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Table S1. List of the biological processes included in the model. 

Process # Description of the biological process 

  1 Platelet degradation  

  2 TGF-β release by platelets 

  3 Neutrophil chemotaxis 

  4 Neutrophil apoptosis  

  5 Apoptotic neutrophil phagocytosis by pro-inflammatory macrophages 

  6 Pro-inflammatory macrophage chemotaxis 

  7 Macrophage phenotype conversion 

  8 Macrophage efflux by lymphatic system 

  9 TGF-β production by pro-inflammatory macrophages 

10 TGF-β production by anti-inflammatory macrophages 

11 TGF-β degradation   

12 PDGF production by pro-inflammatory macrophages 

13 PDGF production by anti-inflammatory macrophages (10% of kPDGF_pro) 

14 PDGF degradation   

15 TNF-α production by pro-inflammatory macrophages 

16 TNF-α production by anti-inflammatory macrophages 

17 TNF-α degradation   

18 IL-1β production by pro-inflammatory macrophages 

19 IL-1β production by anti-inflammatory macrophages 

20 IL-1β degradation   

21 IL-6 production by pro-inflammatory macrophages 

22 IL-6 production by anti-inflammatory macrophages (10% of kIL-6pro)  

23 IL-6 degradation   

24 IL-10 production by pro-inflammatory macrophages 

25 IL-10 production by anti-inflammatory macrophages 

26 IL-10 degradation   

27 CXCL8 production by pro-inflammatory macrophages 

28 CXCL8 production by anti-inflammatory macrophages 

29 CXCL8 degradation  

30 IL-12 production by pro-inflammatory macrophages 

31 IL-12 degradation   

32 MIP-1α production by pro-inflammatory macrophages 

33 MIP-1α production by anti-inflammatory macrophages 

34 MIP-1α degradation  

35 MIP-2 production by pro-inflammatory macrophages 

36 MIP-2 production by anti-inflammatory macrophages 

37 MIP-2 degradation   

38 IP-10 production by pro-inflammatory macrophages 

39 IP-10 production by anti-inflammatory macrophages 

40 IP-10 degradation   

41 FGF-2 production by anti-inflammatory macrophages 

42 TNF-α production by active neutrophils 

43 IL-1β production by active neutrophils 
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44 IL-6 production by active neutrophils 

45 Inhibition of TNF-α by IL-10  

46 Inhibition of IL-6 by IL-10 

47 Inhibition of IL-1β by IL-10  

48 Fibroblast chemotaxis 

49 Fibroblast proliferation  

50 Fibroblast apoptosis  

51 Inhibition of TNF-α by TGF-β 

52 Inhibition of IL-1β by TGF-β 

53 Inhibition of IL-1β by IL-6 

54 Inhibition of TNF-α by IL-6 

55 Inhibition of IL-12 by TNF-α 

56 Upregulation of IL-6 by TGF-β 

57 Upregulation of IL-10 by TGF-β 

58 Myofibroblast apoptosis 

59 Fibronectin production by pro-inflammatory macrophages 

60 Fibronectin production by fibroblasts 

61 Fibronectin degradation  

62 FGF-2 production by pro-inflammatory macrophages 

63 FGF-2 degradation  

64 MMP-9 production by pro-inflammatory macrophages 

65 MMP-9 production by fibroblasts 

66 MMP-9 degradation  

67 MMP-1 production by pro-inflammatory macrophages 

68 MMP-1 degradation  

69 MMP-2 production by pro-inflammatory macrophages 

70 MMP-2 degradation  

71 TIMP-1 production by fibroblasts 

72 TIMP-1 degradation  

73 IL-10 production by fibroblasts 

74 CXCL8 production by fibroblasts 

75 Tropocollagen production by fibroblasts 

76 Collagen degradation due to MMPs 

77 Collagen degradation due to fibroblast enzymes 

78 TGF-β production by fibroblasts 

79 Tropocollagen polymerization into intermediate collagen 

80 Intermediate collagen polymerization into collagen fiber 

81 IL-6 production by fibroblasts 

82 TIMP-1 production by pro-inflammatory macrophages 

83 MCP-1 production by pro-inflammatory macrophages 

84 MCP-1 degradation  

85 Myofibroblast proliferation  

86 Upregulation of tropocollagen production by MCP-1 

87 VEGF production by pro-inflammatory macrophages 

88 VEGF production by anti-inflammatory macrophages 
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89 VEGF production by fibroblasts 

90 VEGF degradation  

91 ANG-1 production by endothelial cells  

92 ANG-1 production by fibroblasts 

93 ANG-1 degradation  

94 ANG-2 production by endothelial cells  

95 ANG-2 production by fibroblasts 

96 ANG-2 degradation  

97 TSP-1 production by pro-inflammatory macrophages 

98 TSP-1 production by fibroblasts 

99 TSP-1 production by endothelial cells 

100 TSP-1 degradation  

101 Endostatin production by endothelial cells 

102 Endostatin degradation  

103 Capillary growth  

104 Capillary tip-tip anastomosis 

105 Capillary tip-sprout anastomosis 

106 Capillary remodeling 

107 Oxygen release from blood vessels 

108 Oxygen degradation  

109 Oxygen consumption by macrophages 

110 Oxygen consumption by fibroblasts 

111 Endothelial cell proliferation  

112 Endothelial cell apoptosis  

113 Upregulation of ANG-2 production by VEGF 

114 CXCL8 production by endothelial cells 

115 Endothelial cell chemotaxis 

116 EC tips anastomosing to form blood vessel sprouts 

117 Differentiation of blood vessel tip 

118 IL-6 production by endothelial cells 

119 VEGF production by endothelial cells 

120 Endothelial cell apoptosis in blood vessels 

121 PEDF production by pro-inflammatory macrophages 

122 PEDF production by endothelial cells 

123 PEDF degradation  

124 Keratinocyte chemotaxis 

125 Keratinocyte proliferation  

126 Production of KGF by fibroblasts 

127 KGF degradation  

128 CXCL1 production by pro-inflammatory macrophages 

129 CXCL1 degradation  

130 VEGF production by keratinocytes 

131 CXCL1 production by fibroblasts 

132 Oxygen level control 

133 Fractional contribution of TGF-β and PDGF to fibroblast chemotaxis 
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Table S2. List of model parameters with their assigned numbers (P#), the process number they represent, 

descriptions of their function, values with respective units, feedback functions, model variables, model 

equations, and the corresponding literature references. 

