10, join the 7th costal cartilage to make the costal margin. The last two ribs 11 and 12 have no attachment anteriorly and are known as floating ribs. The incomplete and fenestrated bony wall of the chest so constructed (Fig. 1) is completed by inter-




      costal muscles, which thus fill in the opening between the ribs and provide a firm yet expansile closed-chest wall a necessity for inspiratory and expiratory changes in the chest volume, respectively. This basic bony and muscular structure of the chest wall is overlaid by large muscles of the chest anterior and posteriorly. These muscles which, for the most part, cover the chest also provide a firm attachment for the shoulder girdle. The thoracic cage is open at its base into the abdomen but the diaphragm closes the opening and thus separates the thoracic cavity from the abdominal cavity. The apex of the chest is the root of the neck. A membrane; Sibson’s fascia, separates the thoracic cavity from the neck.
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Fig. (1))


      Thoracic cage front and lateral view.

    




    

      



      Muscles of the Chest




      Ribs, intercostal muscles and their neurovascular content are overlaid externally by two layers of muscles. The deeper layer consists of serratus anterior, anterolaterally, and the rhomboids (major and minor) posteriorly. These muscles are then covered by a larger superficial group which consists of pectoralis major and minor anteriorly and trapezius and latissimus dorsi posteriorly.




      Knowledge of the anatomical arrangement and topography of the chest wall musculature has important practical relevance to surgical access to the thoracic cavity and to a number of other operative procedures. It is, therefore, useful to recall the anatomical characteristics of some of these muscles.




      

        



        Trapezius




        This large muscle covers the upper part of the posterior aspect of the neck and chest. Its fibres arise from an elongated line which extends from the occipital bone to the ligamentum nucea and spinous process of all the thoracic vertebrae including supra spinous ligament. From these origins, the muscle fibres are directed towards the posterior border of the clavicle to be attached to the lateral one-third of that bone and in continuation to the acromion and the upper border of the spine of the scapula. The lower fibres of the muscle form the upper side of a triangle known as the Triangle of Auscultation whose lower side is formed by the upper border of Latissimus Dorsi muscle. The nerve to the muscle is derived from the accessory nerve (C3, C4) which enters its deep surface together with its vessels.


      




      

        



        Latissimus Dorsi




        This muscle has also a wide origin from:




        • Spine and supraspinous ligaments of the lower six thoracic vertebrae under cover of the trapezius.




        • Lumbar fascia and spines of lumbar vertebrae.




        • Outer lip of the posterior part of the crest of the ilium.




        • Lower 4 ribs.




        • Angle of scapula.




        The muscle fibres converge forwards around the lateral wall of the Thorax and are inserted to the floor of the bicipital intertubercular groove of the humorous. The innervation of the muscle is from the posterior cord of the bronchial plexus (C6, C7, C8 roots) which enters the anterior border of the muscle. The upper border of the muscle, on emergence from under the trapezium, forms the lower side of the Triangle of Auscultation.


      




      

        



        Serratus Anterior




        This muscle is covered partially by latissimus dorsi. It originates from the outer surfaces of the upper 8 ribs and is attached to the costal surface of the medial border of the scapula from the superior and including the inferior angle. The muscle is innervated by the long thoracic nerve.


      




      

        



        Pectoralis Major




        The anterior wall of the chest is, to a large extent, covered by the pectoralis major. This muscle arises from three distinct heads:




        • Clavicular head originates from the medial half of the anterior aspect of the clavicle.




        • Steno-costal head arises from the anterior surface of the sternum and adjacent six costal cartilages.




        • Abdominal head takes its origin from the upper part of the aponeurosis of the external oblique muscle.




        The muscle fibres from these heads are directed towards the humorous where they are inserted to the greater tubercle and the lateral lip of the bicipital (Inter Tubercular) groove.


      




      

        



        Pectoralis Minor




        The muscle takes origin from the anterior aspect of the 2nd to 4th rib near the costal cartilages. The fibres form a small triangular muscle which is inserted to the coracoid process of the scapular.




        The nerve to the pectoralis muscles from the medial and lateral pectoral nerves (for pectoralis major) and medial pectoral nerve (pectoralis minor) are branches of the medial and lateral cords of the brachial plexus respectively.


      


    




    

      



      Skin and Subcutaneous Nerves of the Thorax




      The thoracic cage and its muscles are covered by the fascia, subcutaneous fat and skin. The skin of the thorax is thinner in front than behind. Lines of cleavage of the skin run horizontally around the chest. Incisions made along these lines heal more quickly and with a better cosmetic result than incisions made across the lines of cleavage.




      The skin of the chest is supplied segmentally by the 2nd - 12th thoracic spinal nerves which also innervate the skin of the abdominal wall. A strip of skin posteriorly is supplied by the posterior primary rami of these spinal nerves. The rest of the skin anterolaterally and posterolaterally is supplied by branches of the anterior primary rami (intercostal nerves).


    




    

      



      Thoracic Cavity and Pleural Space (Fig. 2 and 3)




      The external contour of the thorax is oval. The anterior bulge of the vertebral column makes the transverse section of the interior of the thoracic cavity kidney-shaped. The thoracic cavity is divided into three compartments (Fig. 2). The two lateral compartments accommodate the lungs. The middle, the mediastinum, contains the heart and the great vessels, the trachea and its bifurcation, the oesophagus, thymus gland, lymphatics and nerves. The thoracic cavity is lined by the pleura which covers it like wallpaper. This is the parietal pleura. It then reflects to cover the lungs as the visceral pleura.
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Fig. (2))


      Tran-section of the thorax showing the thoracic cavity and arrangement of the pleura.
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Fig. (3))


      Surface marking of the lung and pleura. Dotted line= parietal pleura, solid line = visceral pleura.



      The pleura is a serous membrane which forms independent closed sacs on each side of the chest. Like the hemithorax itself, the pleura is in the shape of a truncated cone. The medial aspect of the pleural sac into which the lung is projected becomes inseparably attached to the lung itself. This is the visceral pleura. The parietal pleura covers the inner surface of the thoracic cavity. The original sac, now between the parietal and visceral pleura, becomes the pleural space. At the apex of the thorax, the parietal pleura strengthens Sibson’s fascia. At the base it drapes the diaphragm forming the diaphragmatic pleura. Medially, the parietal pleura lines the mediastinum as the mediastinal pleura. At the root of the lung, the mediastinal pleura covers the structures of the root. It then continues as the visceral pleura to drape the lung. It is important to note that normally the parietal pleura can be stripped off the chest wall with ease and can then be seen as a glistening membrane. Such separation of visceral pleura from the lung is not possible as it is attended by damage to the pulmonary parenchyma.




