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A molecule layer B

cell layer

receptor kinetics model
of alveolar macrophages

overlay of cell- and molecule layer
in a virtual infection scenario

FIGURE 1 | Schematic overview and structural relations between
different components of the hybrid agent-based model. (A)
Close-to-equidistant discretization of the three-quarter alveolus with 10,000
grid points. Grid points with label alveolar surface point (orange spheres) are
connected with their neighboring grid points (orange lines) and those with label
boundary point (blue spheres) correspond to either pores of Kohn or the
alveolar entrance ring. (B) To-scale reconstruction of the human three-quarter
alveolus from Pollméacher and Figge (2014) including alveolar epithelial cells
(AEC) of type | (yellow) and type Il (blue) as well as the pores of Kohn (black).
(C) Receptor kinetics model that drives the chemotaxis of alveolar
macrophages (AM). Free chemokine receptors [R] bind to chemokine ligands
[L] located at grid points associated with the AM. Bound receptors [LR] are
processed into internalized receptors [R*] and are re-expressed subsequently.
(D) Snapshot of a virtual infection scenario where AM (green) aim to find a
conidium of A. fumigatus (red). The information contained in the molecule layer
is integrated using chemokine concentration isolines (white), which are plotted
proportional to their respective values with different sizes.

2. Materials and Methods

2.1. Hybrid Agent-Based Model

In this study, we revised our agent-based model (ABM) of
the human alveolus to explicitly account for the dynamics
of molecular di usion and reactions with cells, which were
previously modeled in a simple rule-based fashion using
a steady-state approximation (Pollmécher and Figge, 2014).
We refer to the revised model as hybrid agent-based model
(hABM), because single cells are represented as individual
agents that migrate and interact in continuous space, whereas
chemokine concentrations are represented as spatio-temporal
distributions on a discrete grid. In this multi-scale approach,
interactions between cellular agents and the layer of di using
molecular concentrations are realized via modeling the kinetics
of chemokine receptor binding, internalization and re-expression
on alveolar macrophages (AM) as shown in Figure 1. The present

agent-based simulation algorithm has linear time complexity
in the number of agents and in the number of timesteps.
Thus, treating single molecules as single virtual agents would
render the simulations computationally intractable. Scalability in
terms of constituent quantities is one of the strengths of partial
di erential equations (Horn et al., 2012) as the time complexity
of our numerical method is linear in the number of grid points,
molecule species and timesteps. In summary, treating cells at
the microscopic level of discrete agents and molecules at the
macroscopic level of continuous distributions ensures keeping
the balance between computational tractability and detailed
modeling across interwoven time- and length-scales (Guo et al.,
2008). The source code of the hABM is available from the authors
upon request.

2.2. Numerical Solution of the Reaction-Diffusion
Equation in the Alveolus

2.2.1. Reaction-diffusion equation

The spatio-temporal distribution of chemokines on the inner
surface of the alveolus is described by the following reaction-
di usion equation:

ac(r, t)
ot

Here (7, t) denotes the molecular concentration of chemokines
at position 7 and time ¢ and [Cislthe Laplace operator. The
chemokine’s isotropic di usion coe cient is given by D and
its degradation rate is given by A. The spatio-temporal source
of molecular concentration is represented by the term S(7, )
associated with chemokine producing alveolar epithelial cells
(AEC) of type | and type II. The term Q(7, t) represents the
uptake of chemokines by AM and is explained in detail below.
Numerical integration of the reaction-di usion Equation (1)
within the surfactant on the inner alveolar surface requires a
discretization of the thin fluidic lining layer by a grid with
close-to-equidistant grid points.

=D LA ) — Ac(F, £) + S, £) — Q(F, 1). (1)