P# 
Proc

-ess# 
Model parameter description Value Unit Reference 

  1   1 Platelet degradation rate 0.69 h-1 (1) 

  2   2 Rate of TGF-β release by platelets 1.25 × 10-8 ng·P-1·h-1 (2, 3) 

  3   3 
Chemotactic migration of neutrophils to the wound site (TGF-β-

dependent) 
300 mL-1 Assumed§ 

  4   4 Rate of neutrophil apoptosis  0.1 h-1 (4) 

  5   5 
Rate of apoptotic neutrophil phagocytosis by pro-inflammatory 

macrophages 
2.00 N·M-1·h-1 (5) 

  6   5 Apoptotic neutrophil phagocytosis parameter 4.71 × 106 cells/mL (5) 

  7   6 
Chemotactic migration of pro-inflammatory macrophages to the 

wound site (TGF-β-dependent) 
400 mL-1 Assumed§ 

  8   7 Rate of macrophage phenotype conversion 0.1 h-1 (5) 

  9   7 Macrophage phenotype conversion parameter 1.0 × 106 cells/mL (5) 

10   8 Rate of macrophage efflux by lymphatic system 8.30 × 10-3 h-1 (6) 

11   9 Rate of TGF-β production by pro-inflammatory macrophages 1.88 × 10-6 ng·cell-1·h-1 (7) 

12 10 Rate of TGF-β production by anti-inflammatory macrophages 1.60 × 10-8 ng·cell-1·h-1 (8) 

13 11 TGF-β degradation rate  0.693 h-1 (9) 

14 12 Rate of PDGF production by pro-inflammatory macrophages 6.00 × 10-8 ng·cell-1·h-1 (10) 

15 13 
Rate of PDGF production by anti-inflammatory macrophages 

(10% of kPDGF_pro) 
6.00 × 10-9 ng·cell-1·h-1 Assumed* 

16 14 PDGF degradation rate  0.173 h-1 (11) 

17 15 Rate of TNF-α production by pro-inflammatory macrophages 3.46 × 10-7 ng·cell-1·h-1 (12) 

18 16 Rate of TNF-α production by anti-inflammatory macrophages 4.29 × 10-8 ng·cell-1·h-1 (12) 

19 17 TNF-α degradation rate  0.5331 h-1 (13) 

20 18 Rate of IL-1β production by pro-inflammatory macrophages 1.23 × 10-6 ng·cell-1·h-1 (12) 

21 19 Rate of IL-1β production by anti-inflammatory macrophages 2.45 × 10-7 ng·cell-1·h-1 (12) 

22 20 IL-1β degradation rate  0.1732 h-1 (14) 

23 21 Rate of IL-6 production by pro-inflammatory macrophages 1.18 × 10-6 ng·cell-1·h-1 (15) 

24 22 
Rate of IL-6 production by anti-inflammatory macrophages 

(10% of kIL-6pro)  
1.18 × 10-7 ng·cell-1·h-1 Assumed* 

25 23 IL-6 degradation rate  0.462 h-1 (13) 

26 24 Rate of IL-10 production by pro-inflammatory macrophages 7.60 × 10-8 ng·cell-1·h-1 (12) 

27 25 Rate of IL-10 production by anti-inflammatory macrophages 1.55 × 10-7 ng·cell-1·h-1 (12) 

28 26 IL-10 degradation rate  0.193 h-1 (4) 

29 27 Rate of CXCL8 production by pro-inflammatory macrophages 2.50 × 10-6 ng·cell-1·h-1 (16) 

30 28 Rate of CXCL8 production by anti-inflammatory macrophages 6.94 × 10-7 ng·cell-1·h-1 (8) 

31 29 CXCL8 degradation rate 0.693 h-1 (17) 

32 30 Rate of IL-12 production by pro-inflammatory macrophages 8.33 × 10-7 ng·cell-1·h-1 (16) 

33 31 IL-12 degradation rate  0.05775 h-1 (18) 

34 32 Rate of MIP-1α production by pro-inflammatory macrophages 3.61 × 10-8 ng·cell-1·h-1 (19) 

35 33 Rate of MIP-1α production by anti-inflammatory macrophages 4.25 × 10-8 ng·cell-1·h-1 (19) 

36 34 MIP-1α degradation rate 0.385 h-1 (17) 

37 35 Rate of MIP-2 production by pro-inflammatory macrophages 1.84 × 10-7 ng·cell-1·h-1 (19) 

38 36 Rate of MIP-2 production by anti-inflammatory macrophages 1.92 × 10-7 ng·cell-1·h-1 (19) 

39 37 MIP-2 degradation rate  0.2772 h-1 (20) 

40 38 Rate of IP-10 production by pro-inflammatory macrophages 7.50 × 10-7 ng·cell-1·h-1 (16) 

41 39 Rate of IP-10 production by anti-inflammatory macrophages 1.56 × 10-6 ng·cell-1·h-1 (16) 

42 40 IP-10 degradation rate  0.1732 h-1 (21) 
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43 41 Rate of FGF-2 production by anti-inflammatory macrophages 1.87 × 10-7 ng·cell-1·h-1 (22) 

44 42 Rate of TNF-α production by active neutrophils 1.66 × 10-8 ng·cell-1·h-1 (7) 

45 43 Rate of IL-1β production by active neutrophils 1.70 × 10-8 ng·cell-1·h-1 (7) 