      The surface marking of the parietal and visceral pleura is important (Fig. 3). The parietal pleura covers the costal surfaces of the thorax. At the apex of the chest, it projects some 2.5 cm above the medial third of the clavicle. It then turns anteromedially towards the sternoclavicular joint where it continues as the mediastinal pleura and meets its opposite number at the level of the 2nd costal cartilage. From that level to the 4th costal cartilages, the two mediastinal pleurae descend together at the back of the sternum. At the level of the 4th costal cartilage, the mediastinal pleurae diverge. The right continues vertically and the left turns laterally towards the apex of the heart, thus leaving part of the pericardium bare of pleura. Near the 6th costal cartilage, the mediastinal pleura diverges further by turning laterally to reach the mid-clavicular line and mid-axillary line at about the 8th and 10th ribs, respectively. From the mid-axillary line the pleura passes horizontally to reach the thoracic vertebrae 1-2 cm below the 12th ribs. In the process of turning laterally, the pleura covers the upper surface of the diaphragm. The lung covered by the visceral pleura closely follows the parietal pleura at the apex and on the costal walls. Inferiorly, however, it falls short of the pleura so that at the midclavicular line it is at the level of the 6th rib and at the mid-axillary line it is level with the 8th rib. It then passes posteriorly at the level of the 8th rib.




      The oblique fissure of the lung is almost in line with the 6th rib. On the right side, the anterior part of the horizontal fissure is level with the 4th costal cartilage and the line of fissure passes horizontally towards the oblique fissure approximately under the 6th rib.


    




    

      Surgical Anatomy of the Lungs and Bronchopulmonary Segments (Figs. 4a, 4b, & 4c)




      Gross anatomical description accords two lobes for the left lung (upper and lower lobes) and three lobes for the right lung (upper, middle and lower lobes) which can be identified by fissures that are visible clefts between the lobes lined by the visceral pleura.




      The left lung has a single fissure, the oblique fissure, which divides the upper from the lower lobe. The right lung has an oblique fissure which, like that of the left lung, divides the lung into an upper and lower portion. In addition, a horizontal fissure divides the upper portion into upper and middle lobes. The lower portion of the right lung below the oblique fissure is the lower lobe.




      Each lung has a lateral or costal surface which is convex and adapted to the configuration of the chest wall, an apex that projects behind the medial third of the clavicle into the neck, a base - which is concave - resting on the diaphragm and the medial surface which flanks the mediastinal structures, notably the pericardium. All surfaces of the lung present the impression of the intrathoracic structure against which they lie. The mediastinal surface is of particular importance as it contains the hilum, the area into which the bronchi, vessels and lymphatics pass to form the root of the lung. The hilum (or hilus) is surrounded by the pleura which covers the structure of the root forming a large cuff. Below the root, the pleura is reflected down from the hilum to form the pulmonary ligament. From the surgical point of view, the anatomical unit of the lung is the bronchopulmonary segment. It is this portion of the lung which receives a branch of the bronchus (the segmental bronchus), a branch of the pulmonary artery and one or more branches of the pulmonary vein. A bronchopulmonary segment can be dissected and resected.




      Because the lobes of the lungs are lined and separated by visceral pleura covering the ‘fissure’, a lobectomy results in minimal air leaks from the alveoli. Segmentectomy (segmental resection) will cause a certain amount of air to leak because the boundaries of pulmonary segments are not lined, nor are they demarcated by the visceral pleura.




      In both lungs, the segmental branches of the pulmonary artery to the posterior segment of the upper lobe, the middle lobe (or the lingula on the left side) and the lower lobe emerge from the main trunk after turning into the oblique fissure. This is of practical surgical importance since dissection of the fissure and division of the visceral pleural opening exposes the sheath of the artery overlaid by lymph nodes. This arrangement facilitates the dissection, ligation and division of the segmental arteries in pulmonary resection. Each lung has ten segments which are named and numbered as shown in Table 1 and Fig. (4a).
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Fig. (4a))


      Bronchopulmonary segments.



      

        Table 1 Bronchopulmonary Segments.




        

          

            

              	Right Lung



              	Left Lung

            


          



          

            

              	Upper lobe



              	Upper lobe

            




            

              	Segment 1. Apical



              	Segment 1. Posterior

            




            

              	Segment 2. Posterior



              	Segment 2. Posterior

            




            

              	Segment 3. Anterior



              	Segment 3. Anterior

            




            

              	Middle lobe



              	Lingula

            




            

              	Segment 4. Lateral



              	Segment 4. Superior

            




            

              	Segment 5. Medial



              	Segment 5. Inferior

            




            

              	Lower lobe



              	Lower lobe

            




            

              	Segment 6. Apical (dorsal)



              	Segment 6. Apical (dorsal)

            




            

              	Segment 7. Medial basal (cardiac)



              	Segment 7 Medial (absent)

            




            

              	Segment 8. Anterior basal



              	Segment 8. Anterior basal

            




            

              	Segment 9. Lateral basal



              	Segment 9. Lateral basal

            




            

              	Segment 10. Posterior basal



              	Segment 10. Posterior basal

            


          

        




        

          Each segment of the lung receives a segmental branch of the bronchus bearing the name and the number of the pulmonary segment which it enters.

        




      




      

        Bronchial Tree (Fig. 4b)




        Two aspects of the bronchial tree are important to the surgeon:




        • Anatomical.




        • Endoscopic.
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Fig. (4b))


        Lateral and medial view of bronchopulmonary segments.



        

          Anatomical Aspect




          

            


            This defines the main bronchi and their distribution to the lobes, segments and sub-segments of the lung. The bronchi (right and left) commence at the bifurcation of the trachea and are directed to the hilum of the right and left lung, respectively. The bifurcation is indicated in the interior of the trachea by a ridge, the carina, situated in the middle of the lower trachea in between the two bronchial openings.

          




          

            


            • The right main bronchus gives off:

          




          

            


            The upper lobe bronchus which subdivides into three branches, namely the apical* (1), posterior (2), and the anterior (3) segmental bronchi.

          




          

            


            The right middle lobe bronchus which in turn subdivides into the lateral (4), and the medial (5) segmental bronchi.

          




          

            


            The right lower lobe bronchus which subdivides into the apical (6), medial (7), anterior (8), lateral (9), and posterior (10) segmental bronchi.

          




          

            


            • The left main bronchus gives off:

          




          

            


            The main stem bronchus for the upper lobe and the lingula. This branch immediately divides into the left upper lobe bronchus for the upper lobe of the lung proper. This, in turn, divides into the apical (1), posterior (2), and anterior (3) segmental bronchi. The apical and posterior segmental bronchi usually emerge as one branch i.e. the apical-posterior bronchus, which then subdivides. The lingular bronchus which divides into two branches, the superior lingular (4), and inferior lingular (5) segmental bronchi.

          




          

            


            NB. The numbers in parentheses correspond to the standard ‘universal’ numbering of the bronchi (Table 1).

          




          

            


            The left lower lobe bronchus divides, like the right lower lobe bronchus, into five segmental branches, namely: the apical (6), medial basal (7), anterior basal (8), lateral basal (9), posterior basal and (10) segmental bronchi.

          




          

            


            The medial basal segmental bronchus on the left side is often small or non-existent. This is due to the absence of the medial basal pulmonary segment itself because of the projection of the heart into the left chest.

          


        




        

          Endoscopic Aspect (Bronchoscopy) (Fig. 4c)
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Fig. (4c))


          Endoscopic aspect of the bronchial tree. LT = lower trachea, RM & LM = right and left main bronchi, RUL and LUL = right and left upper lobe orifices, RIB = right intermediate bronchus (towards the lower lobe), LLL = left lower lobe bronchial orifice.



          The bronchoscopic appearance of the bronchial tree is as follows.




          The carina is seen as a ridge, separating the orifices of the right and left main bronchi.




