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S1 Fig. Flowchart of the algorithm used for generating simulations with the state-based whole-
blood infection model. For each time step At during the simulation time t =0, ..., tq the
system's development is implemented in such a way that each individual is addressed and
updated in respect to their current state. Depending on the individual being in state s it is

updated to state s’ by testing its transition i.e. testing the associated rate r°—5" whether the



probability P,_,;, = r$75'At is met. This is done for each individual for each time step. These
individuals comprise alive extracellular pathogens (P4x) and killed extracellular pathogens (Pxg)
but also monocytes M; ; and PMN N; ; containing i alive pathogens and j killed pathogens. All
extracellular pathogens are tested for immune evasion whereas alive extracellular pathogens are
also tested for extracellular killing. Individuals which are part of the states M; ; and N; ; are tested
whether they phagocytose pathogens or kill them intracellularly. Further explanations concerning

transitions are given in the Methods section. The flowchart is adapted from Lehnert et al. [14].



Step 1: get start parameters

sim

. _ 1 2
- choose random start parameters p Elp) = 3 Z,-(:vff:p — Zic )

- calculate E(p) using LSE &.[p] E(p) = X ee[p]
for each combined unit ¢

«

Step 2: get new parameters

- calculate new random parameters p’ -
via v—percentage variation of p’

- calculate E(p/) using LSE &.[p/]

.

Step 3: accept or reject new parameters

(Metropolis Monte Carlo Step) A — E[ﬁ’] — E[p]
- if AE <0
- compare p and p’ using AFE then 7« Z;;
- determine p for the next fitting step else Metropolis step:

- always accept parameters that if 6_TY)AE_,> r
improve fitting then p < p/

- accept parameters that impair fitting r = uniform random number € [0, 1]
based on Boltzmann distribution f = current fitting step number

.

Step 4: repeat fitting step

— - go to Step 2 until the number of
fitting steps is reached

S2 Fig. Flowchart of the global optimization method Simulated Annealing based on the
Metropolis Monte Carlo Scheme. This algorithm is explained in further details in the Methods
Section ,,Model Parameter Estimation by Simulated Annealing®. This flowchart is adapted from

Lehnert et al. [14].
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S3 Fig. Result of the spon-IE model simulation generated by optimized transition rates for a C.
albicans infection. Red dotted lines correspond to the experimental data acquired from whole-
blood infection assays with C. albicans. Solid lines correspond to the simulated data. The thickness
of the solid lines represents the mean + standard deviation obtained by 50 simulations with
transition rate values that were randomly sampled within their corresponding standard deviation.
(A) Kinetics of simulated killed pathogens (Px) (solid, red line) compared to the experimentally
measured killed cells (dotted, red line) by survival assays. The combined unit Py comprises killed
immune-evasive cells (Pg;g), killed extracellular cells (Pxg), killed cells within monocytes (Pgu)
and killed cells within PMN (Pxy). (B) Kinetics of simulated alive pathogens (P,) (solid, red line)
compared to experimentally measured alive cells (dotted, red line) by survivalassays. The
combined unit P4, comprises alive immune-evasive cells (Py;g), alive extracellular cells (P4g), alive
cells within monocytes (P4,) and alive cells associated with PMN (P4y)- (C) Kinetics of simulated
extracellular cells (Pg) (solid, red line) compared to the experimental data (dotted, red line)
acquired via flow cytometry analysis. (D) Kinetics of simulated immune-evasive cells (P;g) (solid,
black line). (E) Kinetics of simulated cells associated with monocytes (Py) (solid, red line)
compared to the experimental data (dotted, red line). (F) Kinetics of simulated cells associated
with PMN (Py) (solid, red line) compared to the experimental data (dotted, red line). (G) Kinetics
if simulated cells which were killed intracellularly by monocytes (Pyxu) and those which were
extracellularly killed and later phagocytosed by monocytes (Pgxu)- (H) Kinetics if simulated cells

which were killed intracellularly by PMN (Pygy) and those which were extracellularly killed and

later phagocytosed by PMN (Pggy )-
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S4 Fig. Result of the PMNmed-IE model simulation generated by optimized transition rates for a

C. albicans infection. See caption of S3 Fig for the description of the subfigures.
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S5 Fig. Result of the alivePre-IE model simulation generated by optimized transition rates for a