46 44 Rate of IL-6 production by active neutrophils 8.30 × 10-10 ng·cell-1·h-1 (7) 

 47- 

49 
45 

Parameters of the feedback function f1 describing the inhibition 

of TNF-α by IL-10: 48 -10

1 47 49

P IL
f P e P   

P47 = 0.4666  

P48 = –1.528 

P49 = 0.5332 

 (23) 

50- 

52 
46 

Parameters of the feedback function f2 describing the inhibition 

of IL-6 by IL-10:  

51 -10

2 50 52

P IL
f P e P   

P50 = 0.3298 

P51 = –1.189 

P52= 0.6695 

 (23) 

53- 

55 
47 

Parameters of the feedback function f3 describing the inhibition 

of IL-1β by IL-10: 54 -10

3 53 55

P IL
f P e P    

P53 = 0.6334 

P54 = –1.794 

P55 = 0.3667 

 (23) 

56 48 Fibroblast influx rate 100 mL-1 Assumed§ 

57 49 Fibroblast proliferation rate 3.85 × 10-2 h-1 (24) 

58 50 Fibroblast apoptosis rate 3.75 × 10-2 h-1 (25) 

 59- 

61 
51 

Parameters of the feedback function f4 describing the inhibition 

of TNF-α by TGF-β:
 

60 -

4 59 61

P TGF
f P e P


   

P59 = 0.6211 

P60 = –0.8305 

P61 = 0.4466 

 (26) 

 62- 

64 
52 

Parameters of the feedback function f5 describing the inhibition 

of IL-1β by TGF-β:
 

63 -

5 62 64

P TGF
f P e P


    

P62 = 0.69 

P63 = –20.37 

P64 = 0.31 

 (26) 

 65- 

66 
53 

Parameters of the feedback function f6 describing the inhibition 

of IL-1β by IL-6: 

66

65

6

65( -6 )
P

P
f

P IL



 

P65 = 4.459 

P66 = 0.1571 
 (27) 

 67- 

68 
54 

Parameters of the feedback function f7 describing the inhibition 

of TNF-α by IL-6: 

68

67

7

67( -6 )
P

P
f

P IL



  

P67 = 4.488 

P68 = 0.1541 
 (27) 

 69- 

71 
55 

Parameters of the feedback function f8 describing the inhibition 

of IL-12 by TNF-α:
 

70 -

8 69 71

P TNF
f P e P


    

P69 = 0.8671 

P70 = –2.794 

P71 = 0.1307 

 (28) 

72 56 

Parameter of the feedback function f9 describing the 

upregulation of IL-6 by TGF-β:  

72

9

-

(1 - )

P TGF
f

TGF







  

0.9821  (29) 

73 57 

Parameter of the feedback function f10 describing the 

upregulation of IL-10 by TGF-β: 

73

10

73

-

(1 - )

P TGF
f

P TGF







 

274.5  (30) 

74 58 Myofibroblast apoptosis rate 0.02 h-1 (31) 

75 59 
Rate of fibronectin production by pro-inflammatory 

macrophages 
1.0 × 10-5 ng·cell-1·h-1 (32) 

76 60 Rate of fibronectin production by fibroblasts 9.65 × 10-5 ng·cell-1·h-1 (33) 

77 61 Fibronectin degradation rate  0.0330 h-1 (34) 

78 62 Rate of bFGF production by pro-inflammatory macrophages 1.3 × 10-7 ng·cell-1·h-1 (22) 

79 63 FGF-2 degradation rate 0.0912 h-1 (35) 

80 64 Rate of MMP-9 production by pro-inflammatory macrophages 1.3 × 10-3 ng·cell-1·h-1 (36) 

81 65 Rate of MMP-9 production by fibroblasts 9.03 × 10-6 ng·cell-1·h-1 (37) 
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82 66 MMP-9 degradation rate 0.0365 h-1 (24) 

83 67 Rate of MMP-1 production by pro-inflammatory macrophages 2.0 × 10-8 ng·cell-1·h-1 (38) 

84 68 MMP-1 degradation rate 0.3456 h-1 (39) 

85 69 Rate of MMP-2 production by pro-inflammatory macrophages 2.0 × 10-7 ng·cell-1·h-1 (38) 

86 70 MMP-2 degradation rate 0.3456 h-1 Assumed
†
 

87 71 Rate of TIMP-1 production by fibroblasts 1.98 × 10-5 ng·cell-1·h-1 (37) 

88 72 TIMP-1 degradation rate 0.6300 h-1 (40) 

89 73 Rate of IL-10 production by fibroblasts 1.55 × 10-7 ng·cell-1·h-1 (41) 

90 74 Rate of CXCL8 production by fibroblasts 2.5 × 10-7 ng·cell-1·h-1 (41) 

91 85 Inverse maximal macrophage density 2.0 × 10-6 Cells/mL (24) 

92 85 Inverse maximal fibroblast density 2.5 × 10-6 Cells/mm3 (24) 

93 85 Inverse maximal collagen density 4.0 × 10-9 Ng/mm3 (24) 

94 85 Inverse maximal myofibroblast density 5.0 × 10-6 Cells/mm3 (24) 

95 75 Rate of production of collagen protomer by fibroblasts 833 ng·cell-1·h-1 (24, 25) 

96 76 Rate of collagen degradation due to MMPs 2.18 × 10-5 ng-1·mL·h-1 (42) 

97 77 Rate of collagen degradation due to fibroblast enzymes 6.25 × 10-7 ng-1·mL·h-1 (25) 

98 78 Rate of TGF-β production by fibroblasts 1.6 × 10-7 ng·cell-1·h-1 (43) 

99  133 Percentage of fibroblast chemotaxis by TGF-β and PDGF 0.1  Assumed‡ 

100 79 Rate of collagen polymerization into intermediate collagen 0.06 h-1 (44) 

101 80 Rate of intermediate collagen polymerization into collagen fiber 1.2 h-1 (45) 