          At the right lateral aspect of the right main bronchus, level with the carina, is the orifice of the right upper lobe bronchus. With a rigid bronchoscope the orifice alone is usually seen without its segmental divisions. When a telescopic view is obtained using either the right-angle telescope or the flexible fibreoptic bronchoscope the orifice is seen to contain three subsidiary orifices. These are the apical, posterior and anterior segmental orifices. When the bronchoscope is introduced into the right main bronchus below the right upper lobe opening for a distance of 1.5-2 cm the following bronchial segmental orifices are seen:




          • Anteriorly at about 12 o’clock there is the middle lobe orifice.




          • Almost opposite posteriorly at 6 o’clock is the apical segmental orifice of the lower lobe.




          • Just below these two orifices are seen the openings of the segmental bronchi for the basal segments of the lower lobe, viz: the anterior, posterior medial and the lateral segmental bronchial openings.




          On the left of the carina, the opening of the left main bronchus is seen leading to the bronchial lumen, which is directed downwards and laterally, making an angle of about 60 degrees with the mid-line of the carina. 2-2.5 cm below the carina, on the lateral wall of the main bronchus, the common opening of the left upper lobe and that of the lingular segments is seen. The former emerges almost at a right angle, whereas the latter is directed more obliquely downwards. Normally, with a rigid bronchoscope placed within the left main bronchus, only the common orifice of the upper lobe is seen. The division of the upper lobe bronchus into two main branches (upper lobe proper, and lingula) becomes visible using a right-angle telescope or a flexible fibreoptic bronchoscope. When the latter instrument is directed within the opening of the main stem of the upper lobe bronchus the two divisions are easily seen. The opening of the left upper lobe bronchus proper is seen to divide into a further two or, at times, three segmental bronchi which are the apical-posterior segmental and the anterior segmental bronchi.




          As has been noted, the apical and posterior segmental bronchi of the left upper lobe arise as a single stem dividing into two, unlike the right upper lobe where they arise individually.




          The lingular segmental bronchus forms the lower division of the common left upper lobe opening. Its orifice is seen below the opening of the bronchus for the upper lobe proper. It soon divides into its two branches, the superior and inferior segmental bronchi of the lingula. Less than 0.5 cm below the stem of the left upper lobe opening, the orifice of the main lower lobe bronchus is seen. Its lumen is directed downwards and more medially than that of the upper lobe, in continuation with the left main bronchus. The openings of the segmental bronchi to the left lobe are seen with the apical segmental orifice situated posteriorly - at ‘6 o’clock’ - or at the floor of the bronchus, when viewed with the patient in the supine position.


        


      


    




    

      



      Thoracoscopic Anatomy of the Thoracic Cavity




      The thoracic cavity is enclosed by the ribs, the vertebral column and the sternum. It is separated from the abdominal cavity by the diaphragm. It contains the lungs, the middle and lower airways, the heart, the pulmonary vessels, the great arteries and the major veins (superior vena cava and inferior vena cava). The thoracic cavity also contains the oesophagus.




      Thoracoscopic procedures have gained rapid popularity over the last two decades. They have become routine for a variety of operations such as diagnosis of lung and pleural disease, management of recurrent pleural effusions, empyema and pneumothoraces and radical resection for NCSLC (lobectomy and segmentectomy).




      Lobectomy is considered the “gold standard” treatment for patients with early-stage NSCLC [1, 2]. In the past, this was routinely performed via a thoracotomy. There is clear, growing evidence that using video-assisted thoracoscopic surgery (VATS) to perform anatomical lung resections has less morbidity and can be less costly [3-6]. With VATS lobectomy gaining popularity (albeit more slowly than expected) this chapter will look into the specifics of thoracoscopic anatomy of the thoracic cavity.




      Performing any procedure by VATS has one major disadvantage. It takes away the three-dimensional view of the surgeon and replaces it with a “flat” two-dimensional representation on a screen. In order to surmount this obstacle safely, a precise knowledge of the thoracic anatomy is vital. Variations in pulmonary anatomy are relatively common. Awareness is key in performing VATS segmental or lobar pulmonary resections. Careful pre-operative review of a contrast CT scan will help identify the majority of these variations and allow for appropriate management planning.




      After placing a thoracoscope in the pleural space a number of structures are clearly visible and can be readily identified. They can be categorized as shown (Fig. 5):
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Fig. (5))


      A view of the right inferior pulmonary ligament (A). The lung (B) is retracted superiorly. The pericardium (C) can be seen to the right with the phrenic (D) nerve. The diaphragm (E) and sympathetic chain (F) are seen to the left.



      I. Elements of the chest wall – ribs, intercostal muscles and vessels




      II. Pleura – visceral and parietal




      III. Lungs




      IV. Pericardium




      V. Major vessels – thoracic aorta, superior and inferior vena cava, internal thoracic artery and vein, azygos vein.




      VI. Nerves - sympathetic chain, vagus, phrenic nerve.




      Other structures such as the pulmonary artery, superior and inferior pulmonary vein, trachea, oesophagus, lymphatics and thoracic duct might not be immediately apparent and require some dissection/manipulation to visualize. This is particularly relevant for the pulmonary vessels, which are usually not clearly visible (Fig. 6). Opening the overlying pleural reflection by sharp or blunt dissection allows for adequate exposure. When attempting an anatomical lung resection by VATS, a so-called “hilar release” should be performed prior to any dissection of the hilar structures. Mobilizing the overlying pleura not only allows for identification of the hilar structures but serves to decrease tension when further manipulation/dissection is performed, thus minimising the risk for vascular injury.
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Fig. (6))


      View of the right pulmonary hilum. The phrenic nerve is seen running along the SVC (A) and pericardium. The lung (B) is retracted posteriorly. The hilar structures are not clearly visible.



      This chapter will focus on thoracoscopic anatomy, which relates to performing VATS anatomical lung resections. The anatomical features of the chest wall, pleura, lungs and pericardium are enhanced by the thoracoscopic magnification and are usually straightforward to identify. The parietal pleura is transparent and reflects over the chest wall, great vessels, oesophagus and major airways. The ribs can be clearly visualized if the pleura is not pathologically affected, whilst the intercostal muscles and neurovascular bundle are, usually, not obvious (Fig. 7).


    




    

      



      Approach to a VATS Anatomical Lung Resection




      During a right-sided approach, the subclavian artery and superior vena cava can be seen towards the apex, when the lung is retracted posteriorly. The azygos vein can be seen adjoining the lateral aspect of the SVC just above the pulmonary hilum. The inferior vena cava cannot usually be visualized readily, as its intrathoracic component is largely intrapericardial. The right vagus nerve enters the thoracic cavity anterior to the right subclavian artery. It follows the tracheo-oesophageal grove and gives off the right recurrent laryngeal nerve. It leaves the thoracic cavity via the oesophageal hiatus. The sympathetic chain can be visualized by retracting the lung anteriorly. Towards the apex, it overlies the necks of the ribs. As it descends it moves medially to run over the vertebral bodies.
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Fig. (7))


      View of the left posterior paravertebral area following dissection for subcarinal lymph nodes. The lung (A) is retracted anteriorly and the thoracic aorta (B) is clearly visible. The supreme intercostal vein (C) and the subclavian artery (D) are seen towards the apex.



      On the left, the subclavian artery and the descending thoracic aorta can be seen towards the apex, when the lung is isolated. The origin of the internal thoracic artery from the subclavian artery can be seen and its course along the sternum can be followed.




