Universiteit

U Leiden
The Netherlands

Computational modelling of mycobacterium infection and innate

immune response in zebrafish
Viana de Carvalho, R.

Citation

Viana de Carvalho, R. (2015, October 15). Computational modelling of mycobacterium
infection and innate immune response in zebrafish. Retrieved from
https://hdl.handle.net/1887/35896

Version: Not Applicable (or Unknown)

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/35896

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/35896

Cover Page

The handle http://hdl.handle.net/1887/35896 holds various files of this Leiden University

dissertation.

Author: Viana de Carvalho, Rafael

Title: Computational modeling of mycobacterium infection and innate immune reponse
in zebrafish

Issue Date: 2015-10-15


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/35896
https://openaccess.leidenuniv.nl/handle/1887/1�

References

1.  Abarca-Rojano E., Rosas-Medina P., Zamudio-Cortéz P., Mondragon-Flores R., Sanchez-
Garcia F.J. Mycobacteriurn tuberculosis virulence correlates with mitochondrial cytochrome ¢
release in infected macrophages. Scandinavian Journal of Immunology 58:419-427. doi:
10.1046/j.1365-3083.2003.01318.x (2003).

2. Akman O., Ciocchetta F., Degasperi A., Guerriero M. Modelling Biological Clocks with Bio-
PEPA: Stochasticity and Robustness for the Neurospora crassa Circadian Network. In: Degano
P, Gorrieri R (eds) Computational Methods in Systems Biology SE - 4. Springer Berlin
Heidelberg, pp 52—67 (2009).

3. Albergante L., Timmis J., Beattie L., Kaye P.M. A Petri Net Model of Granulomatous
Inflammation: Implications for IL-10 Mediated Control of Leishmania donovani Infection.
PLoS Computational Biology. doi: 10.1371/journal.pcbi.1003334 (2013).

4.  Alemani D., Pappalardo F., Pennisi M., Motta S., Brusic V. Combining cellular automata and
lattice Boltzmann method to model multiscale avascular tumor growth coupled with nutrient
diffusion and immune competition. Journal of Immunological Methods 376:55-68. doi:
10.1016/5.jim.2011.11.009 (2012).

5. Armstrong J.A., Hart P.D. Response of cultured macrophages to Mycobacterium tuberculosis,
with observations on fusion of lysosomes with phagosomes. The Journal of experimental
medicine 134:713-740. doi: 10.1084/jem.134.3.713 (1971).

6. Barbuti, Roberto and Caravagna, Giulio and Maggiolo-Schettini, Andrea and Milazzo, Paolo
and Pardini G. The calculus of looping sequences. In: Proceedings of the Formal methods for
the design of computer, communication, and software systems 8th international conference on
Formal methods for computational systems biology. Springer-Verlag, Berlin, Heidelberg, pp
387423 (2008).

7.  Barnes D.J., Chu D. Introduction to Modeling for Biosciences. In: Introduction to Modeling
for Biosciences. Springer London, London, p 322 (2010).

8. Benard E.L., van der Sar A.M., Ellett F., Lieschke G.J., Spaink H.P., Meijer A.H. Infection of
Zebrafish Embryos with Intracellular Bacterial Pathogens. Journal of Visualized Experiments
1-8. doi: 10.3791/3781 (2012).

113



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Berthomieu B., Ribet P. O., Vernadat F. The tool TINA — Construction of abstract state spaces
for petri nets and time petri nets. International Journal of Production Research 42:2741-2756.
doi: 10.1080/00207540412331312688 (2004).

Blédtke M., Heiner M., Marwan W. Tutorial Petri Nets in Systems Biology. Magdeburg (2011).

Booth J.W., Trimble W.S., Grinstein S. Membrane dynamics in phagocytosis. Seminars in
immunology 13:357-64. doi: 10.1006/smim.2001.0332 (2001).

Bouley D.M., Ghori N., Mercer K.L., Falkow S., Ramakrishnan L. Dynamic nature of host-
pathogen interactions in Mycobacterium marinum granulomas. Infection and immunity
69:7820-31. doi: 10.1128/1A1.69.12.7820-7831.2001 (2001).

Box G., Hunter J.S., Hunter W. Statistics Experimenters. Book 1-655. (2009).

Calzone L., Fages F.F., Soliman S. BIOCHAM: an environment for modeling biological
systems and formalizing experimental knowledge. Bioinformatics 22:1805-1807. doi:
10.1093/bioinformatics/btl172 (2006).

Cardelli L. Brane Calculi - Interactions of Biological Membranes. Proc of CMSB04 3082:257
—278. (2005).