C. albicans infection. See caption of S3 Fig for the description of the subfigures.
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S6 Fig. Result of the spon-alivePre-IE model simulation generated by optimized transition rates

for a C. albicans infection. See caption of S3 Fig for the description of the subfigures.
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S7 Fig. Result of the PMNmed-alivePre-IE model simulation generated by optimized transition

rates for a C. albicans infection. See caption of S3 Fig for the description of the subfigures.
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S8 Fig. Result of the spon-PMNmed-IE model simulation generated by optimized transition rates

for a C. albicans infection. See caption of S3 Fig for the description of the subfigures.
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S10 Fig. Result of the pre-IE model simulation generated by optimized transition rates for a C.

albicans infection. See caption of S3 Fig for the description of the subfigures.
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S11 Fig. Result of the spon-IE model simulation generated by optimized transition rates for a C.
glabrata infection. Red dotted lines correspond to the experimental data acquired from whole-
blood infection assays with C. glabrata. Solid lines correspond to the simulated data. The thickness
of the solid lines represents the mean + standard deviation obtained by 50 simulations with
transition rate values that were randomly sampled within their corresponding standard deviation.
(A) Kinetics of simulated killed pathogens (Pyx) (solid, red line) compared to the experimentally
measured killed cells (dotted, red line) by survival assays. The combined unit Px comprises killed
immune-evasive cells (Pk;g), killed extracellular cells (Pxg), killed cells associated with monocytes
(Pxn) and killed cells associated with PMN (Pky). (B) Kinetics of simulated alive pathogens (P,)
(solid, red line) compared to experimentally measured alive cells (dotted, red line) by survival
assays. The combined unit P, comprises alive immune-evasive cells (P4;g), alive extracellular cells
(P4g), alive cells associated with monocytes (P,),) and alive cells associated with PMN (P4y)- (C)
Kinetics of simulated extracellular cells (Pg) (solid, red line) compared to the experimental data
(dotted, red line) acquired via flow cytometry analysis. (D) Kinetics of simulated immune-evasive
cells (P;g) (solid, black line). (E) Kinetics of simulated cells associated with monocytes (P,,) (solid,
red line) compared to the experimental data (dotted, red line). (F) Kinetics of simulated cells
associated with PMN (Py) (solid, red line) compared to the experimental data (dotted, red line).
(G) Kinetics if simulated cells which were killed intracellularly by monocytes (Pyka) and those
which were extracellularly killed and later phagocytosed by monocytes (Pgxu)- (H) Kinetics if

simulated cells which were killed intracellularly by PMN (Pygy) and those which were

extracellularly killed and later phagocytosed by PMN (Pgxn)-

15



A

() -
@® o

relative no. pathogens

Px=Pk1p+Pxp+Pky+Pkn
| - -

1 " A A "
60 120 180 240
time [min)]

e e 2
S (=] s
T T

relative no. pathogens
e
T

0.0
0

=1

Pp=Pig+Pap+PkEg

60 120 180 240
time [min]

Py= +Prum

©

relative no. pathogens

=

—

o
T

-

=

—
T

o
ot
T

1 1 1 1

0.0

60 120 180 240
time [min)]

Pxyi=Pykm+PerMm

0.2

0.125
0.1
0.075
0.05
0.025

relative no. pathogens

0.0 *

0.175
0.15

T T T T

0 60 120 180 240

time [min]

1.0

e
o

0.6 |

04 F

relative no. pathogens

Pa=Pa1p+Pap+ + Pan

60 120 180 240
time [min]

Prg=Pa1+PxkE
T T T

L A A 1

60 120 180 240
time [min]

Pny=Pin+Pgn

1.0

0.8

0.6

0.4

0.2

relative no. pathogens

0.0 ¢

— . 1 . 0
60 120 180 240
time [min]

Pyn=Pnxgn+P
T T

(= -
o o

relative no. pathogens
=
o

1 1 1 1

60 120 180 240
time [min]

S12 Fig. Result of the PMNmed-IE model simulation generated by optimized transition rates for a

C. glabrata infection. See caption of S11 Fig for the description of the subfigures.
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S13 Fig. Result of the alivePre-IE model simulation generated by optimized transition rates for a