102 81 Rate of IL-6 production by fibroblasts 2.00 × 10-8 ng·cell-1·h-1 (46) 

103 82 Rate of TIMP-1 production by pro-inflammatory macrophages 2.50 × 10-6 ng·cell-1·h-1 (38) 

104 83 Rate of MCP-1 production by pro-inflammatory macrophages 4.16 × 10-8 ng·cell-1·h-1 (47) 

105 84 MCP-1 degradation rate 2.081 h-1 (48) 

106 85 Myofibroblast proliferation rate 1.93 × 10-2 h-1 (31) 

107- 

108 

 

86 

Parameters of the feedback function f11 describing the up- 

regulation of tropocollagen production by MCP-1 
2

11 107 108-1 -1f P MCP P MCP   

P107 = –1.6 × 10-7 

P108 = 0.0123 
 (49) 

109 87 Rate of VEGF production by pro-inflammatory macrophages 3.09 × 10-9 ng·cell-1·h-1 (50) 

110 88 Rate of VEGF production by anti-inflammatory macrophages 3.00 × 10-7 ng·cell-1·h-1 (51) 

111 89 Rate of VEGF production by fibroblasts 8.75 × 10-8 ng·cell-1·h-1 (51) 

112 90 VEGF degradation rate 0.693 h-1 (52) 

113 91 Rate of ANG-1 production by endothelial cells  1.25 × 10-5 ng·cell-1·h-1 (53) 

114 92 Rate of ANG-1 production by fibroblasts 6.94 × 10-10 ng·cell-1·h-1 (54) 

115 93 ANG-1 degradation rate 0.0042 h-1 (55) 

116 94 Rate of ANG-2 production by endothelial cells  2.45 × 10-5 ng·cell-1·h-1 (53) 

117 95 Rate of ANG-2 production by fibroblasts 5.5 × 10-10 ng·cell-1·h-1 (54) 

118 96 ANG-2 degradation rate 0.1667 h-1 (55) 

119  132 Oxygen therapy control 0 or 0.5 % reduction 
Introduced 

by modeler 

120 97 Rate of TSP-1 production by pro-inflammatory macrophages 6.00 × 10-5 ng·cell-1·h-1 (56) 

121 98 Rate of TSP-1 production by fibroblasts 6.54 × 10-4 ng·cell-1·h-1 (57) 

122 99 Rate of TSP-1 production by endothelial cells 5.56 × 10-5 ng·cell-1·h-1 (58) 

123  100 TSP-1 degradation rate 1.18 h-1 (59) 

124  101 Rate of endostatin production by endothelial cells 4.60 × 10-9 ng·cell-1·h-1 (60) 

125  102 Endostatin degradation rate 0.007 h-1 (61) 

126  103 Capillary growth rate 0.03 h-1 (62) 

127  104 Rate of capillary tip-tip anastomosis 3.70 × 10-8 mL·cell-1·h-1 (63) 
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128  105 Rate of capillary tip-sprout anastomosis 3.70 × 10-10 mL·cell-1·h-1 (63) 

129  103 Maximum capillary density 1.00 × 10-5 cells/mL (63) 

130  106 Rate of capillary remodeling 0.0542 h-1 (63, 64) 

131  107 Rate of oxygen release from blood vessels 2.80 
mmHg·cell-

1·h-1 
(64) 

132  108 Oxygen degradation rate 1.3 h-1 (64) 

133  109 Rate of oxygen consumption by macrophages 6.80 × 10-6 mL·cell-1·h-1 (63) 

134  110 Rate of oxygen consumption by fibroblasts 4.50 × 10-6 mL·cell-1·h-1 (63) 

135  107 Maximal oxygen concentration 5400 ng/mL (63) 

136  115 Maximal endothelial cell density 1.00 × 104 Cells/mL (61) 

137  111 Endothelial cell proliferation rate 0.03 h-1 (65) 

138  112 Endothelial cell apoptosis rate 0.09 h-1 (66) 

139-

140 
 113 

Parameters of the feedback function describing the upregulation 

of ANG-2 production by VEGF 

140

139
12 1

1
P

P VEGF
f

VEGF
 


 

P139 = 5.804 

P140 = 1.135 
 (67) 

141  114 Rate of CXCL8 production by endothelial cells 6.25 × 10-7 ng·cell-1·h-1 (68) 

142  115 Rate of endothelial cell chemotaxis 300 mL-1 Assumed§ 

143  116 Rate of EC tip anastomosis into sprouts 0.0021 h-1 (69) 

144  117 Rate of differentiation of blood vessel tip 4.10 × 10-2 mL·pg-1·h-1 (69) 

145  118 Rate of IL-6 production by endothelial cells 8.33 × 10-7 ng·cell-1·h-1 (70) 

146  119 Rate of VEGF production by endothelial cells 5.20 × 10-10 ng·cell-1·h-1 (61) 

147  120 Rate of endothelial cell apoptosis in blood vessels 0.5 fraction (69) 

148  121 Rate of PEDF production by pro-inflammatory macrophages 1.30 × 10-7 ng·cell-1·h-1 (71) 

149  122 Rate of PEDF production by endothelial cells 2.50 × 10-6 ng·cell-1·h-1 (72) 

150  123 PEDF degradation rate 1.38 h-1 (73) 

151  124 Rate of keratinocyte chemotaxis 75 mL-1 Assumed§ 

152  125 Keratinocyte proliferation rate 486.48 h-1 (74) 

153  125 Maximal keratinocyte concentration 1.00 × 104 Cells/mL (75) 

154  128 Rate of production of KGF by fibroblasts 3.00 × 10-8 ng·cell-1·h-1 (76) 

155  129 KGF degradation rate 0.29 h-1 (75) 

156  130 Rate of CXCL1 production by pro-inflammatory macrophages 6.00 × 10-9 ng·cell-1·h-1 (77) 

157  131 CXCL1 degradation rate 0.2772 h-1 (78) 