2.2.2. Discretization of the Surfactant

Generating a grid with an arbitrary number of close-to-
equidistant grid points on the surface of a spherical geometry is
related to the Thomson problem (Thomson, 1904). This problem
was raised more than a century ago in the context of finding the
minimal electrostatic potential energy configuration for n equally
charged particles that repel each other by Coulomb forces on the
surface of a unit sphere. An equidistant distribution of points
is beneficial for the numerical solution of the reaction-di usion
equation with regard to computing time and numerical stability.
We take advantage of a crowd-based numerical approximation
platform that determines the global minima using a variety
of di erent optimization algorithms (MacWilliam and Cecka,
2013). Next, in order to obtain the neighborhood relationship
between the grid points, we use the close-to regular distribution
of points as inputs and compute the convex hull, where each of
its edges corresponds to a pair of neighboring grid points. Note
that the triangulation of discrete points on a sphere surface using
the convex hull is equivalent to the Delaunay triangulation of
these points in three dimensions (Brown, 1979). Finally, the dual
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graph of the Delaunay triangulation, i.e., the Voronoi tesselation
(De Berg et al., 2008), was computed in order to obtain the
surface-area associated with each grid point, i.e., the area of
the corresponding Voronoi cell. As will be shown below, this
measure together with the length of the Voronoi edge between
neighboring Voronoi cells are required for solving the reaction-
di usion Equation (1) numerically.

It should be noted that, since the human alveolus does not
correspond to a full sphere, not each grid point belongs to the
alveolar surface. In fact, each point of the grid can be labeled
as one of the three categories: (i) alveolar surface point, (ii)
boundary point, (iii) outside point. A point is considered to
be an alveolar surface point if it is part of the alveolar three-
quarter sphere and does not cover a pore of Kohn. All other
points are outside points, except for boundary points which
have at least one neighboring point being an alveolar surface
point (see Supplementary Figure S1A and Video S1). We use
absorbing boundary conditions in each simulation scenario, i.e.,
the concentration at each boundary point is kept fixed at zero
for all times. The representation of the surfactant with an average
thickness of only 200 nm (Bastacky and Lee, 1995) is based on
10* close-to-equidistant grid points of the spherical surface at an
average distance of 4.45 &+ 0.16 um (see Video S1). This allows
resolving AEC of type I and type Il that are, respectively, 60 pum
and 9.3um in diameter, as well as the pores of Kohn that are
6 um in diameter as estimated from literature data in Pollmacher
and Figge (2014).

2.2.3. Numerical integration of the reaction-diffusion
equation

The reaction-di usion Equation (1) is numerically integrated
in time using a finite di erence method for unstructured
grids as described by Sukumar (2003). Here, Voronoi cells are
the placeholders of the chemokine concentrations, where each
Voronoi cell may contain several molecular species. The kth
Voronoi cell is associated with grid point 7, of the Delaunay
triangulation and has area A and a finite set of neighbors A/ (k).
The relation with neighboring Voronoi cells C& A/ (k) is defined
by the length of the Voronoi edge k. —and the Euclidean distance
between the two Voronoi cells di;ps depicted in Supplementary
Figure S1B. The numerical integration is then performed in a
straightforward fashion over each VVoronoi cell k that is associated
with a grid point of the category alveolar surface point:

(et + TOF &) + (1Y Ddf;il[E(?mt)—E(?k,t)]

[EWV (k)
NG, 1) + S(Fs 1) — QG 1)) @

Here and in what follows the discretized concentration values are
indicated by the symbol ¢. In our model, both AEC of type | and
type Il may secrete chemokines, which is appropriately captured
by a non-vanishing source term S(7, t) at all grid points of the
AEC associated with the conidium.

2.2.4. Validation of the numerical solution

In order to validate the implementation of the close-to-
equidistant grid for the spherical system and the algorithm for
the numerical solution of the reaction-di usion Equation (1),
we performed simulations of scenarios for which the analytical
solutions are known. These scenarios were based on the analytical
solution of the isotropic di usion equation in terms of spherical
harmonics (Sbalzarini et al., 2006). For a sphere with radius r
and molecular di usion coe cient D on its surface an analytical
solution of the reaction-di usion Equation (1) for vanishing
molecule degradation and absent source- and reaction-term is
given by

cr=(90),1= \/gcos(ﬁ) exp (—i—?t) : (3)

>

Here, surface positions 7 are represented using spherical
coordinates with polar angle 9 and azimuthal angle
¢. Simulations were started from the initial condition
c(r,t =0) = /3/(4m) cos(®). The accuracy of the numerical
solution was evaluated by comparing with the analytical solution
on the spherical surface using biquadratic interpolation at 2 x 10*
pre-defined close-to-equidistant points.