C. glabrata infection. See caption of S11 Fig for the description of the subfigures.
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S14 Fig. Result of the spon-alivePre-IE model simulation generated by optimized transition rates

for a C. glabrata infection. See caption of S11 Fig for the description of the subfigures.
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S15 Fig. Result of the PMNmed-alivePre-IE model simulation generated by optimized transition

rates for a C. glabrata infection. See caption of S11 Fig for the description of the subfigures.
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S16 Fig. Result of the spon-PMNmed-IE model simulation generated by optimized transition

rates for a C. glabrata infection. See caption of S11 Fig for the description of the subfigures.
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S17 Fig. Result of the spon-PMNmed-alivePre-IE model simulation generated by optimized

transition rates for a C. glabrata infection. See caption of S11 Fig for the description of the

subfigures.
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S18 Fig. Result of the pre-IE model simulation generated by optimized transition rates for a C.

glabrata infection. See caption of S11 Fig for the description of the subfigures.
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S19 Fig. Result of the spon-IE model simulation generated by optimized transition rates for a S.
aureus infection. Red dotted lines correspond to the experimental data acquired from whole-
blood infection assays with S. aureus. Solid lines correspond to the simulated data. The thickness
of the solid lines represents the mean + standard deviation obtained by 50 simulations with
transition rate values that were randomly sampled within their corresponding standard deviation.
Each combined unit is depicted with its sub combined units. (A) Kinetics of simulated killed
pathogens (Pk) (solid, red line) compared to the experimentally measured killed cells (dotted, red
line) by survival assays. The combined unit Py comprises killed immune-evasive cells (Px;g), killed
extracellular cells (Pxg), killed cells associated with monocytes (Pk;) and killed cells associated
with PMN (Pgy)- (B) Kinetics of simulated alive pathogens (P4) (solid, red line) compared to
experimentally measured alive cells (dotted, red line) by survival assays. The combined unit P4
comprises alive immune-evasive cells (Py;z), alive extracellular cells (P4z), alive cells associated
with monocytes (P,y) and alive cells associated with PMN (P4y). (C) Kinetics of simulated
extracellular cells (Pg) (solid, red line) compared to the experimental data (dotted, red line)
acquired via flow cytometry analysis. (D) Kinetics of simulated immune-evasive cells (P;z) (solid,
black line). (E) Kinetics of simulated cells associated with monocytes (Py) (solid, red line)
compared to the experimental data (dotted, red line). (F) Kinetics of simulated cells associated
with PMN (Py) (solid, red line) compared to the experimental data (dotted, red line). (G) Kinetics
if simulated cells which were killed intracellularly by monocytes (Pyxu) and those which were
extracellularly killed and later phagocytosed by monocytes (Pgxu)- (H) Kinetics if simulated cells

which were killed intracellularly by PMN (Pygy) and those which were extracellularly killed and

later phagocytosed by PMN (Pggy )-
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S20 Fig. Result of the PMNmed-IE model simulation generated by optimized transition rates for

a S. aureus infection. See caption of S19 Fig for the description of the subfigures.
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S21 Fig. Result of the alivePre-IE model simulation generated by optimized transition rates for a

S. aureus infection. See caption of S19 Fig for the description of the subfigures.
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S22 Fig. Result of the spon-alivePre-IE model simulation generated by optimized transition rates

for a S. aureus infection. See caption of S19 Fig for the description of the subfigures.
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S23 Fig. Result of the PMNmed-alivePre-IE model simulation generated by optimized transition

rates for a S. aureus infection. See caption of S19 Fig for the description of the subfigures.
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S24 Fig. Result of the spon-PMNmed-IE model simulation generated by optimized transition

rates for a S. aureus infection. See caption of S19 Fig for the description of the subfigures.
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S26 Fig. Result of the pre-IE model simulation generated by optimized transition rates for a S.

aureus infection. See caption of S19 Fig for the description of the subfigures.
31



S27 Fig. Example microscopy images of the various pathogens as quantified by automated
image analysis. The rows represent exemplary images for C. albicans (A-C), C. glabrata (D-F) and S.
aureus (G-1). The left column shows the images with GFP-labeled pathogens. Images with PH
staining are given in the middle column. The right column shows transmitted light images for each

pathogen.
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S28 Fig. Fraction of alive and dead C. albicans cells (A), C. glabrata cells (B) and S. aureus cells (C)
as quantified by automated image analysis. While the C. albicans cells and C. glabrata cells were
counted from six single microscopy images each, the S. aureus cells were counted from nine
videos with ten time frames each. In (C) the bars and the error bars of each sample depict the

mean and the standard deviation over the ten respective time frames.
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Supporting Tables