158  132 Rate of VEGF production by keratinocytes 1.46 × 10-7 ng·cell-1·h-1 (79) 

159  133 Rate of CXCL1 production rate by fibroblasts 2.16 × 10-7 ng·cell-1·h-1 (80) 

Additional parameters used only to model interventions involving TGF-β inhibition and supplementation of FGF-2 and 

ANG-2 

160  Rate of binding of TGF-inhibitor with TGF-β 13.35 nM-1·h-1 (81) 

161  Rate of disassociation of TGF-β and TGF-inhibitor 0.00123 h-1 (81) 

162  Concentration of FGF-2 added 0.1 or 0.05 Ng/mL 
Introduced 

by modeler 

163  Concentration of ANG-2 added 0.05 or 0.015  Ng/mL 
Introduced 

by modeler 

Chemotaxis and protein feedback functions 

Effector variable Affected variable Chemotaxis function Parameters Ref 

TGF-β 
Active neutrophil 

concentration 

( - )
N

f TGF quadratic linear    

Quadratic:
2

1 2- -q qr TGF r TGF  ; TGF-β ≤1 pg/mL 

Linear: 1 2
-

l l
r TGF r  ; TGF-β >1 pg/mL and ≤10 pg/mL 

r1q = –537.30 

r2q = 698.05 

r1l = –12.77 

r2l = 187.78 

(82) 
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Pro-inflammatory 

macrophage 

concentration 

( F- )
M

f TG quadratic linear    

Quadratic: 2

3 4- -q qr TGF r TGF  ; TGF-β ≤1 pg/mL 

Linear: 3 4
-

l l
r TGF r  ; TGF-β >1 pg/mL and ≤10 pg/mL 

r3q = –240.29 

r4q = 298.93 

r3l = –0.5926 

r4l = 60.593 

(83) 

Fibroblast 

concentration 

(chemotaxis) 

   

2 4
1 3

( - ) ( - )
( - )

r TGF r TGF
f TGF re r e
F

 
    

r1 = 110.9 

r2 = –0.01954 

r3= –119.5 

r4 = –0.1376 (84) 

Fibroblast 

concentration 

(proliferation) 

2

5 6( - ) - -Fprof TGF r TGF r TGF   
 

r5 = –1.313 

r6 = 9.42 

Myofibroblast 

concentration 
8 10

7 9

( - ) ( - )
( - )M

r TGF r TGF
f TGF r e r e

 
  

 

r7 = 0.003405 

r8 = 0.005605 

r9= –0.00193 

r10 = –4.582 

(85) 

Tropocollagen 

concentration 
3 2

11 12 13 14( - ) - - -COllf TGF r TGF r TGF r TGF r      
 

r11 = 0.0105 

r12 = –0.1671 

r13 = 0.6417 

r14 = 0.2722 

(25) 

Keratinocyte 

concentration 44 45( - ) -f TGF r TGF r    r44 = 0.0722 

r45 = 0.8333 
(74) 

PDGF 

Active neutrophil 

concentration 
2

15 16( )Nf PDGF r PDGF r PDGF   
r15 = –1.02 

r16 = 5.9525 

(86) Pro-inflammatory 

macrophage 

concentration 

2

17 18( )Mf PDGF r PDGF r PDGF   
r17 = –0.3538 

r18 = 11.978 

Fibroblast 

concentration 
20 22

19 21

( ) ( )
( )F

r PDGF r PDGF
f PDGF r e r e 

 

r19 = 5.56 

r20 = –0.0013 

r21 = –3.167 

r22 = –0.5014 

(87) 

TNF-α 

Pro-inflammatory 

macrophage 

concentration 

2

23 24( - ) - -Mf TNF r TNF r TNF     
r23 = –0.3164 

r24 = 10.708 
(88) 

Fibroblast 

concentration 
26 28

25 27

( - ) ( - )
( - )F

r TNF r TNF
f TNF r e r e

 
  

 

r25 = 2.52 

r26 = –0.0006 

r27 = –2.453 

r28 = –0.00446 

(89) 

ANG-2 47 49
-2 46 48

( - ) ( - )
( - )ANG

r TNF r TNF
f TNF r e r e

 
    

r46 = 0.000222 

r47 = –9.743 

r48 = 0.1529 

r49 = –0.1252 

(90) 

IL-6 ANG-2 51 53
-2 50 52

( -6) ( -6)
( -6)ANG

r IL r IL
f IL r e r e   

r50 = 0.000817 

r51 = –8.163 

r52 = 0.1719 

r53 = –0.2825 

(90) 

IL-1β Keratinocyte 54 55
( -1 ) -1

K
f IL r IL r    

r54 = 0.0678 

r55 = 0.8556 
(74) 

CXCL1 
Active neutrophil 

concentration 
2

56 57( 1) 1 1Nf CXCL r CXCL r CXCL   
r56 = –4.2303 

r57 = 632.37 
(91) 

CXCL8 
Active neutrophil 

concentration 
2

29 30( 8) 8 8Nf CXCL r CXCL r CXCL   
r29 = –0.1045 

r30 = 13.678 

(92) 

MIP-1α 

Pro-inflammatory 

macrophage 

concentration 

3 2

31 32 33( -1 ) -1 -1 -1Mprof MIP r MIP r MIP r MIP       

r31 = 0.0006 

r32 = –0.1481 

r33 = 11.36 



10 
 

FGF-2 

Fibroblast 

concentration 
2

34 35( -2) -2 -2Ff FGF r FGF r FGF 
 

r34 = –0.0077 

r35 = 0.8591 
(93) 

Endothelial cell 

concentration 
2

58 59( -2) -2 -2ECf FGF r FGF r FGF   
r58 = –0.002 

r59 = 0.8119 
(93) 

Fibronectin 
Fibroblast 

concentration 
37 39

36 38

( ) ( )
( )F

r fibnec r fibnec
f fibnec r e r e 

 

r36 = 15.05 

r37 = –1.3×10-5
 

r38 = –15.65 

r39 = –0.00183 

(94) 