2.3. Chemotaxis Model of Alveolar Macrophages

The previously established agent-based model of the human
alveolus (Pollmacher and Figge, 2014) is extended by modeling
the interactions between molecule concentrations and
chemokine receptors of AM, including the internalization
of bound receptors and their subsequent re-expression on the
AM surface. This enables AM to sense chemokine gradients that
ultimately drive the migratory response of the phagocytes. Here,
we essentially follow the receptor kinetics model as previously
presented in Guo and Tay (2008) and Guo et al. (2008), apart
from modifications required in the present context of modeling
the dynamics of infection in the curved environment of a human
three-quarter alveolus.

Since the average distance between neighboring grid points
is four to five times smaller than the AM diameter of
ram = 10.6 pm (Krombach and Miinzing, 1997), each AM is an
agent associated with on average 20 grid points on the interactive
molecule layer. In the reaction-di usion Equation (1), the
interaction between chemokines and AM receptors is represented
by the term

Q=Y Qu1), (4)

meM(t)

where M(t) is the set of AM present in the alveolus at time
t. Qu(r,t) denotes the reaction term of the mth AM with the
chemokines in the surfactant, which is defined at each grid point
q as follows:

AkThM &(7q, 1) [Rlm(t) if q € covyu(t)
0 otherwise,

Qn(7y, 1) = ©)

where cov,,(t) represents the set of covered grid points by the
mth AM (see Supplementary Figure S2), [R],(¢) is the current
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number of free receptors on the AM and k; is the binding
rate between AM receptors and the chemotactic cytokines in
the surfactant. The interaction surface for the reaction between
the receptors of the AM cell wall and the chemokines in the
surfactant is denoted by Aam = Tira,,. Beside the number
of free receptors, each AM m is an agent keeping track of its
current number of bound ([LR],,) and internalized receptors
([R*])- The kinetics of ligand-binding, receptor internalization
and re-expression is described by a system of ordinary di erential
equations:

d[R] . .
% = kr [R*]m(t) — AAM Xq: Qm(rqv t) y (6)
% = Aam Xq: Qu(7g, 1) = ki [LRIm(t) ,  (7)
% = k; [LR]m(t) —k, [R*]m(t) . (8)

Here, k; is the internalization rate of bound receptors and
k, is the recycling rate associated with the re-expression of
internalized receptors. All model parameters together with their
experimentally relevant regimes of values are listed in Table 1.
The parameters related to the receptor-kinetics model of AM, ky,
k; and k., are fixed to the geometric means of their corresponding
experimental range.

In our model, the kinetics of bound receptor di erences along
the current chemokine gradient is coupled to the directional
persistence time of migrating AM (Farrell et al., 1990). Thus, as
shown in Supplementary Figure S2, we consider that the mth AM
weights the direction of the average chemokine concentration
gradient g,,(¢) in each timestep by the di erence in newly bound
receptors at the front and rear of the cell along the gradient.

The di erence in the chemokine concentration across the
interaction surface of the mth AM between its front and
rear, Lc,ly , is computed using the distance between the
respective barycenters of the front und rear of this AM and its
corresponding concentration gradient:

8ram
3n

Lk (£) = l1gm(II 9)

where the chemokine concentration gradient g,,(¢) over the mth
AM is obtained from averaging over the local gradients of all grid

points covered by the mth AM (cov,,(t)). Then, the di erence
in newly bound receptors between the front and rear of the AM
along the current gradient per timestep [£id

[R]m ()
2
The most favorable direction of migrating AM is determined by

computing the sum of weighted gradients over one period of
directional persistence:

CILR] i (8) = kp Lol (£) [

(10)

£*

end >
. 0
Gmoumfiegn: ting) = . Rnai (05, (WD)
A g O]

where tf;egin and ¢, denote the start and the end time for the
period of directional persistence.

Finally, after each period of directional persistence, the
respective  AM migrates in the direction of the weighted
cumulative gradientgm,cum(tg‘egin, taq) with probability

Ddirected = min(”gm,cum(t;egin- t:nd)HUAM ) 1) . (12)
This probability is proportional to the bound receptor di erences
along the cumulative gradient (Devreotes and Zigmond, 1988)
and the constant of proportionality is the AM sensitivity oanm that
was determined by Tranquillo et al. (1988) (see Table 1).