Carneiro J., Coutinho A., Stewart J. A model of the immune network with B-T cell co-
operation. II--The simulation of ontogenesis. Journal of theoretical biology 182:531-547. doi:
10.1006/jtbi.1996.0192 (1996).

Carvalho R. V, Kleijn J., Verbeek F.J. A Multi-Scale Extensive Petri Net Model Of The
Bacterial — Macrophage Interaction. In: Heiner M (ed) 5th International Workshop on
Biological Processes & Petri Nets. CEUR Workshop Proceedings, Tunis, Tunisia, pp 15-29
(2014).

Carvalho R. V., Davids W., Meijer A.H., Verbeek F.J. Spatio-temporal Modeling and
Simulation of Mycobacterium Pathogenesis Using Petri Nets. In: Hart E, Timmis J, Mitchell P,
Nakamo T, Dabiri F (eds) Bio-Inspired Models of Networks, Information, and Computing
Systems. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 236-241 (2012).

Carvalho R. V., Kleijn J., Meijer A.H., Verbeek F.J. Modeling innate immune response to
early mycobacterium infection. Computational and Mathematical Methods in Medicine
2012:790482. doi: 10.1155/2012/790482 (2012).

114



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Casadevall A., Pirofski L. Host-pathogen interactions: the attributes of virulence. The Journal
of infectious diseases 184:337—44. doi: 10.1086/322044 (2001).

Chao D.L., Davenport M.P., Forrest S., Perelson A.S. A stochastic model of cytotoxic T cell
responses. Journal of Theoretical Biology 228:227-240. doi: 10.1016/j.jtbi.2003.12.011
(2004).

Chiola G., Franceschinis G., Gaeta R., Ribaudo M. GreatSPN 1.7: Graphical editor and
analyzer for timed and stochastic Petri nets. Performance Evaluation 24:47-68. doi:
10.1016/0166-5316(95)00008-L (1995).

Ciocchetta F., Hillston J. Bio-PEPA: A framework for the modelling and analysis of biological
systems. Theoretical Computer Science 410:3065-3084. doi: 10.1016/j.tcs.2009.02.037
(2009).

Clay H., Davis J.M., Beery D., Huttenlocher A., Lyons S.E., Ramakrishnan L. Dichotomous
role of the macrophage in early Mycobacterium marinum infection of the zebrafish. Cell Host
and Microbe 2:29-39. doi: 10.1016/j.chom.2007.06.004 (2007).

Clay H., Volkman H.E., Ramakrishnan L. Tumor necrosis factor signaling mediates resistance
to mycobacteria by inhibiting bacterial growth and macrophage death. Immunity 29:283-94.
doi: 10.1016/j.immuni.2008.06.011 (2008).

Cosma C.L., Sherman D.R., Ramakrishnan L. The secret lives of the pathogenic mycobacteria.
Annual review of microbiology 57:641-76. doi: 10.1146/annurev.micro.57.030502.091033
(2003).

Danos V., Krivine J. Formal Molecular Biology Done in CCS-R. Electronic Notes in
Theoretical Computer Science 180:31-49. doi: 10.1016/j.entcs.2004.01.040 (2007).

David R., Alla H. On hybrid Petri nets. Discrete Event Dynamic Systems: Theory and
Applications 11:9—-40. doi: 10.1023/A:1008330914786 (2001).

Davidrajuh R. Developing a new petri net tool for simulation of discrete event systems. In:
Proceedings - 2nd Asia International Conference on Modelling and Simulation, AMS 2008. pp
861-866 (2008).

Davis J.M., Clay H., Lewis J.L., Ghori N., Herbomel P., Ramakrishnan L. Real-time
visualization of Mycobacterium-macrophage interactions leading to initiation of granuloma
formation in zebrafish embryos. Immunity 17:693-702. doi: 10.1016/S1074-7613(02)00475-2
(2002).

115



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Davis J.M., Haake D.A., Ramakrishnan L. Leptospira interrogans stably infects zebrafish
embryos, altering phagocyte behavior and homing to specific tissues. PLoS Neglected Tropical
Diseases 3:6. doi: 10.1371/journal.pntd.0000463 (2009).

Davis J.M., Ramakrishnan L. The Role of the Granuloma in Expansion and Dissemination of
Early Tuberculous Infection. Cell 136:37—49. doi: 10.1016/j.cell.2008.11.014 (2009).

Desel J., Juhas G. “What Is a Petri Net?” Informal Answers for the Informed Reader. In: Ehrig
H, Padberg J, Juhas G, Rozenberg G (eds) Lecture Notes in Computer Science. Springer, pp 1—-
25 (2001).