MCP-1 

Pro-inflammatory 

macrophage 

concentration 

-1f(MCP ) quadratic linear   

Quadratic:
2

-1 -15 6r MCP r MCPq q ; MCP-1 ≤12 pg/mL 

Linear: -15 6r MCP rl l ; MCP-1 >12 pg/mL
 

r5q = –8.152 

r6q = 110 

r5l = –0.0586 

r6l = 126.1 

(95) 

Collfib Tropocollagen 
3 2

40 41 42 43( )fib fib fib fibf coll r coll r coll r coll r   
 

r40 = –4.3×10-10 

r41 = 9×10-7
 

r42 = 0.00055 

r43 = 0.13 

(24) 

VEGF 

Endothelial cell 

concentration 
2

60 61( )ECf VEGF r VEGF r VEGF   
r60 = –0.6704 

r61 = 32.811 
(96) 

Endothelial cell 

proliferation 
2

_ 62 63( ) 1EC proliff VEGF r VEGF r VEGF    
r62 = –3.0×10-5

 

r63 = 0.0147 
(97) 

Endothelial cell 

apoptosis 
2

_ 64 65( ) 1EC apopf VEGF r VEGF r VEGF    
r64 = 0.002 

r65 = 0.0633 
(98) 

Keratinocytes 
2

66 67( )Kf VEGF r VEGF r VEGF   
r66 = –0.1321 

r67 = 18.271 
(99) 

ANG-1 CXCL8 8 68( -1) -1 1CXCLf ANG r ANG   r68 = 0.0062 (100) 

ANG-2 
Endothelial cell 

concentration 
2

69 70( -2) -2 -2ECf ANG r ANG r ANG   
r69 = –0.06 

r70 = 7.03 
(101) 

PEDF 

Endothelial cell 

concentration 

(proliferation) 
_ 71 72( )EC proliff PEDF r PEDF r   r71 = –3.0×10-5

 

r72 = 1.0 
(102) 

Endothelial cell 

concentration 

(apoptosis) 

2

73 74 75( )ECf PEDF r PEDF r PEDF r    

r73 = –4.0×10-7
 

r74 = 0.0018 

r75 = 1.0 

(102) 

VEGF 

(keratinocytes) 76 77
( )

VEGF
f PEDF r PEDF r   

r76 = –0.0173 

r77 = 1.0 
(103) 

Oxygen 

Tropocollagen 

(fibroblasts) 
_ 78 79( )Coll Ff O r O r   r78 = –6.0×10-5

 

r79 = 1.5539 
(104) 

Tropocollagen 

(myofibroblasts) 
_ 80 81( )Coll MyoFf O r O r   r80 = 1.0×10-4

 

r81 = 0.0688 
(105) 

VEGF (pro-

inflammatory 

macrophages) 
82 83

( )
VEGF

f O r O r   
r82 = –0.0014 

r83 = 1.3528 
(50) 

VEGF 

(fibroblasts) 

2

_ 84 85 86( )VEGF Ff O r O r O r    

r84 = 8.0 × 10-7
 

r85 = –0.0035 

r86 = 4.4965 

(106) 

PEDF 
2

87 88 89( )PEDFf O r O r O r    

r87 = –2.0×10-8
 

r88 = 0.0003 

r89 = 0.1444 

(107) 
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Model variables and equations 

Endostatin 
Endothelial cell 

concentration 
2

90 91 92( )ECf endo r endo r endo r    
r90 = 2.0 × 10-6

 

r91 = 0.0023 

r92 = 1.0073 

(108) 

TSP-1 
Endothelial cell 

concentration 93 94
( -1) -1

EC
f TSP r TSP r   

r93 = –0.0003 

r94 = 0.8692 
(109) 

Mechanical stress effect functions 

Mechanical 

strain 

CXCL8 8 95( ) 1CXCL strain strainf M r M   r95 = 0.0481 (110) 

IL-6 -6 96
( ) 1

IL strain strain
f M r M   r96 = 0.0429 (46) 

TGF-β - 97 98( )TGF strain strainf M r M r    
r97 = 0.08 

r98 = 0.9767 

(111) Tropocollagen 99 100
( )

C strain strain
f M r M r   

r99 = 0.0313 

r100 = 0.995 

Fibroblast 101 102
( )

F strain strain
f M r M r   

r101 = 0.0099 

r102 = 0.9928 

Model variables: volume concentrations for different cell types and molecular species 

Nact Active neutrophils TGF-β Transforming growth factor-β 

Napop Apoptotic neutrophils PDGF Platelet-derived growth factor 

Mpro Pro-inflammatory macrophages IL-1β Interleukin-1β 

Manti Anti-inflammatory macrophages IL-6 Interleukin-6 

P Platelets MIP-1α Macrophage inflammatory protein-1α 

CXCL8 Chemokine CXCL8 MIP-2 Macrophage inflammatory protein-2 

IL-12 Interleukin-12 IP-10 Interferon-γ-induced protein 10 

IL-10 Interleukin-10 TNF-α Tumor necrosis factor-α 

F Fibroblasts MyoF Myofibroblasts 

Coll Tropocollagen Collfib Collagen fiber 

Collint Collagen fibril Fibnec Fibronectin 

FGF Fibroblast growth factor MMP-9 Matrix metalloproteinase-9 

MMP-1 Matrix metalloproteinase-1 MMP-2 Matrix metalloproteinase-2 

MCP-1 Monocyte chemo attractant protein-1 TIMP-1 Tissue inhibitor of matrix metalloproteinase-1 

VEGF Vascular endothelial growth factor ANG-1 Angiopoietin-1 

ANG-2 Angiopoietin-2 endo Endostatin 

O  Oxygen TSP-1 Thrombospondin-1 

EC Endothelial cells capsprout Capillary sprouts 

PEDF Pigment epithelium-derived factor K Keratinocytes 

KGF Keratinocyte growth factor CXCL1 Chemokine CXCL1 

Additional variables added to the model and used only to simulate interventions involving TGF-β 

inhibition 

ITGF-β TGF-β inhibitor I_TGF-β  Inhibitor bound TGF- β 

Model equations†  

PkdtdP 1/  ; 