2.4. System Setup for Simulation Studies

2.4.1. Steady state analysis

Initially, all grid points were set to zero molecular concentration
and one permanently and homogenously secreting AEC of
type | at the bottom of an otherwise empty three-quarter
alveolus was placed. Keeping track of the time-dependent relative
concentration change,

E(?k, t+ O3 (e, t)
E(?kv t) '

at grid points k, the steady state of the molecular distribution
was considered to be reached when the maximum value of
[ceel over all grid points fell below a threshold value of one
permille. Measurements were repeated 50 times per parameter
configuration and the results were averaged, keeping the number
of randomly positioned pores of Kohn in the alveolus constant.

Cerel7i, £) = 13)

TABLE 1 | Parameters used for the chemotaxis model of alveolar macrophages.

Symbol  Description Unit Value Experimental range References

D Chemokine diffusion coefficient (in water)  pum?2 x min=1  Varied 6 x 102 - 3.5 x 104 Francis and Palsson (1997); Randolph et al. (2005)
SAEC Chemokine secretion rate of AEC min—1 Varied Unknown

A Chemokine degradation rate min—1 Varied 3x1073-4.2x10"2  Beyer and Meyer-Hermann (2008)

kpy Ligand-receptor binding rate um2 x min=!  1x 1072 7x1074-0.3 Sklar (1984); Pelletier (2000); Guo et al. (2008)

ki Receptor internalisation rate min—1 7 %1072 3x1073-18 Beyer and Meyer-Hermann (2008); Guo et al. (2008)
kr Receptor recycling rate min—1 5 x 1072 6x1073-05 Beyer and Meyer-Hermann (2008); Guo et al. (2008)
Ro Initial number of chemokine receptors 5 x 104 2 x10% -2 x 10° Beyer and Meyer-Hermann (2008); Guo et al. (2008)
OAM Sensitivity to bound-receptor differences 1.2x 1073 1.2 x 103 Devreotes and Zigmond (1988); Farrell et al. (1990)
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2.4.2. Virtual infection scenario

For studying A. fumigatus infection in a three-quarter alveolus
with constant radius, the virtual infection scenario from
Pollméacher and Figge (2014) was followed. At t+ = 0 a
binomially distributed number of AM and the conidium were
placed randomly over the surface of the three-quarter alveolus
and all grid points were set to zero molecular concentration.
AM migrated according to a biased persistent random walk with
constant speed v and constant directional persistence time ¢,
and were able to leave or enter the alveolus at either a pore
of Kohn or the alveolar entrance ring. The position of the
conidium was fixed over the whole simulation and migration
of AM followed the chemotaxis model that was here previously
introduced. In each virtual infection scenario the AEC of type |
or Il that was associated with the randomly positioned conidium
released the chemoattractant permanently and homogenously
with a constant secretion rate saec. The simulation ended at
the first physical contact between an arbitrary AM and the
conidium. The di usion coe cient D of the chemokine was
varied over a wide range in order to account for the viscosity of
the surfactant that is expected to be higher than that of water and
to which experimental ranges are typically referring. In Table 1,
the parameter regimes of the chemotaxis model are summarized
and the values that were varied in the simulations are indicated.

2.4.3. Virtual infection scenario including

gradient-based recruitment of alveolar macrophages
In Pollmédcher and Figge (2014), AM insertion into the three-
quarter alveolus followed a uniform distribution over the length
of the boundary line elements. Numerical values of chemokine
concentrations allow for recruitment of AM from neighboring
alveoli based on the strength of the gradient. Realization of
gradient-based recruitment was implemented in the following
way. First, on AM entrance into the alveolus the maximum
gradient was computed, max({||gy(t)||}, over the finite set of edges

of the triangulated grid that cross the boundary. The pairs of
vertices corresponding to these edges each held one vertex labeled
as boundary point and the other one labeled as alveolar surface
point. Secondly, a uniformly distributed random boundary point
Th,random Was drawn from all possible boundary points and the
corresponding probability of AM insertion was calculated as
follows:

11§ (b, random. )|
i ’ t = - -
Pm(?b,random ) max{||gb(t)||}

This probability was used for stochastic AM insertion at position
. random and was realized by a Monte Carlo acceptance-rejection
method to sample the gradient-based probability distribution
of AM insertion over the boundary points. On rejection of
a boundary point a new one was drawn with probability
Pin(o,random. £) followed by another Monte Carlo decision
until a boundary point was accepted. As before, first-passage-
time simulations were performed over 10° repetitions for each
parameter configuration.