Fallahi-Sichani M., El-Kebir M., Marino S., Kirschner D.E., Linderman J.J. Multiscale
computational modeling reveals a critical role for TNF-a receptor 1 dynamics in tuberculosis
granuloma formation. Journal of immunology (Baltimore, Md : 1950) 186:3472—-83. doi:
10.4049/jimmunol. 1003299 (2011).

Fisher J., Henzinger T. a. Executable biology. In: Proceedings - Winter Simulation
Conference. pp 1675-1682 (2006).

Flynn J.L., Chan J. Immunology of tuberculosis. Annual review of immunology 19:93-129.
doi: 10.1146/annurev.immunol.19.1.93 (2001).

Flynn J.L., Chan J. What’s good for the host is good for the bug. Trends in Microbiology
13:98-102. doi: 10.1016/j.tim.2005.01.005 (2005).

Franzke A. Charlie 2.0 — a multi-threaded Petri net analyzer. Brandenburg University of
Technology at Cottbus (2009).

Fratti R.A., Backer J.M., Gruenberg J., Corvera S., Deretic V. Role of phosphatidylinositol 3-
kinase and Rab5 effectors in phagosomal biogenesis and mycobacterial phagosome maturation
arrest. The Journal of cell biology 154:631-44. doi: 10.1083/jcb.200106049 (2001).

Fratti R.A., Chua J., Vergne 1., Deretic V. Mycobacterium tuberculosis glycosylated
phosphatidylinositol causes phagosome maturation arrest. Proceedings of the National
Academy of Sciences of the United States of America 100:5437-5442. doi:
10.1073/pnas.0737613100 (2003).

Gammack D., Doering C.R., Kirschner D.E. Macrophage response to Mycobacterium
tuberculosis infection. Journal of Mathematical Biology 48:218-242. doi: 10.1007/s00285-
003-0232-8 (2004).

116



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Gammack D., Ganguli S., Marino S., Segovia-Juarez J., Kirschner D.E. Understanding the
Immune Response in Tuberculosis Using Different Mathematical Models and Biological
Scales. Multiscale Modeling & Simulation 3:312—-345. doi: 10.1137/040603127 (2005).

Gao J., Li L., Wu X., Wei D.Q. BioNetSim: A Petri net-based modeling tool for simulations of

biochemical processes. Protein and Cell 3:225-229. (2012).

Gatton M.L., Cheng Q. Modeling the development of acquired clinical immunity to
Plasmodium falciparum malaria. Infection and Immunity 72:6538—-6545. doi:
10.1128/1A1.72.11.6538-6545.2004 (2004).

Gilbert D., Heiner M., Lehrack S. A Unifying Framework for Modelling and Analysing
Biochemical Pathways Using Petri Nets. In: Calder M, Gilmore S (eds) Computational
Methods in Systems Biology. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 200-216
(2007).

Gonzélez P.P., Cardenas M., Camacho D., Franyuti A., Rosas O., Lagtinez-Otero J. Cellulat:
an agent-based intracellular signalling model. Biosystems 68:171-185. doi: 10.1016/S0303-
2647(02)00094-1 (2003).

Grahlmann B., Best E. PEP - More than a Petri Net Tool. In: Margaria T, Steffen B (eds)
Proceedings of TACAS’96 (Tools and Algorithms for the Construction and Analysis of
Systems). Springer-Verlag, pp 397401 (1996).

Heiner M., Gilbert D. How might Petri nets enhance your systems biology toolkit. In:
Kristensen LM, Petrucci L (eds) Lecture Notes in Computer Science. Springer, pp 17-37
(2011).

Heiner M., Gilbert D., Donaldson R. Petri nets for systems and synthetic biology. Formal
Methods for Computational Systems Biology 5016:215-264. (2008).

Heiner M., Herajy M., Liu F., Rohr C., Schwarick M. Snoopy — A unifying Petri net tool.
Lecture Notes in Computer Science 7347:398-407. (2012).

Heiner M., Koch I. Petri net based model validation in systems biology. Applications and
Theory of Petri Nets 2004 216-237. (2004).

Heiner M., Koch I., Will J. Model validation of biological pathways using Petri nets—
demonstrated for apoptosis. Biosystems 75:15-28. doi: 10.1016/j.biosystems.2004.03.003
(2004).

117



53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

Heiner M., Lehrack S., Gilbert D., Marwan W. Extended Stochastic Petri Nets for Model-
Based Design of Wetlab Experiments. In: Priami C, Back R-J, Petre I (eds) Transactions on
Computational Systems Biology. Springer, pp 138163 (2009).