3 4
/ { ( - ) ( ) ( 8)}

act N N N act
dN dt k f TGF f PDGF f CXCL k N    ; 
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pro

apop

apop

actapopt M
Nk

Nk
NkdtdN




6

5

4/ ; 

7

8 8

10

9 9

/ { ( - ( 12)) ( ) ( - ) ( -1 ) ( -1)}

1 4 ;

pro M M M M M

apop apop

pro pro

apop apop

dM dt k f TGF t f PDGF f TNF f MIP f MCP

k N k N
M k M

k N k N

  



     

   
     
       

 

antiproapopapopanti MkMNkNkdtdM 1098 ))/()((/  ; 

44 17 1 4 6 18 19- / -act pro antidTNF dt k N k f f f M k M k TNF     ; 

2 11 12 98 13- / ( )( 2 ) -pro anti TGF straindTGF dt k P k M k M k f M F MyoF k TGF       ; 

PDGFkMkMkdtdPDGF antipro 161514/  ; 

45 20 3 5 7 21 22-1 / -1act pro antidIL dt k N k f f f M k M k IL     ; 

29 30 90 8 141 8 318 / ( ) ( -1) 8pro anti CXCL strain CXCLdCXCL dt k M k M k f M F k f ANG EC k CXCL     ;
 

46 23 2 9 24 102 6 145 27-6 / (1 ) ( ) -6act pro anti IL straindIL dt k N k f f M k M k f M F k EC k IL       ; 

26 10 27 89 28-10 / (1 ) -10pro antidIL dt k f M k M k F k IL     ; 

32 8 33-12 / -12prodIL dt k f M k IL  ;
 

34 35 36-1 / -1pro antidMIP dt k M k M k MIP    ; 

37 38 39-2 / -2pro antidMIP dt k M k M k MIP   ; 

40 41 42-10 / -10pro antidIP dt k M k M k IP   ; 

56 99

57 91 92 94 93 58

/ [ { ( - ) ( )} ( ) ( -2) ( - )]

( ) ( - ){(1 ( ) )} ( - ) ;

F F F F F

F strain pro anti fib myoF
pro

dF dt k k f TGF f PDGF f Fibnec f FGF f TNF

k f M f TGF k M M k F k MyoF k Coll F f TGF F k F
F

 

 

    

       

106 91 92 94 93 74/ ( - ) (1 ( ) ) ;MyoF pro anti fibdMyoF dt f TGF F k k M M k F k MyoF k Coll MyoF k MyoF       

95 11 _ _ 100 96/ (1 ) ( - ) ( ) ( )( ( ) 2 ( ) ) ( -1 -2) ;Coll C strain Coll fib Coll F Coll MyoF fibdColl dt k f f TGF f M f Coll f O F f O MyoF k Coll k MMP MMP Coll     

;/ int101100int CollkCollkdtdColl pro 
 

101 int 96 97/ ( -1 -2) ( 2 ) ;fib fib fibdColl dt k Coll k MMP MMP Coll k F MyoF Coll      

FibneckFkMkdtdFibnec pro 777675/  ;
 

78 43 79-2 / -2pro antidFGF dt k M k M k FGF   ;
 

83 84-1/ -1prodMMP dt k M k MMP  ;
 

85 86-2 / -2prodMMP dt k M k MMP  ;
 

80 81 82-9 / -9prodMMP dt k M k F k MMP   ;
 

103 87 88-1/ -1prodTIMP dt k M k F k TIMP   ;
 

104 105-1/ -1prodMCP dt k M k MCP  ; 

109 110 111 _ 146 112/ ( ) ( ) ;VEGF pro anti VEGF FdVEGF dt k f O M k M k f O F k EC k VEGF    
 

113 114 115
-1 / -1;dANG dt k F k EC k ANG  

 
;

117 116 -2 -2 118
-2 / ( -6) ( - ) -2

ANG ANG
dANG dt k F k f IL f TNF EC k ANG  

 

120 121 122 123-1/ -1;prodTSP dt k M k F k EC k TSP   
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124 125
/ ;dendo dt k EC k endo 

 

136 142 137 _ 138/ ( ) ( -1)[ ( -2) ( ) ( -2)] ( ) ( ) ( ) ;EC EC EC EC EC EC prolif ECdEC dt H k EC k f TSP f FGF f VEGF f ANG k f endo f VEGF EC k f VEGF EC     

129 127 128 144 143 147 138

130 129

/ ( )[( )] [( )] ( )

[1 ( / )];

capsproutdcapsprout dt H k capsprout k EC k capsprout EC k k VEGF EC k f VEGF k capsprout

k capsprout capsprout k

     

 

119 131 134 133 132/ (1 ) [ ( )] ;pro antidO dt k k B k F k M M O k O       

148 149 150
/ ( ) ( ) ;

PEDF PEDF
dPEDF dt k f O F k f VEGF K k PEDF    

151 152 133
/ ( ) ( - ) ( -1 )(1 / );

K K K
dK dt k f VEGF k f TGF f IL K k     

154 155/ ;dKGF dt k F k KGF   

156 159 1571/ 1;prodCXCL dt k M k F k CXCL    

160 161
- / - - - ;dITGF dt k ITGF TGF k ITGF       

160 161
_ - / - - _ - ;dI TGF dt k ITGF TGF k I TGF      

\\ 
§This parameter was used as a multiplier for the chemotaxis functions for neutrophils, macrophages, fibroblasts, endothelial cells, and 

keratinocytes to compensate for the difference between the units reported in the experimental data (cells/field) and the concentration 

units used in our model (cells/mL). These parameters (i.e., k3, k7, k56, k142, and k151) reflect the differences between the volumes of cell 

medium used in experiments (with values in the microliter range) and the volume units (mL) used in our model simulations.  