(14)

3. Results

3.1. Hybrid Agent-Based Model Reproduces
Analytical Solutions

We evaluated and validated the numerical solution of our
PDE solver by comparison with an analytical solution over the
surface of a full sphere (see Section 2.2.4 for details). The
mean of the absolute and relative errors per timestep were
computed for both varying timesteps and varying numbers of
grid points in order to demonstrate the accuracy of the numerical
method (see Figure 2). The method shows first-order accuracy
in the timestep as the absolute and relative mean errors per
timestep scale quadratically. Furthermore, it is observed that
numerical instability occurs for too large values of [Z_&s is
expected for an explicit forward-Euler approach. To guarantee
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FIGURE 2 | Numerical error analysis of the PDE solver for Equation (2)
on the spherical surface with A = 0, S(Ty, t) = 0, and Q(Fy, t) = 0 at
each grid point k. Simulations were carried out in an alveolus with a radius
r = 116.5 um from time t = O min to a final time t = 1 min with an isotropic
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diffusion coefficient of D = 2000 pmzlmin. The mean absolute error (A) and
mean relative error (B) per timestep of our PDE solver for different numbers
of grid points N and timesteps [fare compared to the theoretically expected
quadratic scaling (solid line).
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numerical stability in our simulations, we determined the limits
of numerical stability for di erent di usion coe cients D over
the set of grid points G using the condition

-1
hy

di A

[£4d min D

(15)
keg 1N (k)

and adjusted the global simulation timestep [Z_dne order of
magnitude lower than the respective limits.

3.2. Steady State of Alveolar Chemokine
Distribution Reached within Hours

We performed a numerical study to characterize the steady
state of the alveolar chemokine distribution in terms of the

concentration profile and the time required to reach the steady
state (see Video S2 for the transition from the onset of AEC
secretion into steady state). Simulations were carried out using
one permanently and homogenously secreting AEC of type | in
the bottom of an empty alveolus (see Section 2.4.1 for details) In
Figure 3, we summarize the results of the steady state analysis for
varied di usion coe cients, degradation rates and secretion rates
of the chemokine. Interestingly, we found that the time required
to reach the steady state depends on the values for the di usion
coe cient D and the degradation rate A but not on the amount of
chemokine secretion sagc per time (Figure 3A). In the absence
of degradation, the time required to reach the steady state ranges
from 4min for a di usion coe cient of D = 6000 um?2/min
to 8.5h for a di usion coe cient of D = 20 um2/min. In the
presence of degradation, the times required to reach the steady

FIGURE 3 | Steady state analysis of the concentration profile in the
alveolus for varied diffusion coefficients D, secretion rates sagc and
degradation rate 1. One permanently and homogenously secreting
source with radius ragc = 30 um was placed in the bottom of the
three-quarter alveolus and tthe relative concentration changes L[c;d (see
Equation 13) were tracked over time at each grid point k. The steady state
of the molecular distribution was considered to be reached when the
maximum value of [Cd over all grid points fell below a threshold value of
0.001. (A) Comparison of the mean values of the time when steady state
was reached for different degradation rates and diffusion coefficients
averaging over the secretion rates {1.5 x 103, 5 x 103, 1.5 x 104, 5 x 10%,
1.5 x 10°,5 x 10°} min—1. Each mean value has a relative standard
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deviation less than five percent. (B) Average concentration over all grid
points labeled as alveolar surface point at steady state. (C) Concentration
profile at steady state as a function of the geodesic distance from the
center of the source. In each simulation concentration values were
averaged over points of the three-quarter sphere with equivalent geodesic
distance from the center of the source. Here biquadratic interpolation was
used to obtain the concentration value at arbitrary points on the alveolar
surface. Afterwards the means over simulation runs with identical
parameter configuration were computed. We applied exponential fits to
each concentration profile using least squares to optimize the parameters a
and b in the function c(x) = aexp(bx) over concentration values at geodesic
distances above the AEC radius ragc = 30 pm.
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state were systematically decreasing with increasing degradation
rates in a di usion-dependent fashion (Figure 3A).