Heiner M., Richter R., Schwarick M., Rohr C. Snoopy-A Tool to Design and Execute Graph-
Based Formalisms. Petri Net Newsletter 74:8-22. (2008).

Heiner M., Rohr C., Schwarick M. MARCIE - Model checking and reachability analysis done
efficiently. In: Petri Nets 2013. Springer, pp 389-399 (2013).

Heiner M., Schwarick M., Wegener J. Charlie - an extensible Petri net analysis tool. Petri Nets
2015 (2015).

Heitmann F., Kohler-BuBBmeier M. P-and T-Systems in the Nets-within-Nets-Formalism.
Application and Theory of Petri Nets 368—387. doi: 10.1007/978-3-642-31131-4_20 (2012).

Herajy M. Computational Steering of Multi-Scale Biochemical Networks. Brandenburgischen
Technische Universitit Cottbus (2013).

Herajy M., Heiner M. Petri Net-Based Collaborative Simulation and Steering of Biochemical
Reaction Networks. Fundamenta Informaticae 129:49-67. doi: 10.3233/F1-2014-960 (2014).

Jensen K. Coloured Petri Nets and the invariant-method. Theoretical Computer Science. doi:
10.1016/0304-3975(81)90049-9 (1981).

Jensen K. Coloured Petri nets : basic concepts, analysis methods and practical use. Springer,
Berlin (1997).

Jensen K. Coloured Petri Nets. Theoretical Computer Science 254:248-299. doi:
10.1007/b95112 (2009).

Jensen K., Kristensen L.M., Wells L. Coloured Petri Nets and CPN Tools for modelling and
validation of concurrent systems. International Journal on Software Tools for Technology
Transfer 9:213-254. doi: 10.1007/s10009-007-0038-x (2007).

Kindler E. The ePNK: An extensible Petri net tool for PNML. In: Lecture Notes in Computer
Science (including subseries Lecture Notes in Artificial Intelligence and Lecture Notes in
Bioinformatics). pp 318-327 (2011).

Kirschner D., Marino S. Mycobacterium tuberculosis as viewed through a computer. Trends in
microbiology 13:206—11. doi: 10.1016/j.tim.2005.03.005 (2005).

118



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Kirschner D.E., Young D., Flynn J.L. Tuberculosis: global approaches to a global disease.
Current opinion in biotechnology 21:524-31. doi: 10.1016/j.copbio.2010.06.002 (2010).

Koch I., Reisig W., Schreiber F. Modeling in systems biology: The Petri Net approach. doi:
10.1007/978-1-84996-474-6 (2011).

Koul A., Herget T., Klebl B., Ullrich A. Interplay between mycobacteria and host signalling
pathways. Nature reviews Microbiology 2:189-202. doi: 10.1038/nrmicro840 (2004).

Lalvani A., Behr M. a, Sridhar S. Innate immunity to TB: a druggable balancing act. Cell
148:389-91. doi: 10.1016/j.cell.2012.01.026 (2012).

Lee J., Hartman M., Kornfeld H. Macrophage apoptosis in tuberculosis. Yonsei medical
journal 50:1-11. doi: 10.3349/ymj.2009.50.1.1 (2009).

Lesley R., Ramakrishnan L. Insights into early mycobacterial pathogenesis from the zebrafish.
Current opinion in microbiology 11:277-83. doi: 10.1016/j.mib.2008.05.013 (2008).

Lin P., Kirschner D., Flynn J. Modeling pathogen and host: in vitro, in vivo and in silico
models of latent Mycobacterium tuberculosis infection. Drug Discovery Today: Disease
Models 2:149-154. doi: 10.1016/j.ddmod.2005.05.019 (2005).

Liu F., Heiner M. Colored Petri nets to model and simulate biological systems. In: Donatelli S,
Kleijn J, Machado RJ, Fernandes IM (eds) CEUR Workshop. pp 71-85 (2012).

Lund E.W. Guldberg and Waage and the law of mass action. Journal of Chemical Education
42:548. doi: 10.1021/ed042p548 (1965).

Lundegaard C., Lund O., Kesmir C., Brunak S., Nielsen M. Modeling the adaptive immune
system: Predictions and simulations. Bioinformatics 23:3265-3275. doi:
10.1093/bioinformatics/btm471 (2007).

Malik Z.A., Denning G.M., Kusner D.J. Inhibition of Ca2+ Signaling by Mycobacterium
tuberculosisls Associated with Reduced Phagosome-Lysosome Fusion and Increased Survival
within Human Macrophages. J Exp Med 191:287-302. (2000).