      The most common approach to a thoracoscopic lobectomy starts with hilar dissection, beginning anteriorly and continuing posteriorly. The fissure is usually not completed until all hilar structures are divided. Sometimes the pulmonary artery can be seen in a well-developed fissure (Fig. 8).
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Fig. (8))


      Anterior view of the horizontal and oblique fissure. Aspects of the upper, middle and lower lobe can be seen. A hint of the pulmonary artery is visible posterior to a “sentinel” lymph node.



      After the placement of the ports, a thoracoscopic exploration is performed, which includes confirmation of the location of the tumour, exclusion of the presence of pleural metastases and division of the inferior pulmonary ligament [7]. Hilar dissection usually starts with the mobilization of the relevant pulmonary vein. Visualization of the remaining pulmonary vein is strongly recommended. For upper lobectomy, the lung is reflected posteriorly and inferiorly to facilitate dissection. For lower lobectomy, the lung is retracted superiorly [7] (Fig. 9).
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Fig. (9))


      Anterior view of right sided hilar dissection. The pleural reflection is mobilized. The inferior and superior pulmonary veins are seen. The middle lobe vein joins the SPV.



      

        



        Left Upper Lobectomy




        The lung is retracted posteriorly. The mediastinal pleura is opened and the superior pulmonary vein is identified and mobilized. The main pulmonary artery lies superior to the pulmonary vein. After stapling the vein, the apical and anterior branches of the left pulmonary artery and the upper lobe bronchus can be visualized. A careful pre-operative review of a contrast CT scan will alert the surgeon to the presence of a separate posterior pulmonary artery branch. The space between the left upper lobe bronchus and the pulmonary artery can now be developed. Alternatively, management of the bronchus may be completed first, particularly if the truncus branch of the pulmonary artery is not clearly visible. A peri-bronchial lymph node is usually encountered at the level of the secondary carina and can be used as a guide. Upon completing the bronchus the lingular branches of the pulmonary artery become clearly visible. Care must be taken to identify and preserve the pulmonary artery branch to segment 6. The fissure is completed and the specimen can be retrieved.


      




      

        



        Left Lower Lobectomy




        With the lung retracted superiorly and posteriorly, the pleura overlying the inferior pulmonary vein can be released. At this stage, the vein can be mobilized and either placed on a sling or divided. Further superior retraction of the lower lobe can demonstrate the lower lobe bronchus. The pulmonary artery can be approached in the fissure (Fig. 10).
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Fig. (10))


        Anterior view of the pulmonary artery (A) in the fissure during a left lower lobectomy. The branch to segment 6 (B) can clearly be seen.



        If the pulmonary artery is difficult to identify in the fissure, dissection of the bronchus, with careful development of the space between the bronchus and artery, can be performed. This will allow the visualization of the lower- lobe pulmonary artery. The approach to right lower lobectomy is very similar. Precise identification and preservation of the lingular (left lower lobectomy) and middle lobe (right lower lobectomy) arteries are important steps of the procedure.


      




      

        



        Right Upper Lobectomy




        During a right upper lobectomy, the hilar mobilization can be initiated after releasing the inferior pulmonary ligament. The dissection can be performed posteriorly and anteriorly, with the two dissection lines coming together at the level of the azygos vein, superiorly. If the lung is retracted posteriorly, the superior pulmonary vein can be visualized. Precise identification of the middle lobe, prior to any vessel division, is an important step of the operation. It commonly joins the superior pulmonary vein (Fig. 10). However, anatomical variations, in which it is a tributary to the inferior pulmonary vein, are not uncommon. Dissection behind the stump of the superior pulmonary vein allows the identification of the branches of the pulmonary artery to the upper lobe. A lymph node is usually encountered between the main pulmonary artery and the truncus anterior. The posterior ascending branch can be identified by opening the sheath of the pulmonary artery and exposing it to the level of the middle lobe branches. The right bronchus can be exposed as it emerges underneath the azygos vein. The right upper lobe bronchus takes off shortly afterwards.


      




      

        



        Right Middle Lobectomy




        After identifying and stapling the middle lobe vein, the middle lobe bronchus (sitting posteriorly) can be visualized. Division of the bronchus exposes pulmonary artery branches to the middle lobe artery.




        Sub-lobar anatomical lung resection (segmentectomy) for malignancy, performed by VATS, is gaining popularity, particularly in patients whose fitness for undergoing lobectomy is borderline. Some studies have shown that VATS segmentectomy can be a safe and effective treatment choice for management of primary NSCLC or pulmonary metastases [8]. The term “thoracoscopic segmentectomy” refers to the resection of one or more anatomic pulmonary segments, using a completely minimally invasive approach. It involves anatomic resection, with hilar dissection, individual vessel ligation and mediastinal lymph node dissection [9]. The segmental resections that are most commonly performed are left upper trisegmentectomy, lingulectomy, superior segmentectomy and basilar segmentectomy [9].


      




      

        



        Left Upper Lobe Trisegmentectomy




        The anatomy and technique are very similar to performing a left upper lobectomy. After completing the hilar dissection, the superior vein is dissected distally until the tributaries from the trisegment are identified. Usually, the lingular vein comes in inferiorly and joins the superior pulmonary vein quite close to the hilum. The segmental bronchus sits posterior to the segmental vein and can be readily identified after its ligation. Upon dividing the bronchus, the pulmonary arteries to the trisegment can be seen.


      




      

        



        Lingulectomy




        The lingular tributary of the left superior pulmonary vein is identified in the manner described above with the segmental bronchus sitting behind it. After the bronchus is stapled and divided, the lingular segmental arterial branch can be identified.


      




      

        



        Superior Segmentectomy




        The superior segmental branch of the inferior pulmonary vein can be identified after the division of the inferior pulmonary ligament. Dissection of the posterior hilum can help with the visualization [9]. The segmental bronchus is visualized posterior to the segmental vein. After the bronchus is stapled, the pulmonary artery branches can be identified. Alternatively, if the fissure is well developed the pulmonary artery can be approached via that route.


      




      

        



        Basilar Segmentectomy




        The basilar segmental tributary of the inferior pulmonary vein can be identified after the division of the inferior pulmonary ligament. Anterior hilar dissection can facilitate exposure [9]. The segmental bronchus is visualized after the segmental vein is stapled. In turn, the artery can be exposed after the bronchus is stapled.




        Alternatively, after the division of the basilar segmental vein, the basilar arterial trunk may be approached through the oblique fissure.


      


    




    

      CONCLUSION




      There are various ways to look at the anatomy of the thorax and its content. The most useful way, in so far as lung cancer is concerned, is to look at:




      1. The architecture of the chest - that is the thoracic cage (bones) and the soft tissue which it covers. This has been described above.




      2. In the current and the future perspective, one needs to consider the gross anatomy as seen through thoracoscopic instrumentation and its application to video-assisted thoracoscopic surgery (VATS).




      3. Endoscopic anatomy of the airway and its arborization to the bronchial tree and the segmental anatomy of the lung are of crucial importance to understand lung cancer and the topography of lung cancer. This aspect has been referred to in some detail, describing the international code used by respiratory physicians, thoracic surgeons and oncologists.