In Figure 3B it can be seen that the parameter variation
lead to average concentration values that span a range of
five orders of magnitude from 10~2um—2 to 102 um~2. The
mean concentration was observed to increase linearly with
increasing secretion rate sacc. We found that di erent parameter
combinations showed similar mean concentration values and
almost identical concentration profiles over the geodesic distance
from the secreting AEC (see Figure 3C). Irrespective of the
secretion rate, di usion coe cient and degradation rate the
profile of concentration over the surface of the alveolus showed
an exponential distance-dependence from the secreting AEC for
geodesic distances larger than the radius of the secreting AEC.

We generally observed that the impact of chemokine
degradation on the time to reach the steady state and on the
amount and profile of the chemokine concentration is largest
for small di usion coe cients (see Figures 3A-C). This is a
direct consequence of reduced molecule motion, because on
average molecules remain in the alveolus for a longer time
period before leaving through a pore of Kohn or through the
alveolar entrance ring. In particular, the time required to reach
the steady state, the average chemokine concentration as well as
the level of the concentration profile were lowered for elevated
degradation rates. These e ects were depending on the di usion
coe cient: While for di usion coe cents D > 2000 pmzlmin
all three observables were reduced by less than 5% relative
to the case with absent degradation, for D < 60um?/min
this reduction was observed to increase up to 85%. For
example, in the extreme case of the small di usion coe cient
D = 20 pm?/min and at a secretion rate of 1.5 x 10* molecules
per minute, the average concentration ranges between 2.3 and
14.7 molecules per um? and the time required to reach the
steady state varied in a degradation-dependent fashion between
3.5and 8.5h.

3.3. Virtual Infection Model Reveals Relevant
Parameter Regimes

We performed computer simulations on the early immune
response against A. fumigatus infection mediated by chemokines
that are released from the AEC associated with the conidium. In
contrast to our previous study, where chemotaxis was modeled
in a simplified fashion by a probabilistic rule (Pollmécher and
Figge, 2014), we here implemented a numerical solver for the
reaction-di usion equation extending over the inner surface of
the alveolus. Thus, in the present implementation AM performed
a biased persistent random walk and the directional bias was
derived from local sensing of the current chemokine gradient by
AM. The relative impact of directional over random migration
was inferred from the di erence in newly bound AM receptors
along the gradient. Computer simulations with the refined AM
chemotaxis model, which is described in the Section 2 and
depicted in Supplementary Figure S2, enabled us to narrow
down the regime of relevant parameters in terms of the di usion
coe cient, the degradation rate and the secretion rate of the
postulated chemokine.

3.3.1. First-passage-times are mainly determined by
diffusion coefficients and secretion rates

We measured first-passage-times in the alveolus, i.e., the
time of first contact between AM and the conidium (see
Video S3), in order to determine the requirements on the
chemokine properties for a successful discovery of the fungal
pathogen before the onset of germination (see Section 2.4.2
for details).  First-passage-times were computed for 864
di erent parameter combinations (see Supplementary data
in Supplementary Material) and for each combination 10°
simulations of the A. fumigatus infection scenario were
performed to obtain statistically firm results. From the
distributions of first-passage-times, we computed the fraction
of first-passage-times above 6h, p(FPT > 6h), where
6h were chosen based on the typical time period required
for A. fumigatus germination. The results are presented in
Figure4 and demonstrate, in agreement with our previous
study (Pollmacher and Figge, 2014), that AM with migration
speed v = 2 m/min exceeded the first-passage-time of 6h in
more than 5 % of the simulations for all parameter combinations
(see short-dashed lines in Figures 4A,D,G). A comparison of
Figures 4A,D shows that an increase in the persistence time
from t, = 1minto t, = 2min was always associated with a
decrease of p(FPT > 6 h). Next, we found that taking molecular
degradation into account did not have a strong impact on
p(FPT = 6h), as can be observed by comparing Figures 4D,G
for t = 2min. These observations remain qualitatively the
same for higher migration speeds of AM, see Figures 4B,E,H for
v = 4um/min and Figures 4C,F, 1 for v = 6 um/min. However,
higher migration speeds of AM do have a quantitative impact on
p(FPT > 6h).