Marino S., Linderman J.J., Kirschner D.E. A multifaceted approach to modeling the immune
response in tuberculosis. Wiley Interdisciplinary Reviews: Systems Biology and Medicine
3:479—489. doi: 10.1002/wsbm.131 (2011).

119



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Marsan M.A. Stochastic Petri nets: An elementary introduction. In: Rozenberg G (ed)
Advances in Petri Nets 1989. Springer, pp 1-29 (1990).

Marwan W., Rohr C., Heiner M. Petri nets in Snoopy: A unifying framework for the graphical
display, computational modelling, and simulation of bacterial regulatory networks. Bacterial
Molecular Networks 1-31. (2012).

Meeker N.D., Trede N.S. Immunology and zebrafish: spawning new models of human disease.
Developmental and comparative immunology 32:745-757. (2008).

Meijer A., Spaink H. Host-pathogen interactions made transparent with the zebrafish model.
Current drug targets 1000-1017. (2011).

Meijer A.H., Van Der Sar A.M., Cunha C., Lamers G.E.M., Laplante M. A., Kikuta H., Bitter
W., Becker T.S., Spaink H.P. Identification and real-time imaging of a myc-expressing
neutrophil population involved in inflammation and mycobacterial granuloma formation in
zebrafish. Developmental and comparative immunology 32:36-49. (2008).

Molly M.K. On the Integration of Delay and Throughput Measures in Distributed Processing
Models. UCLA (1981).

Moore K.W., de Waal Malefyt R., Coffman R.L., O’Garra A. Interleukin-10 and the
interleukin-10 receptor. Annual review of immunology 19:683-765. doi:
10.1146/annurev.immunol.19.1.683 (2001).

Mura 1., Csikasz-Nagy A. Stochastic Petri Net extension of a yeast cell cycle model. Journal of
Theoretical Biology 254:850-860. doi: 10.1016/.jtbi.2008.07.019 (2008).

Murata T. Petri nets: properties, analysis and applications. Proceedings of the IEEE 77:541—
580. doi: 10.1109/5.24143 (1989).

Nagasaki M., Saito A., Jeong E., Li C., Kojima K., Ikeda E., Miyano S. Cell illustrator 4.0: A
computational platform for systems biology. In Silico Biology 10:5-26. (2010).

Natkin S. Les Reseaux de Petri Stochastique et leur Application a I’Evaluation des Systémes
Informatiques. CNAM (1980).

Nezhinsky A.E. Pattern recognition in high-throughput zebrafish imaging. PhD Thesis. Leiden
Institute of Advanced Computer Science (LIACS), Faculty of Science, Leiden University
(2013).

120



90.

91.

92.

93.

94.

95.

96.

917.

98.

Nezhinsky A.E., Davids W., van der Sar A.M., Verbeek F.J. eLaborant - An Elaborate Data
Analysis Environment for High Throughput Screening. http://www.elaborant.com/. Accessed
8 Jan 2015 (2014).

Nezhinsky A.E., Stoop E., Vasylevska A.A., Sar A. van der, Vebeek F.J. Spatial Analysis of
Bacterial Infection Patterns in Zebrafish. In: 21th Annual Belgian-Dutch Conference on
Machine Learning. Ghent, Belgium, pp 27-32 (2012).

Pappalardo F., Forero I.M., Pennisi M., Palazon A., Melero 1., Motta S. Simb16: Modeling
induced immune system response against B16-melanoma. PLoS ONE. doi:
10.1371/journal.pone.0026523 (2011).

Pappalardo F., Halling-Brown M.D., Rapin N., Zhang P., Alemani D., Emerson A., Paci P.,
Duroux P., Pennisi M., Palladini A., Miotto O., Churchill D., Rossi E., Shepherd A.J., Moss
D.S., Castiglione F., Bernaschi M., Lefranc M.P., Brunak S., Motta S., Lollini P.L., Basford
K.E., Brusic V. ImmunoGrid, an integrative environment for large-scale simulation of the
immune system for vaccine discovery, design and optimization. Briefings in Bioinformatics
10:330-340. doi: 10.1093/bib/bbp014 (2009).

Peleg M., Gabashvili I., Altman R. Qualitative models of molecular function: linking genetic
polymorphisms of tRNA to their functional sequelae. Proceedings of the IEEE 90:1875-1886.
(2002).

Pommereau F. Quickly Prototyping Petri Nets Tools with {SNAKES}. In: Proceedings of the
1st International Conference on Simulation Tools and Techniques for Communications,
Networks and Systems & Workshops. Institute for Computer Sciences, Social-Informatics and
Telecommunications Engineering, pp 17:1-17:10 (2008).