C. albicans mean x 10> [min™] £ SD x 10” [min™] (CV [%])
rate spon-IE PMNmed-IE alivePre-IE spon- PMNmed- spon- spon-
model model model alivePre-IE alivePre-IE PMNmed-IE PMNmed-
model model model alivePre-IE
model
by 2.97 2.86 3.3 3.0 3.1 29 29
+0.061 (2.1)| +£0.054 (1.9)| +£0.064 (1.9)| £0.04 (1.4) | £0.039 (1.2)| £0.057 (1.9)| £ 0.045 (1.5)
by 1.23 1.2 1.7 1.2 1.4 1.3 1.2
+0.075(6.1)| £0.13(10.6)| £0.11(6.5) | £0.096 (7.7)| £0.05(3.5) | £0.006 (4.7)| £ 0.075 (6.1)
Ky 5.3 57+ 10.6 5.4 9.1 5.0 5.5
+049(9.2) | 097(169) | £032(3.0) | £0.47(8.6) | £0.36(4.0) | £0.44(8.8) | £0.39(7.1)
Ky 2.1 3.5 2.8 2.4 3.3 3.5 3.0
+0.31(14.6)| £0.42(12.2)| £0.19 (6.8) | £0.27 (11.0)| £0.15(4.6) | + 0.44 (12.5)| + 0.38 (13.0)
Kgg 218 20.4 10.7 21.8 11.5 221 189
+1.8(8.0) | £3.33(16.3)| +0.3(28) | £2.72(12.5)| +£0.57 (5.0) | £2.89 (13.1)| +1.32(7.0)
14 2.13 2.69 4.9 2.4 3.5 1.5 1.4
+0.19(8.8) | £ 0.34 (12.5)| +0.098 (2.0)| +0.42 (17.6)| + 0.54 (15.7)| +1.0(68.1) | +1.16 (85.7)
p 0.44 0.4 0.4 0.3
+0.021 (4.8) +0.014 (3.4) +0.02 (5.7) | £0.021 (6.5)
P 10.8 8.9 5.3 7.0
+0.34 (7.1) +0.38(4.3) | £0.64(12.2)| +£1.24 (17.7)
YIE 3.0 10.2 14.1 13.1
+0.35(11.6) +0.11(1.1) | £0.18(1.3) | £0.15(1.1)
populatio mean [%] + SD [%]
n
P 12.7+ 0.4 02+0.2 7.7+ 04 0.02 +0.02

S1Table. The estimated transition rates and alive immune-evasive population are shown for each

model for infection scenario with C. albicans. The transition rates are given in the following order:

the phagocytosis by PMN (¢y) and monocytes (¢y,), intracellular killing by PMN (ky) and

monocytes (kj,) and the transition rates kgx and y which determine give the extracellular killing.

Furthermore, the spontaneous immune-evasion rate p and the transition rates p and y;zwhich,

combined, give the PMN-mediated immune-evasion rate. The last entry is the estimated
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population of alive immune-evasive cells which is initialized at the beginning of the simulation.
The mean values and standard deviations (SD) of the transition rates and population were
acquired through the global fitting procedure Metropolis Monte Carlo explained in the Methods