The dashed-dotted and long-dashed lines in Figure 4 indicate
the values of p(FPT > 6h) for AM performing, respectively,
a persistent random walk and a biased persistent random walk,
as previously simulated in Pollmécher and Figge (2014). The
persistent random walk of AM always marks an upper limit for
p(FPT > 6h), ie., first-passage-times are on average always
decreased in the presence of chemotaxis, as could be expected
for a low concentration of chemokines in the alveolus. On the
other hand, compared to the biased persistent random walk
model the performance of the chemotaxis model could yield
lower values for p(FPT > 6h), depending on the combination
of parameters. In particular, we found that this is the case for
combinations of a relatively high secretion rate and a relatively
low di usion constant. Note that the probabilistic rule for biased
persistent random walk as previously simulated in Pollméacher
and Figge (2014) was coupled to the direction of the shortest
path from the AM to the AEC associated with the conidium.
Occasionally, AM could leave the alveolus through a pore of
Kohn if one of them was along the respective path of migration.
In the present approach the frequency of this event was reduced,
due to preferred AM migration in the direction of the chemokine
gradient, which generally pointed away from pores of Kohn (see
Videos S2 and S3). In summary, the di usion coe cient and
the secretion rate were again found to be the most important
parameters, whereas the value of the degradation rate had only
minor impact on p(FPT > 6 h) (see Figures 4G-1).
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v =2um/min v =4um/min

v =6um/min

FIGURE 4 | Analysis of first-passage-time distributions varying the
macrophage related parameters migration speed and persistence
time and varying the chemokine related parameters diffusion
coefficient, secretion rate and degradation rate. In each subfigure
(A-1) the fraction of first-passage-times above 6h, p(FPT >6h), is
plotted against the secretion rate of the AEC associated with the
fungal conidi. The calculation of this fraction is based on the
first-passage-time distribution which was derived performing 1000
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first-passage-time simulations per parameter configuration. The results
of the present study are compared to the biased persistent random
walk (long-dashed black line) and the persistent random walk
(dashed-dotted black line) by Pollmacher and Figge (2014). The
short-dashed black line denotes the threshold p(FPT > 6h) = 0.05. In
(A-C) the focus is on the variation of diffusion coefficients,

(D-F) show the results for different persistence times tp and

(G-1) demonstrate the influence of the degradation rate A.

Interestingly, we observed a minimum of p(FPT > 6h) as a
function of the secretion rate for various di usion coe cients in
the case of AM migration speed v = 2 pum/min and persistence
time tp = 1min (see Figure 4A). This system behavior reflects
the fact that an optimal concentration of chemokines exists
for an e cient guidance of AM. The value of the optimal
concentration is determined by the interplay of several factors,
e.g., the secretion rate, di usion coe cient and degradation rate
of the chemokine as well as the number of AM receptors and
their dynamics of binding, internalization and re-expression. For
example, a too high chemokine concentration is associated with
a low number of unbound AM receptors limiting the adaptation
of AM migration along the chemokine gradient. We further

analyzed this situation by computing the probability of directed
AM migration for di erent secretion rates and for AM migration
speeds v = 2pm/min and v = 4pm/min. The resulting
probability distributions are shown in Figure 5 as a function of
the geodesic distance of AM from the AEC associated with the
conidium. We found that optimal values of p(FPT > 6h) in
Figure 4A correspond to probability distributions with a narrow
and peaked maximum (see red curves in Figure 5). For a constant
di usion coe cient, lower secretion rates were associated with
less prominent maxima in the probability distribution (see blue
curves in Figure5), which in turn increased p(FPT > 6h).
On the other hand, higher secretion rates were associated with
extended and flat maxima at relatively large geodesic distances
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FIGURE 5 | Probabilities of directed AM migration over the geodesic
distance from the AEC associated with the conidium. The mean and
standard deviation of the probability pgirecteg are shown in the absence of
chemokine degradation for the diffusion coefficient D = 60 umzlmin with AM
directional persistence time tp = 1 min. In (A) AM migrate with speed

v = 2pum/min and in (B) with speed v = 4 um/min. Averages and standard
deviations were determined using the probabilities of directed AM migration
that were drawn over the whole simulation time in all simulation runs. The
present results are compared to the probabilistic rule for directed migration
(solid black line) used in Pollmacher and Figge (2014).