      As such, this chapter has provided the basic classically applied surgical anatomy, as well as looking at the thoracoscopic and endoscopic anatomy which is vital in lung cancer.
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      Abstract




      Lung cancer is the worldwide leading cause of cancer-related deaths [1]. At a fundamental level, understanding the important molecular and cellular events that lead to lung cancer is critical for developing treatments to reverse this statistic. This chapter reviews the progress and limitations of our current understanding of lung cancer. It describes the initiation and progression of lung cancer from carcinogen-induced mutation of DNA to tumour formation and metastases.
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      INTRODUCTION




      Oncogenesis occurs largely as a consequence of deregulated cell division, which may be a consequence of inappropriate proliferation or reduced cell death. A gene-centric view posits that mutations in the DNA of genes coding for the crucial proteins involved in these processes are the cause of cancers. However, the emergence of cancer is an evolutionary path that starts with DNA mutations, followed by the acquisition of traits that involve, at their most basic level, the ability to distort local tissue architecture, allowing local invasion and evasion of the immune system. Thus, cancer is a product of the cell of origin and the unique characteristics of the local microenvironment that cancer needs to overcome to grow and metastasise.




      Much is known about lung cancer in terms of epidemiological risk factors and some of the key molecular signals that initiate disease. Advances in molecular biology are now enabling us to consider the dynamics of lung cancer and how lung tumours interact with their microenvironment during progression and metast-




      ases. This chapter will explore the origin of lung cancer and the biology of progression and metastases.


    




    

      THE LUNG MICROENVIRONMENT




      The mammalian lung has evolved a number of adaptations that enable its principle role in gas exchange. Passive diffusion of oxygen from inspired air is maximised by a large surface area and a diffusion barrier that is only one cell thick. Oxygen moves from the atmosphere to alveoli by convection in inspiration and carbon dioxide is expired in the opposite direction. This to and fro motion reduces the efficiency of gas exchange and is 25% less efficient than avian lungs, which have a series of parabronchi and unidirectional flow of air, but with the advantage of more flexibility in the thoracic cage [2].




      The trachea-bronchial airways are lined by pseudostratified epithelium, in which each cell makes contact with the basement membrane. More distally, the epithelium becomes columnar and finally cuboidal in small airways. The major epithelial subtypes include ciliated, secretory and basal cells [3], but there are also rarer cell types, including tuft and neuroendocrine cells. Recent application of single-cell RNA sequencing to the airway epithelium has identified a new cell type, which has been named the ionocyte [4, 5].


    




    

      DNA MUTATIONS AND MALIGNANT TRANSFORMATION




      It is generally accepted that the process of malignant transformation begins with a mutation in a cell’s DNA that leads to the acquisition of cancer-related traits. Lung cancer has one of the highest DNA mutation frequencies in comparison to other major tumour types [6]. In part, this could relate to the direct exposure of lung epithelial cells to carcinogens in cigarette smoke. A study comparing DNA mutations from different cancers showed that lung cancers in smokers are particularly associated with a mutation signature characterised by C to A substitution, which mirrors the in-vitro mutation profile observed after exposure to benzopyrene (a carcinogen in tobacco smoke). This phenomenon appears to be less common in cancers arising from organ systems that are not directly exposed to cigarette smoke (e.g., bladder/cervical/kidney cancers) [7]. As lung cancers evolve their mutational profile alters and at later stages, other mechanisms may predominate. This has been evaluated by performing multi-regional genomic sequencing of resected tumours. Distinguishing clonal (shared between all regions) and sub-clonal (shared between a subset of regions) DNA mutations enable the construction of a timeline beginning with clonal mutations and ending with sub-clonal. Thus, the evolutionary history of cancer can be re-constructed. At later stages of lung cancer evolution, a shift in the DNA mutation signature occurs, whereby there is less C to A and more C to G/C to T substitutions [8]. This correlates with the mutational signature produced by the apolipoprotein B mRNA editing enzyme catalytic protein-like (APOBEC) family of cytosine deaminases. APOBEC was first recognised for its role in innate immunity, where it is involved in an antiviral response through deaminating cytosine in viral genomes. However, there is now much evidence that the activity of ABOPEC proteins can be up-regulated and misdirected in cancer cells leading to somatic hypermutation [9].




      In general, all mechanisms of DNA mutations lead to the genetic variance of cancer cells within a tumour, which is the substrate for Darwinian natural selection to operate. Genetic variance is important for creating enough diversity to respond to selection pressures. However, evidence is growing that too much genetic instability may be detrimental through failure to faithfully transmit the essential genetic information for cellular viability to daughter cells [10].




      The predominant mutational process in any given cancer will have a specific signature of DNA mutation. Studying the signatures of DNA mutation across different cancer types has revealed that most cancers (including lung cancer) have at least two different processes of DNA mutation [11]. In a sense, these are non-random, but they occur in both non-coding (the vast majority of the genome) and coding parts of the genome, meaning that most mutations would be predicted to have no consequences for cellular proliferation. Such mutations have been termed ‘passenger’ mutations to distinguish them from the rarer ‘driver’ mutations that confer a selective advantage for survival and proliferation, leading to malignant transformation [12]. Driver mutations can act dominantly, where gain-of-function occurs in a growth-promoting gene, or negatively through the loss of function of a growth-regulating (i.e., tumour suppressor) gene. Next-generation DNA sequencing has provided a wealth of information about cancer genomes, but distinguishing the specific driver mutations from the much more common passenger mutations remains a challenge. Prediction algorithms can be based on frequency estimates, whereby mutations are shared by different patients to a greater extent than would be expected by random chance. Alternatively, function-based methods can be used, which entail consideration of how an individual DNA mutation will eventually lead to an alternative protein structure and hence function [13].




      Several driver mutations have been identified in lung cancer. Fig. (1a) shows the most common gain-of-function driver mutations in lung adenocarcinomas, derived from the cancer genome atlas (TCGA) consortium [14]. These mutations tend to occur in different parts of common signalling pathways involved in survival and proliferation, as shown in Fig. (1b) (derived from Figure S1 [15]). Identifying driver mutations in squamous cell carcinoma of the lung have proved more difficult on account of their high rate of mutations [16]. A comprehensive analysis of tumours from 178 patients from the TCGA revealed ten genes that were significantly mutated; TP53, CDKN2A, PTEN, PIK3CA, KEAP1, MLL2, HLA-A, NFE2L2, NOTCH1 and RB1 [17]. Characterising the mutational landscape of small-cell lung cancer has been hampered by the paucity of surgically resected specimens given a typical diagnosis at late-stage disease [18]. Furthermore, small-cell lung cancer has an extremely high mutation rate. Whole-genome sequencing of small cell lung cancer samples from 110 patients revealed that almost all had inactivating mutations in TP53 and RB1. Inactivating mutations in the NOTCH family genes were present in about 25% patients. Rarely, mutations in BRAF, KIT and PIK3CA were also present [19].




      There is considerable variation in the impact of a driver mutation on the process of malignant transformation. Mutations occurring at the top of signalling cascades would be predicted to have more widespread effects than those lower down. This is illustrated by driver mutations in the epidermal growth factor receptor gene (EGFR). EGFR activates a number of intracellular pathways, including MAP kinase, PI3K-Akt and PLC-gamma1-PKC [30]; hence constitutive activity induced by a mutation will have numerous downstream effects on cell survival and proliferation. It is, therefore, no coincidence that mutations in EGFR are able to drive lung cancer in non-smokers [20], who would be predicted to have lower genomic mutation burdens than smokers.