Pun G. A guide to membrane computing. Theoretical Computer Science 287:73—-100. doi:
10.1016/S0304-3975(02)00136-6 (2002).

Puri R.V., Reddy P.V., Tyagi A.K. Secreted Acid Phosphatase (SapM) of Mycobacterium
tuberculosis Is Indispensable for Arresting Phagosomal Maturation and Growth of the
Pathogen in Guinea Pig Tissues. PloS one. doi: 10.1371/journal.pone.0070514 (2013).

Reddy V.N., Mavrovouniotis M.L., Liebman M.N. Petri Net Representations in Metabolic
Pathways. In: Hunter L, Searls DB, Jude W. Shavlik (eds) Proceedings of the 1st International
Conference on Intelligent Systems for Molecular Biology. AAAI Press, pp 328-336 (1993).

121



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Regev A., Silverman W., Shapiro E. Representation and simulation of biochemical processes
using the pi-calculus process algebra. Pacific Symposium on Biocomputing Pacific
Symposium on Biocomputing 459—70. (2001).

Reisig W., Rozenberg G. Lectures on Petri Nets I: Basic Models. Lecture Notes in Computer
Science. doi: 10.1007/3-540-65306-6 (1998).

Reisig W., Rozenberg G. Lectures on Petri Nets II: Applications. Lecture Notes in Computer
Science 1492: (1998).

Rohde K., Yates R.M., Purdy G.E., Russell D.G. Mycobacterium tuberculosis and the
environment within the phagosome. Immunological reviews 219:37-54. doi: 10.1111/§.1600-
065X.2007.00547.x (2007).

Rojas M., Garcia L.F., Nigou J., Puzo G., Olivier M. Mannosylated lipoarabinomannan
antagonizes Mycobacterium tuberculosis-induced macrophage apoptosis by altering Ca+2-
dependent cell signaling. The Journal of infectious diseases 182:240-51. doi: 10.1086/315676
(2000).

Rosenberger C.M., Finlay B.B. Phagocyte sabotage: disruption of macrophage signalling by
bacterial pathogens. Nature Reviews Molecular Cell Biology 4:385-96. doi: 10.1038/nrm1104
(2003).

Riidiger Valk. Object Petri Nets Using the Nets-within-Nets Paradigm. In: Desel J, Reisig W,
Rozenberg G (eds) Advances in Petri Nets: Lectures on Concurrency and Petri Nets, volume
3098 of Lecture Notes in Compu ter Science. Springer Berlin Heidelberg, Berlin, Heidelberg,
pp 819-848 (2004).

Russell D.G., Mwandumba H.C., Rhoades E.E. Mycobacterium and the coat of many lipids.
The Journal of cell biology 158:421-6. doi: 10.1083/jcb.200205034 (2002).

Schluger N.W., Rom W.N. The host immune response to tuberculosis. American Journal of
Respiratory and Critical Care Medicine 157:679-691. doi: 10.1164/ajrccm.157.3.9708002
(1998).

Segovia-Juarez J.L., Ganguli S., Kirschner D. Identifying control mechanisms of granuloma
formation during M. tuberculosis infection using an agent-based model. Journal of Theoretical
Biology 231:357-376. doi: 10.1016/j.jtbi.2004.06.031 (2004).

122



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Southern J., Pitt-Francis J., Whiteley J., Stokeley D., Kobashi H., Nobes R., Kadooka Y.,
Gavaghan D. Multi-scale computational modelling in biology and physiology. Progress in
Biophysics and Molecular Biology 96:60—89. doi: 10.1016/j.pbiomolbio.2007.07.019 (2008).

Stanley S. a, Cox J.S. Host-pathogen interactions during Mycobacterium tuberculosis
infections. Current topics in microbiology and immunology 374:211-41. doi:
10.1007/82 2013 332 (2013).

Stein C. Innate immune genes in the zebrafish, Danio rerio. PhD Thesis. Universitit zu Kdln
(2011).

Stoop E.J.M., Mishra A.K., Driessen N.N., van Stempvoort G., Bouchier P., Verboom T., van
Leeuwen L.M., Sparrius M., Raadsen S.A., van Zon M., van der Wel N.N., Besra G.S.,
Geurtsen J., Bitter W., Appelmelk B.J., Van der Sar A.M. Mannan core branching of
lipo(arabino)mannan is required for mycobacterial virulence in the context of innate immunity.
Cellular Microbiology 15:2093-2108. doi: 10.1111/cmi.12175 (2013).