section. The coefficient of variation (CV) refers to the ratio of the SD to the mean.
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C mean x 10 [min™] + SD x 10 [min™] (CV [%])
glabrata
rate spon-IE PMNmed-IE | alivePre-IE spon- PMNmed- spon- spon-
model model model alivePre-IE alivePre-IE PMNmed-IE PMNmed-
model model model alivePre-IE
model
PN 10.0 6.5 8.0 10.0 10.1 + 10.6 10.5
+0.55(5.5) | £049(7.6) | £0.42(5.2) | £0.55(5.5) 0.77 (7.6) +0.58(54) | +£0.7(6.6)
by 14.3 9.9 11.9 14.1 14.2 15.4 15.1
+137(96) | £0.64(6.5) | £049(4.1)| £1.28(9.1) | £1.35(9.5) | £1.53(9.9) | £1.49(9.9)
Ky 49 13.8 10.3 4.6 6.1 5.5 4.7
+043(87) | £2.52(183)| £032(3.1) | £0.34(7.5) | £053(86) | £037(6.7) | £0.3(64)
Ky 2.2 1.1 2.4 2.3 2.0 2.3 2.7
+0.23 (10.6)| £0.073 (6.6)| £0.15(6.4) | £0.33 (14.3) | £0.24 (12.4)| £0.33 (13.9) | £0.22 (8.1)
Kgg 47.5 10.7 11.7 59.2 29.7 35.2 51.5
+9.86 (20.8)| +1.61(15.1)| +0.54 (4.6) | £10.43 (17.6)| +3.92(13.2)| £5.83 (16.6) | +£6.72 (13.1)
14 3.1 5.4 5.2 5.3 5.8 4.4 3.8
+0.34 (10.9)| +1.25(23.1)| £0.37(7.0) | £0.81 (15.3) | £ 1.15(20.0)| + 2.95(66.9) | + 2.59 (68.8)
p 7.6 0.8 0.5 0.6
+ 0.047 (6.2) +0.056 (7.3) + 0.089 (16.3)| £ 0.053 (8.9)
P 7.3 13.8 9.0 6.7
+1.67 (22.8) +2.6 (18.7) | £1.43 (15.9) | £ 0.98 (14.5)
YiE 7.9 8.6 18.2 13.3
+1.79 (22.7) +0.66(7.6) | £0.77 (42) | £0.53 (4.0)
populatio mean [%] £+ SD [%]
n
P 6.7+ 0.5 0.1+0.1 1.2+1.0 0.02 +0.02

S2 Table. The estimated transition rates and alive immune-evasive population are shown for

each model for infection scenario with C. glabrata. The transition rates are given in the following

order: the phagocytosis by PMN (¢y) and monocytes (¢y), intracellular killing by PMN (k) and

monocytes (k) and the transition rates kgx and y which determine the extracellular killing.

Furthermore, the spontaneous immune-evasion rate p and the transition rates p and y;zwhich,

combined, give the PMN-mediated immune-evasion rate. The last entry is the estimated

population of alive immune-evasive cells which is initialized at the beginning of the simulation.
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The mean values and standard deviations (SD) of the transition rates and population were
acquired through the global fitting procedure Metropolis Monte Carlo explained in the Methods

section. The coefficient of variation (CV) refers to the ratio of the SD to the mean.
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S. aureus mean x 10 [min™] + SD x 10 [min™] (CV [%])
rate spon-IE PMNmed-IE alivePre-IE spon- PMNmed- spon- spon-
model model model alivePre-IE alivePre-IE PMNmed-IE PMNmed-
model model model alivePre-IE
model
o 21.7 19.6 21.9 21.2 21.1 21.7 22.4
+0.52(2.4) | £0.044(0.2)| £0.37(1.7) | £033(1.6) | £ 044 (2.1) | £0.68(2.8) | £0.61(2.7)
bu 58.1 52.7 59.1 57.6 56.9 59.0 60.5
+137(24) | £0123.0) | £1.14(19) | £099(1.7) | £1.19(21) | £1.79(3.0) | £2.0(3.3)
Ky 6.1 6.3 6.2 6.1 6.2 6.1 6.1
+0.18 (3.0) | £0.031(0.5)| +0.15(2.4) | £0.047 (0.8)| £0.13(2.1) | £0.13(2.1) | £ 0.26 (4.3)
Ky 1.3 0.1 1.3 1.3 1.3 1.3 1.4
+0.048 (3.8)| +0.029 (3.0)| +0.055 (4.2)| £0.033 (2.6)| £ 0.068 (5.5)| + 0.063 (5.0)| + 0.058 (4.3)
Keg 12.0 13.0 12.2 129 11.4 12.0 12.8
+057(4.7) | £1.03(79) | £046(3.7) | £1.1(88) | £0.79(69) | £0.58(4.8) | £0.52 (4.1)
Y 4.4 3.5 6.4 3.8 53+ 4.0 6.4
+031(7.1) | £0.28(8.2) | £0.24(3.8) | £0.29 (7.9) 0.27 (5.1) +1.28 (31.7)| +1.48(22.9)
p 0.8 0.8 0.6 0.6
+0.064 (7.7) +0.024 (3.1) +0.034(5.9) | £0.028 (4.9)
P 5.1 13.0 7.6 8.6
+0.41(8.1) +0.73(5.6) | £03(39) | £0.71(8.3)
YiE 7.4 10.6 19.8 15.9
+0.26 (3.6) +0.48 (4.5) | £0.15(0.8) | +£0.42 (2.7)
populatio Mean [%] + SD [%]
n
P 36101 0.1+0.05 0.6+ 0.2 0.03 4+ 0.03