 

*Values for these rates, which characterize the production of pro-inflammatory mediators by anti-inflammatory macrophages in our 

model, were not available in the literature. To parameterize our model, we assumed that these rates are equal to 10% of the rates of 

production of the corresponding mediators by pro-inflammatory macrophages. 

 

†Our value for the MMP-2 degradation rate was assumed to be the same as the MMP-1 degradation rate, because they belong to the 

same family of collagenases. 

 

‡Because TGF-β and PDGF are the primary chemoattractants for macrophages and neutrophils, their contribution to fibroblast 

chemotaxis was assumed to be 10% of their calculated chemotaxis rates in vitro [i.e., the functions fF(TGF-β) and fF(PDGF)]. 

 

NOTE: parameters 47-55, 59-69, 107-108, and 139-140 are dimensionless parameters that describe positive and negative regulatory 

feedback functions for the production rates of certain molecular mediators and tropocollagen. The form of the feedback functions was 

chosen by fitting different types of functions (e.g., linear, exponential, and polynomial) to experimental data and selecting the function 

that provided the best fit.  

 

NOTE: The ri parameters in the chemotaxis functions and the functions representing feedback of molecular mediators on the increase 

or inhibition of other molecular mediators were not included in the main parameter list (P#1 to P#163), because they do not explicitly 

represent rates of biological processes. 

 
†In the model equations, the rate constants for different modeled processes are designated by the letter “k” The subscripts following the 

“k” correspond to the parameter number P# (see left column) used to represent that particular rate constant in our implementation of the 

model. The quantities fi in the model equations designate functions for cytokine feedback, chemotaxis, and mechanical stress and are 

defined in the table above. 
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Figure S1. Parameter-value estimation by experimental-data fitting. A: Experimental data (open 

triangles) on the production of endostatin by endothelial cells were obtained from Ref. (60) and 

approximated using linear regression analysis (solid line). The slope of the regression line 

represents the estimated endostatin production rate. B: Experimental data (open diamonds) on 

endothelial cell chemotaxis induced by VEGF were obtained from Ref. (96). The migration-rate 

functions were obtained by fitting the experimental data using a quadratic function (solid lines). 

Brackets designate concentration. Day zero indicates the day of injury initiation. C and D: 

Experimental data on the percentage change in apoptotic endothelial cell concentration induced 
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by varying concentrations of VEGF (open squares) and PEDF (open circles) were obtained from 

Refs. (102) and (98), respectively. Solid lines show the fitting of the experimental data with 

quadratic functions These functions are listed as fEC_apop(VEGF) and fEC(PEDF) in Table S2. E 

and F: Solid and dashed lines show model simulations for normal and impaired angiogenesis, 

respectively; solid symbols show experimental data from wounds of wild-type mice; open 

symbols show experimental data from wounds of diabetic mice. Brackets designate normalized 

concentration. Day 0 indicates the day of injury initiation. Experimental data were obtained from 

previously published experimental studies in mouse and dog wounds: solid and open circles 

(112), solid and open diamonds (113), solid and open triangles (114), solid and open squares 

(115). These experimental data sets of impaired angiogenesis were different from the ones used 

for validation of our model simulations of impaired angiogenesis (Fig. 3 in the main text). We 

varied the default values of two model parameters, namely, the production rate of VEGF by anti-

inflammatory macrophages and EC apoptosis rate, until the simulated time courses of VEGF and 

ECs were close to their corresponding time course data obtained from diabetic mouse wounds 

(open symbols). For meaningful comparisons between the model predictions and experimental 

data, normalization was necessary because of the differences in reporting units between the 

experimental data and model simulations. For each model-predicted time course, normalization 

was performed by dividing that time course by its maximal value. For each time course obtained 

from available experimental data, we first extracted the means and standard deviations (based on 

the sample size information provided in each study) at each time point. Then, we divided the 

mean and standard deviation values by the maximum mean value in the time course.  
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Figure S2. The most influential model parameters for ECs predicted by the model: temporal 

dependencies of the influence strength. Patterns represent a given model parameter. Vertical 

stripes: EC migration rate; solid black: VEGF degradation rate; diagonal stripes: EC apoptosis 

rate; horizontal stripes: macrophage efflux rate; and dotted: fibroblast apoptosis rate. A: 

Patterned squares show the PRCCs (reflecting the strength of influence) between the most 

influential model parameters and EC concentration on different days in the model-predicted time 

course. The model parameters for which the PRCCs were above 0.5 with P ≤ 0.05 were 

identified as the most influential model parameters for a given model variable. B: Pie chart 

shows the percentage of 51,175 simulated wound-healing scenarios for which the ECs exhibited 

the highest sensitivity to a given parameter among the 159 model parameters. Open square 

(labeled as others) represents the parameters (among the 159 model parameters) to which ECs 

exhibited the highest sensitivity in a fraction of simulations that was too small (< 10%) to be 

considered as influential. 
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Figure S3. Angiogenesis regulation by modulation of model-identified proteins targets. Shown 

are the model-predicted (A) VEGF, (B) EC, and (C) collagen concentration time courses during 

normal angiogenesis (solid black lines), impaired angiogenesis (dashed black lines), and three 

simulated intervention scenarios, namely, supplementing ANG-2 at concentrations of 0.05 

ng/mL (dotted orange lines) and 0.015 ng/mL (dash-dot orange lines), and the simultaneous 

addition of TGF-β inhibitor at a concentration of 50 nM and supplementation of ANG-2 at a 

concentration of 0.05 ng/mL (solid pink lines). We simulated impaired angiogenesis by 

decreasing the VEGF production rate via anti-inflammatory macrophages by 3-fold and 

increasing the endothelial cell apoptosis rate by 1.2-fold. All interventions were introduced 1 

hour post-wounding.  
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