Stoop E.J.M., Schipper T., Huber S.K.R., Nezhinsky A.E., Verbeek F.J., Gurcha S.S., Besra
G.S., Vandenbroucke-Grauls C.M.J.E., Bitter W., van der Sar A.M. Zebrafish embryo screen
for mycobacterial genes involved in the initiation of granuloma formation reveals a newly
identified ESX-1 component. Disease models & mechanisms 4:526-536. doi:
10.1242/dmm.006676 (2011).

Sundaramurthy V., Pieters J. Interactions of pathogenic mycobacteria with host macrophages.
Microbes and Infection 9:1671-1679. doi: 10.1016/j.micinf.2007.09.007 (2007).

Symons F.J.W. Introduction to Numerical Petri Nets, a General Graphical Model of
Concurrent Processing Systems. Australian Telecommunications Research 14:28-33. (1980).

Symons F.J.W. The Description and Definition of Queueing Systems by Numerical Petri Nets.
Australian Telecommunications Research 13:20-31. (1980).

Traver D., Herbomel P., Patton E.E., Murphey R.D., Yoder J.A., Litman G.W., Catic A.,
Amemiya C.T., Zon L.I., Trede N.S. The zebrafish as a model organism to study development
of the immune system. Advances in Immunology 81:253-330. (2003).

Tsavachidou D., Liebman M. Modeling and simulation of pathways in menopause. Journal of
the American Medical. 9:461-471. doi: 10.1197/jamia.M1103. (2002).

123



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Van der Vaart M., van Soest J.J., Spaink H.P., Meijer A.H. Functional analysis of a zebrafish
myd88 mutant identifies key transcriptional components of the innate immune system. Disease
models & mechanisms 6:841-54. doi: 10.1242/dmm.010843 (2013).

Van der Vaart M., Spaink H.P., Meijer A.H. Pathogen recognition and activation of the innate
immune response in zebrafish. Advances in hematology 2012:159807. doi:
10.1155/2012/159807 (2012).

Verbeek E., Aalst W.M.P. Van Der. Woflan 2.0: a Petri-net-based workflow diagnosis tool. In:
Proceedings of the 21st international conference on Application and theory of petri nets. pp
475484 (2000).

Vergne 1., Chua J., Deretic V. Tuberculosis toxin blocking phagosome maturation inhibits a
novel Ca2+/calmodulin-PI3K hVPS34 cascade. The Journal of experimental medicine
198:653-9. doi: 10.1084/jem.20030527 (2003).

Walpole J., Papin J.A., Peirce S.M. Multiscale computational models of complex biological
systems. Annual review of biomedical engineering 15:137-54. doi: 10.1146/annurev-bioeng-
071811-150104 (2013).

Warrender C., Forrest S., Koster F. Modeling intercellular interactions in early Mycobacterium
infection. Bulletin of Mathematical Biology 68:2233-2261. doi: 10.1007/s11538-006-9103-y
(2006).

Weber M., Kindler E. The Petri Net Kernel. In: Ehrig H, Reisig W, Rozenberg G, Weber H
(eds) Petri Net Technology for Communication-Based Systems SE. Springer Berlin
Heidelberg, pp 109-123 (2003).

Wegener J., Schwarick M., Heiner M. A plugin system for Charlie. Proc CS&P 531-554.
(2011).

Van Der Wel N., Hava D., Houben D., Fluitsma D., Van Zon M., Pierson J., Brenner M.,
Peters P.J. M. tuberculosis and M. leprae translocate from the phagolysosome to the cytosol in
myeloid cells. Cell 129:1287-1298. (2007).

Wingender E. Biological Petri Nets. IOS Press, Amsterdam (2011).

World Health Organization. Global Tuberculosis Report. (2014).

Yang C.T., Cambier C.J.J., Davis J.M.M., Hall C.J.J., Crosier P.S.S., Ramakrishnan L.
Neutrophils Exert Protection in the Early Tuberculous Granuloma by Oxidative Killing of

124



Mycobacteria Phagocytosed from Infected Macrophages. Cell Host & Microbe 12:301-312.
doi: 10.1016/j.chom.2012.07.009 (2012).

131. Zimmermann A., Freiheit J., German R., Hommel G. Petri Net Modelling and Performability
Evaluation with TimeNET 3.0. In: Haverkort B, Bohnenkamp H, Smith C (eds) Computer
Performance Evaluation.Modelling Techniques and Tools SE - 14. Springer Berlin Heidelberg,
pp 188-202 LA — English (2000).