S3 Table. The estimated transition rates and alive immune-evasive population are shown for

each model for infection scenario with S. aureus. The transition rates are given in the following

order: the phagocytosis by PMN (¢y) and monocytes (¢y,), intracellular killing by PMN (ky) and

monocytes (k) and the transition rates kKgzx and y which determine the extracellular killing.

Furthermore, the spontaneous immune-evasion rate p and the transition rates p and y;pwhich,

combined, give the PMN-mediated immune-evasion rate. The last entry is the estimated

population of alive immune-evasive cells which is initialized at the beginning of the simulation.

The mean values and standard deviations (SD) of the transition rates and population were
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acquired through the global fitting procedure Metropolis Monte Carlo explained in the Methods

section. The coefficient of variation (CV) refers to the ratio of the SD to the mean.
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Algorithm- n m dist,,, | Areay, | Rectangle- | Rectangle- | Rectangle- | Rectangle- | Areayyeshold

parameter width,in width,.x length,i length,,ax

C. albicans 38 12 1 70 12 75 39 74 534
Killed 38 12 1 70 12 76 38 75 480

C. albicans

C. glabrata 30 10 1 70 10 60 32 58 410
Killed 24 8 1 70 8 50 26 50 150

C. glabrata

S4 Table. The parameter used for the cluster splitting algorithm in which the search of the single
cells is performed by scanning the convex edges of neighboring cells. All parameters were
individually adapted to the different types of pathogens. The recommended settings from
Brandes et al. [16] were used: n is the average single cell diameter and is used to scan the
contours within a cluster and its concave regions. To determine the distance of the endpoints of a
chord to the corresponding convexity point, m is set to a third of n. The minimum distance
between a convex point and its corresponding chord is determined by disty,, whose value
depends on the depth of the convexity region within a cell cluster. Arean, is the minimum
number of pixels of a region, which is then segmented with the cluster splitting process. For the
underlying images, a below-average size was specified to prevent a region from being lost. In
order to find the convexity points mentioned above, the search rectangle grows in width and
length from the minimum distance of the pixels to the corresponding maximum distance
(Rectangle-width., Rectangle-width,,,, Rectangle-length., Rectangle-length,.x). The Areainreshold
parameter is used as a post-processing step according to the cluster method in order not to

include too small cells and spores in the number of all cells on an image.
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transition - o
description state transition
rate
_ , Nij + Pap = Niy1j
Dy phagocytosis by neutrophils
Nij + Pgkg = Ny,
o hagocytosis b . M;j + Pag = Miyq,;
M phagocytosis by monocytes
M;j + Pxg = M1,
Ky intracellular killing by neutrophils Nij > Ni_qj41
Ky intracellular killing by monocytes M;; > Mi_q 41
extracellular killing by antimicrobial peptides
released upon first-time PMN phagocytosis with
decreasing activity
Kk (£) rate depends on the activity of antimicrobial Pag = Pxp
peptides, characterized by the rate Kgg, and the
decay of their antimicrobial activity, characterized
by y, as defined in Hiinniger et al. (2014) (1) and
Lehnert et al. (2015) (2)
) constant rate for the acquisition of immune evasion Pyg = Parg
for spon-IE model Pyr = Pk
time-dependent rate for the acquisition of immune
evasion for PMNmed-IE model
Pag = Pag
p(t)
rate depends on the activity of effector molecules, Pgg = Pgg
characterized by p and the decay of their activity as
characterized by y;5 (see Eq. 10 in the manuscript)

S5 Table. Transition rates of the state-based virtual infection models. For details see Methods

section and Hiinniger et al. [1] and Lehnert et al. [14].
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