      In addition to DNA mutations that lead to an alternative protein product, genomic amplification events are common in cancer cells. These can lead to over-expression of native proteins and also contribute to oncogenesis. The role of this type of aberration in oncogenesis can be more challenging to characterise, as amplification can involve several genes making it difficult to identify which is causative. Interestingly, the same amplicon can have different genes implicated in the oncogenesis of different cell types. For example, when 8q24 amplification occurs in breast, colon and lung cancer, the proposed driver gene is MYC, but in acute myeloid leukaemia the same amplicon leads to TRIB1 over-expression and oncogenesis [31]. This mechanism becomes particularly important in resistance to targeted therapies. In particular, adenocarcinomas with EGFR mutations escape tyrosine kinase inhibition through genomic amplification of MET in about 21% of cases [32].
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Fig. (1))


      A. Most common gain of function driver mutations in lung adenocarcinoma (derived from an analysis of lung adenocarcinoma driver mutations from TCGA [14]. Unknown refers to tumours where no mutations in plausible genes where found. Other refers to the many plausible mutations identified, which are not as well characterised as those specifically mentioned). B. Gain of function mutations ordered by pathway. This is a non-exhaustive diagram and several other pathways are interconnected (see Figure S1 [15]. Oncogenic signalling pathways in the cancer genome atlas for more complete representation). Mutations in EGFR [20], MET [21], ALK (EML4-ALK) [22], Her2 [23], KRAS [24, 25], BRAF [26], PIK3CA [27] and AKT1 [28, 29] are discussed.



      Acquisition of a driver mutation is necessary but may not be sufficient for malignant transformation. Co-operating driver mutations/gene amplification, as well as a loss of tumour suppressor genes, may be required for full malignant transformation. This has been studied in cancers from the TCGA by comparing the ratio of non-synonymous (i.e., mutations that change protein sequence) to synonymous DNA mutations (i.e., mutations that do not change protein sequence) in cancers. Theoretically, synonymous mutations should not have any consequence to the cell and will not be under positive or negative selection, providing a measure of the background mutation rate. In contrast, non-synonymous mutations could be under positive/negative selection or be neutral. Applying this method to lung cancer revealed that 4 to 6 genes per tumour were under positive selection and predicted to be driver mutations for lung adenocarcinoma and squamous cell carcinoma, respectively. Interestingly when this analysis was restricted to known genes involved in cancer, only about 2 driver mutations were identified per tumour, illustrating that our list of cancer-causing genes is by no means complete [33].


    




    

      LUNG CANCER CELLS OF ORIGIN




      Initial hypotheses for the cells of origin for cancer were derived from superimposing the properties of cancer cells over the prevailing views of cellular differentiation. Cancer cells have an extensive capacity for proliferation and there is an inverse relationship between the degree to which they display differentiated tissue organisation and their capacity for invasion. Thus, it seems reasonable to postulate that cells already possessing some of these attributes would be most likely to be the founding population of lung cancer. To this end, there has been much focus on ‘stem’ cells involved in lung tissue repair and regeneration. These cells exist in a state characterised by the lack of markers of differentiated lung tissue and at steady state have a low level of turnover. However, in response to injury, they can respond robustly, proliferating and differentiating to enable tissue repair and regeneration [34].




      Mouse models have provided several insights into the dynamics of lung stem cells. In particular, lineage-tracing experiments have revealed that stem cells responsible for the maintenance and regeneration of the airway epithelium represent a cell state rather than a distinct cellular population. Indeed, there is evidence that mature epithelial cell types can de-differentiate into this state after the ablation of basal stem cells [35]. This raises the possibility that any cell could give rise to cancer; however, cells that are already in a ‘stem’ cell state may require less steps for transformation. Furthermore, cells occupying a stem cell niche are likely to have a longer life span than differentiated cells, allowing more time for an adequate set of driver mutations to accrue [36].




      The early stages of lung cancer have been best studied using mouse models, whereby specific driver mutations can be activated in different lung cell types and monitored for the onset of malignancy. The most widely used model has been the inducible KRasG12D model for lung adenocarcinoma, which uses the Cre/Lox system. Embryonic stem cells have been engineered such that one KRas allele harbours the KRasG12D mutation, but the expression is inhibited by an upstream stop signal flanked by loxP sites. Expression of cre-recombinase leads to the excision of this stop sequence allowing expression of KRasG12D at endogenous levels, therefore mimicking what is likely to happen at the onset of human lung adenocarcinomas [37]. An early study instilled adenoviral vectors containing cre-recombinase into airways of these transgenic mice to activate KRasG12D in a broad range of airway cell types. The first lesions to appear were atypical adenomatous hyperplasia (AAH), which stained positive for surfactant protein C (SP-C), suggesting that their origin was alveolar type II (AT2) cells, which were followed by epithelial hyperplasia (EH), adenomas and subsequently adenocarcinomas [38]. Interestingly, there was a subpopulation of cells that were positive for SP-C and CC10 (markers for AT2 and Clara cells) present in adenomas. These cells were subsequently identified at the bronchoalveolar duct junction (BADJ) in wild type mice and were thought to be bronchioalveolar stem cells (BASC). Subsequent in vitro and in vivo experiments showed that these BASCs proliferated more in response to activating KRasG12D mutations and were thus hypothesised to be the cell of origin for adenocarcinomas [39]. However, more recent studies have identified a much more complex origin of lung adenocarcinoma. When KRasG12D was exclusively expressed in CC10 positive cells, expression was limited to BASCs and Clara cells. Although hyperproliferation of cells at the BADJ occurred, all adenocarcinomas occurred in the alveoli in CC10 negative cells. Furthermore, the exclusive expression of KRasG12D in BASCs and AT2 cells led to the same phenotype at a higher frequency. This led the authors to propose that although several cell types can hyper-proliferate in response to KRas mutations, bona fide adenocarcinomas only arise when this occurs in AT2 cells [40]. These findings were replicated by using adenoviral vectors targeted to CC10 or SPC expressing cells, but interestingly, the authors came to a different conclusion, proposing that both clara cells and AT2 cells could initiate adenocarcinomas. This conclusion was drawn from two lines of evidence observed in CC10 targeted KRasG12D expression. Firstly, hyperproliferation at the BADJ and adenocarcinomas appeared to share the same clonal origin and secondly, adenocarcinomas had partial expression of Sox2, which is present in early CC10 positive hyperplasia, but not SPC positive lesions [41]. These results are interesting, as in both studies CC10 positive cells with activated KRas mutations were present in the airways, but only caused adenocarcinomas in the alveoli. This implies that cell type specific modulators determine whether a driver mutation initiates a tumour. To this end, inhibition of the Notch signalling pathway in CC10 positive cells at the time of KRasG12D activation inhibited development of adenocarcinomas, although there were hyperplastic lesions in the alveoli and BADJ. These hyperplastic lesions had up-regulated Sox2 and had a squamous morphology. Conversely up-regulation of Notch led to airway adenocarcinomas [42].