132. KEGG PATHWAY: Tuberculosis - Mycobacterium marinum M. http://www.genome.jp/kegg-
bin/show_pathway?mmi05152. Accessed 21 Mar 2014

125



126



Appendix A

A Petri net is represented by a directed, finite, bipartite graph, typically without isolated nodes. The

three main components are: places, transitions and arcs. In addition, there are markings describing

global states. Basically, places and transitions alternate on a path connected by consecutive arcs. In

this appendix, we provide a formal definition of the Qualitative Petri net method as used for the

model presented in Chapter 3.

Qualitative Petri nets (QPN): Formal definition

Based on [10] we define a Qualitative Petri net as tuple N = (P, T, A, ), where

P is a finite nonempty set of places;

T is a finite nonempty set of transitions such that

PNT = 0. (Al)
A is a finite set of arcs, weighted by non-negative integer values such that
AC(PxXT)U(T xP)—-N. (A2)
I is an initialization function (the initial marking) such that
I:P - N. (A3)
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Appendix B

A stochastic Petri net is an extension of the Petri net formalism in which random firing delays are
associated with transitions whose firing is an atomic operation. The specification of the firing delay
is of probabilistic nature, i.e. probability density function or probability distribution function. This

appendix provides a formal description of the Stochastic Petri net method as used in Chapter 5.

Stochastic Petri nets (SPN): Formal definition

Adapted from [53] we define a Stochastic Petri net as tuple N = (P, Ty, 4,V, 1), where

e P isa finite nonempty set of places;

Ty is the union of two disjunctive transition sets
Ty = TstocnU Tim- (B1)
where :
1. Tgpocn 1s the set of stochastic transitions with exponentially distributed waiting time

2. Tip 1s the set of immediate transitions with waiting time zero

A is a finite set of arcs, weighted by non-negative integer values (cf. A2)

e 1 is a function such that

Tstocn = H (B2)
which assigns a stochastic hazard function h; to each transition t, whereby
H = Uger,,, ., {helhe: NI > RY} (B3)
is the set of all stochastic hazard functions, and
V() =h Vit € Tsocn (B4)

e [ is an initialization function (the initial marking) (cf. A3)
The stochastic hazard function h; defines the marking-dependent transition rate w,(m) for the
transition t, i.e. h; = w;(m). The domain of h; is restricted to the set of input places of t, denoted
by °t with °t = {p € P|A(p,t) # 0}, to enforce a close relation between network structure and

hazard functions. Therefore, w,(m) actually depends on a sub-marking only.
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Appendix C

Colored Petri nets is a Petri net modeling concept which extend quantitative and qualitative Petri
nets by combining the capabilities of programing languages to describe data types and operations. It
adds the concept of “color” to distinguish tokens and arc expressions that specify which token can
flow over the arcs. Moreover, Boolean expressions (guards) can be defined in the transitions
defining additional constrains to enable it. This appendix gives a formal description of the Colored

Petri Net method as used in Chapters 2, 4 and 5.

Colored Petri nets: Formal definition

Following [73], we use Type (Vars) to denote the set of types {Type(v)| v € Vars} of a typed set
Vars. To denote the Boolean type, we use the set B consisting of the elements {false, true}.

A multi-set m over a nonempty set S is a function m: S - N. An element s € S is said to
belong to the multi-set m if m(s) # 0, and then we write s € m. The integer m(s) is the number of
appearances of the element s in m.

We represent a multi-set m over S by the formal sum:

Ssesm(s)'s. (C1)

By Sy we denote the set of all multi-sets over S.

A colored qualitative Petri net is a tuple (%, P, T, 4, C, G, E, ), where

e X is a finite nonempty set of types, called color-sets;
e P isa finite nonempty set of places;

e T is afinite nonempty set of transitions

e A is a finite set of arcs

e ( is a color function, it is defined from P to X;

e ( is a guard function, it is defined from T to Boolean expressions such that

VteT: [Type(G(t)) = B AType (Var(G(t))) c Z]. (C2)
e E isan arc expression function, it is defined from A to expressions such that
Va€E A: [Type(E(a)) = C(p(a)) A Type (Var(E(a))) c Z], (C3)

where p(a) is the place component of a;
e [ is an initialization function (the initial marking), it is defined from P to multi-sets of
colors such that
v p € P:[Type(I1(p)) € C(p)]. (C4)
In general, a marking associates with each place P a multi-set over C(p), that is, a marking

assignes to each place a multi-set of “colored tokens”.
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In the formal definition of Colored Stochastic Petri nets, we replace the set of transitions T by Ty
defined in (B1), and add the function V as defined in (B4). Therefore the formal definition of our
SPN€ is denoted as:

SPN U QPN¢ = (2,P,Ty,AV,C,G,E,I). (C5)
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