      The cell of origin for squamous cell carcinomas of the lung is more contentious and has been more difficult to study than adenocarcinomas. However, a murine model has been developed, whereby conditional deletion of the tumour suppressor genes PTEN and Cdkn2a coupled with activation of Sox2 expression led to tumours that histologically resembled squamous cell carcinoma. Lung squamous cell carcinomas could be formed when these changes were selectively induced in basal cells, as well as CC10 and SPC positive cells. This implies that the particular mix of signalling pathway aberrations is more important in determining the cancer subtype than the cell of origin per se [43]. To this end, a recent study has demonstrated that adenocarcinomas induced by KRasG12D can switch to squamous cell carcinomas when the tumour suppressor gene lkb1 is deleted [44].




      The first mouse model for small cell lung cancer (SCLC) was based on the observation that Trp53 and Rb1 frequently carry mutations in human SCLC. Conditional deletion of both Trp53 and Rb1 in mouse airway epithelium led to the emergence of tumours that resembled SCLC histologically. Both deletions were necessary for this phenotype – isolated Rb1 or Trp53 had no malignant phenotype or only adenocarcinomas, respectively [45]. Restricting these deletions to neuroendocrine cells (Calcitonin gene-related peptide (CGRP) expressing cells) recapitulated the frequency of the SCLC phenotype observed with deletions in all airway epithelial cells. However, some SCLC tumours still emerged from AT2 and Clara cells, although at much lower frequencies [46].


    




    

      EVOLUTION FROM DRIVER MUTATION TO MALIGNANCY




      The landscape in which cells with driver mutations operate is likely to be dynamic. Repeated exposure to carcinogens in cigarettes is thought to create a ‘field cancerisation’ effect. This implies that driver mutations may occur in histologically normal tissue, leading to perhaps a survival/growth advantage, but without co-operating mutations necessary to progress to malignancy. Over time, clones with potential for cancer may grow and regress until a cell with an appropriate complement of mutations emerges and progresses to cancer. In support of this, studies have identified driver mutations in genes such as EGFR in histologically normal tissue adjacent to cancers [47, 48].




      At all stages, from transformation to established and progressing tumours, cancers are shaped by internal and external selective pressures. Rapidly proliferating transformed cells have high metabolic needs, creating a strong demand for resources as well as a toxic microenvironment saturated with lactic acid from glycolysis and reactive oxygen species. This is compounded by external pressures that include immune surveillance and chemotherapeutic agents used in treatment. Genetic variance within tumour populations is essential for adaptation to these dynamic constraints by natural selection [49].




      So far, we have considered evolution in the context of cancer initiation from non-cancerous cells through the acquisition of survival and proliferative traits. Following cancer initiation, this process becomes more complex and several models have been developed to explain how cancer progresses in different circumstances. Firstly, it is worth considering what the absence of selection would look like. This has been termed neutral evolution and predicts that over successive cell divisions, mutations will accumulate randomly, leading to a large number of mutations at low frequencies. This is predicted to occur in about 40% lung adenocarcinomas and 23% lung squamous cell carcinomas from the analysis of TCGA [50]. It is also possible for clones to be over-represented in the absence of positive selection by evolutionary drift due to stochastic events (i.e., random cell death within a tumour).




      Where selective pressures act on a tumour, several models have been proposed illustrated in Fig. (2). These include linear evolution; whereby new driver mutations provide such a strong selective advantage that they outcompete all previous clones. This model predicts that a tumour is sequentially dominated by single clones. It has been useful for conceptualising the steps involved in cancer progression, but supporting data has largely been from single gene studies, and it fails to explain the intra-tumour heterogeneity that has been unveiled by more recent studies in cancer genomics [51]. Tumours may have multiple sub-clones that dominate in their locality, but not across the tumour as a whole. This endpoint could be reached by branching evolution, whereby the best-adapted clones are selected in their locality and evolve in parallel with other geographically distinct clones. Alternatively, in some cancers, a ‘big-bang’ model has been suggested. This posits that at the earliest stage after malignant transformation, intra-tumoural heterogeneity is high (i.e., a large number of sub-clones). Subsequently, one or a few clones accumulate a particular set of mutations giving them a positive selective advantage and proliferate rapidly to dominate the tumour. This process is formally known as punctuated evolution and is worth distinguishing from salutatory evolution, where a dramatic genomic event occurs within a single cell division leading to rapid proliferation and dominance. Given that most of these dramatic genomic changes would be expected to be deleterious salutatory evolution is thought to be a very rare event [52].
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Fig. (2))


      Models of cancer evolution. Cells of the same colour represent clones with the same genetic profile.



      Given that most of the phylogenetic studies in cancer involve analysis at a single time point, it is difficult to formally test these evolutionary models. It has been proposed that the type of mutation may influence the evolutionary path that a tumour takes. When point mutations in DNA lead to the positive selective trait, branching evolution has been proposed to dominate. In contrast, punctuated evolution appears more likely when chromosomal copy number aberrations occur [51]. It is possible that different types of evolution may dominate at different times within the lifespan of a tumour.


    




    

      THE IMMUNE SYSTEM AND CANCER EVOLUTION




      Mouse models have shown that T cells can directly affect the eventual genomic landscape of cancer. When sarcomas from immunodeficient mice lacking T cells were transplanted into wild type mice, escape tumours only developed if they lacked a particular immunogenic mutation that was present in the majority of the parent sarcoma population. This was in contrast to the tumours that emerged after transplantation into T cell-deficient mice, where most tumours possessed this mutation [53]. This has led to the concept that the immune system sculpts a tumour as it grows, directly affecting tumour evolution. This is thought to occur through the recognition of tumour associated antigens (TAAs). When these arise from non-synonymous mutations they have been termed neo-antigens and have the potential to activate an immune response, given that they are not present in health and therefore not recognised as ‘self’. Analysis of the TCGA for lung adenocarcinomas has revealed that having a large number of clonal neo-antigens is associated with a better prognosis, presumably through providing targets for the immune system [54]. In addition to neo-antigens, the dysregulated transcriptome of cancer cells can also lead to the expression of tissue-restricted genes out of context, which can be another source of immunogenicity [55].




      The first step in initiating a robust cytotoxic adaptive immune response to a tumour involves phagocytosis of TAAs by antigen-presenting cells (APCs), of which the most important are dendritic cells. APCs subsequently present TAAs via MHC-II molecules to naïve T cells in lymph nodes. Recognition of antigen within an MHC-II complex by a T cell is not in itself enough for activation. Co-stimulatory molecules on APCs are needed to fully induce activated effector T cells. One of the most important co-stimulators is CD80/86, which contacts CD28 on T cells. Activated T cells subsequently express CTLA-4, which has a greater affinity for CD80/86 than CD28, and acts as a brake preventing unregulated T cell expansion [56]. A cytolytic response is elicited when an activated CD8 T cell encounters the tumour associated antigen in association with MHC-I on cancer cells. In the periphery, cells expressing PD-L1 bind to PD-1 on CD8 T cells and inhibit signalling through the T cell receptor, thus preventing a cytotoxic reaction. In health, this acts to prevent inappropriate cytotoxicity to normal tissues [57].




      Recognition and elimination of cancer cells by the immune system are challenging. Given that TAAs are derived from self, these antigens are not likely to strongly activate innate pattern recognition receptors on phagocytosis by APCs. Subsequently, the expression of co-stimulation molecules on APCs may not be optimal to activate T cells. Evidence for this has been observed in colorectal tumour samples, where infiltrating dendritic cells expressed low levels of CD80/86 [58]. Furthermore, the tumour microenvironment has been shown to suppress a range of different dendritic cell functions, including endocytosis and antigen presentation [59].




      In the event that CD8 T cells are activated against TAAs, there are still barriers to a successful cytolytic response. CD8 T cells need to encounter a specific antigen in the context of an MHC-I complex for cytotoxicity. Usually, as part of protein homeostasis within a cell, intracellular protein degradation is coupled to MHC-I presentation. Proteins are marked for degradation by ubiquitination, which is carried out by the proteasome. Peptide fragments are subsequently exported into the endoplasmic reticulum by the transporter associated with antigen processing (TAP), where they are loaded into MHC-I for subsequent presentation on the cell surface. Down-regulation of TAP has been demonstrated in several tumour types [60] . In an SCLC cell line, a mutation was found that leads to non-functional TAP and impaired antigen presentation [61] .




      Tumours can also express ligands that inhibit the activity of CD8 T cells. Soon after the discovery of PD-L1, a study demonstrated expression on lung, ovarian, melanoma and colorectal cancers. PD-L1 was not significantly expressed in histologically normal tissues. Inducing expression of PD-L1 in a cancer cell line that did not express PD-L1 led to increased apoptosis of co-cultured T cells, demonstrating that this had an immunosuppressive effect [62] . Antigen-presenting cells can also express PD-L1 and may also have a role in downregulating T cell anti-tumour cytotoxicity [63] . While it is logical that tumour cells expressing PD-L1 down-regulate an immune response as a means of immune evasion, the role of the immune system in facilitating this process is more difficult to dissect. Recent studies have provided some insight into the role of PD-L1 on immune cells through genetic deletion of PD-L1 from tumour cells in mouse models. In this context, treatment with antibodies that block the PD-1/PD-L1 axis only affect non-tumour cells, allowing assessment of their contribution to anti-tumour immunity. When PD-L1 expression was knocked down in T3 sarcoma cell lines, they were rejected from immune-competent mice, unless they were seeded at higher densities, in which case tumours grew. Treatment with anti-PD-L1 antibodies induced tumour rejection, even in the absence of PD-L1 expression by the tumour cells, implying that non-tumour cells were compliant in immune evasion through the PD-1/PD-L1 axis [64] . These findings were extended using colorectal cancer cell lines in a mouse model. The knockdown of PD-L1 in host cells led to comparable control of tumour growth to tumour PD-L1 knockdown. The knockdown of both host and tumour PD-L1 achieved the best control of tumour growth [65] . Taken together, these and other studies support a role for host and tumour expressed PD-L1 in mediating immune evasion, emphasising the significance of expression of PD-L1 within the tumour micro-environment as a whole [66] .




      The interactions between the immune system and lung cancer at the stage of cancer initiation have been less explored. Airway macrophages form the predominant innate immune cell population in the lung. These cells were previously thought to be derived from the peripheral haematopoietic system; however, more recent mouse models have provided compelling evidence that they are seeded during embryogenesis and self-repopulate throughout life [67] . This raises the prospect that these cells could be changed over time by the environmental insults that they are exposed to (including cigarette smoke) and could contribute to the process of tumour development indirectly. There is some evidence that the gene expression profiles of airway macrophages are different in smokers compared to non-smokers [68] , but further studies are needed to establish whether this has any impact on lung cancer development.


    




    

      TRACKING EVOLUTION OF CANCERS




      Much of what we know about cancer evolution is derived from the analysis of resected tumours. The rise of next-generation DNA sequencing has enabled sophisticated analysis and has allowed the reconstruction of the phylogenetic tree for any given cancer. However, there are caveats. Firstly, the resected tumour represents the final product of a long evolutionary path, and as detailed above, there are several factors that contribute to evolution, many of which (including the immune system) may not leave much in the way of a mutational signature. Secondly, genomic instability in cancer leads to intra-tumoral heterogeneity and thus, different regions of the tumour will have a different composition of cancer cells. Multi-regional sequencing, therefore, has several advantages over single site sampling for reconstructing tumour evolution. This technique has been exploited in the TRACERx study to provide insight into lung cancer evolution. In agreement with previous studies, mutational signatures associated with cigarette smoking were identified in early clonal mutations, in contrast to later sub-clonal mutations, which bore the signature of APOBEC somatic hypermutation. Many of the well-known driver mutations, including EGFR/MET/BRAF in adenocarcinoma, were primarily clonal and tended to occur before genome doubling, implying a role in tumour initiation. In contrast, mutations such as PI3KCA in squamous cell carcinomas occurred after genome doubling implying a role in cancer maintenance [69].




      TRACERx has also combined multi-regional exome sequencing with circulating tumour DNA (ctDNA) analysis. ctDNA is thought to enter the systemic circulation passively through tumour necrosis and apoptosis, but may also be actively released by viable tumours [70]. In TRACERx, cancer evolution was monitored through ctDNA in patients who developed the recurrent disease after surgical resection. Bespoke multiplex PCR panels were synthesized for each patient, targeting clonal and sub-clonal single nucleotide variants (SNVs) to track phylogenetic branches over time. Interestingly, these PCR panels were able to detect ctDNA prior to or at clinical relapse and enabled the identification of the clonal origin of recurrent disease [71].


    




    

      BIOLOGY OF TUMOUR GROWTH AND METASTASES




      As cancer cells grow within a tumour, several morphological and structural changes occur within cancer and surrounding tissue that contribute to cancer progression. It is estimated that in vivo, tumours cannot expand beyond 100 – 500 microns - the diffusion limit of nutrients from the nearest capillary [72]. Tumours, therefore, need to establish access to the systemic circulation in order to grow beyond this size. This can occur by angiogenesis, the co-option of existing vessels, or vascular mimicry, where tumour cells take on certain characteristics of vascular endothelial cells. Tissue hypoxia is thought to be an important factor in driving new vessel formation through Hypoxia Inducible Factor (HIF). HIF consists of a stable beta subunit and an unstable alpha unit. In settings of low oxygen tension, the von-Hippel Lindau protein binds to and stabilises the alpha subunit, which enables HIF to increase the expression of several genes, including Vascular Endothelial Growth Factor (VEGF) [73]. HIF alpha subunit is not usually present in healthy lung tissue but is present in abundance in lung cancers [74]. To this end, high expression of VEGF has been observed in about 46% Stage I to stage IIIa tumours [75].




      Ectopic expression of VEGF via adenoviral vectors has been used in mouse models to explore how new vessels form in tumours. There are some limitations in this model system, namely that VEGF expression is high initially and subsides over time, in contrast to tumours where long-term expression levels are expected to be maintained. However, it has proved useful to define the steps involved. The process starts with ‘mother vessel’ formation, where degradation of the basement membrane and pericyte detachment occurs in venules and capillaries and subsequently, there is an increase in cross-sectional area. Mother vessels then divide into daughter vessels, which can include capillaries, glomeruloid microvascular proliferations (GMP) and vascular malformations. In particular, GMPs are disorganised structures with increased permeability to plasma proteins. At any one time, a tumour is likely to be supplied by a disorganised heterogeneous collection of all these vessel types, providing a circulatory system that is friable and permeable, leading to oedema within the tumour [76].
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