from the boundary of the secreting AEC (see green curves in
Figure 5). It should be noted that the profiles of the determined
probability distributions are the results of various factors, such
as the chemokine concentration and the receptor dynamics of
AM. For example, in the case of high secretion rates, many AM
receptors were already bound to the chemokine at early time
points due to its relatively high concentration in the alveolus.
As a result, AM were guided to the AEC associated with the
conidium relatively early in time. However, the relatively high
concentration of chemokines also had the adverse e ect that the
number of free AM receptors was decreased at distances close
to the secreting AEC. Consequently, fewer events of receptor-
ligand binding lead to relatively low probabilities for directed AM
migration and ultimately increased p(FPT > 6 h).

An overview of the relevant combinations of model
parameters for successful detection of the A. fumigatus
conidium by AM is given in Figure 6 for AM migration speed
v = 4pm/min (A) and v = 6 um/min (B). As in Pollmacher
and Figge (2014), we considered a parameter combination
to be successful, if the value of p(FPT > 6h) was below five
percent. Interestingly, the ratio between the secretion rate and
the di usion coe cient, sagc/D, was found to subdivide the

parameter space into regimes of successful and unsuccessful
parameter combinations. For v = 4um/min and t, = 1min,
successful detection occurred for sagc/D > 250 um=—2 (see
Figure 6A). Moreover, with increasing directional persistence
time and/or migration speed of AM this threshold was
found to be systematically reduced. While the combinations
(v, tp) = (4um/min, 2min) and (v, p) = (6 um/min, 1 min)
both shared the condition sagc/D > 75 um—z, for
(v, tp) = (6 um/min, 2 min) this threshold sagc/D was lowered
to the value 25pum—2. To summarize, we found that the
successful detection of the conidium by AM required the ratio
between the secretion rate and the di usion coe cient to be
above a specific threshold, whereas the degradation rate had only
minor impact on the first-passage-time (see Figures 4, 6).

3.3.2. Gradient-based recruitment of AM increases
relevant parameter regimes

Next, we studied a modification of AM insertion into the
system at the boundaries, i.e., the alveolar entrance ring and
the pores of Kohn. Previously, AM entered the three-quarter
alveolus following a uniform random distribution over the length
of the line elements belonging to all boundaries (Pollmécher
and Figge, 2014). In the modified setup, we accounted for the
time-evolution of the chemokine gradients at the boundaries
by specifying probabilities for AM insertion according to the
respective gradient strengths. In other words, AM insertion is
more likely at boundaries with higher chemokine gradients (see
Section 2.4.3 for details).

In Figures6C-E it can be seen that gradient-based
recruitment of AM generally increased the regime of parameter
combinations for successful detection. At AM speeds of
4 pum/min and 6 pum/min the ratio of secretion rate to di usion
coe cient was systematically reduced (see Figures 6D,E). In
contrast to the case where AM insertion was not gradient-based,
in the present case a successful detection was also achieved
at the migration speed of 2um/min for specific parameter
combinations (see Figure 6C). Interestingly, for the AM
parameters (v, tp) = (2pum/min, 1 min) the subdivision of the
parameter space into regimes of successful and unsuccessful
parameter combinations was not only determined by the ratio
saec/D. We checked that p(FPT > 6h) has a dependence on
the secretion rate similar to the simulations in the absence of
gradient-based AM insertion (see Figure 4A). However, in the
present case the minimum of p(FPT > 6 h) reached values below
the five percent threshold for a limited range of the secretion rates
that gave rise to the triangular region (see Figure 6C, blue area).
The virtual infection model with gradient-based recruitment
underlines the importance of chemokine-induced AM insertion
points relative to the conidium position, as the results display a
beneficial e ect for the immune response of the host.

4. Discussion

In this study, we implemented a hybrid agent-based model
(hABM) for A. fumigatus infection in human alveoli under
physiological conditions to decipher the properties of a
chemoattractant responsible for guiding alveolar macrophages
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FIGURE 6 | Evaluation of parameters related to the AM elements belonging to the boundaries. The highlighted areas denote the
chemoattractant based on the fraction of first-passage-times above regimes of parameters leading to timely detection of the conidium for the
6 h. (A,B) summarize the results from Figure 4, where AM insertion followed directional persistence times tp = 1 min (blue area) and tp = 2 min (yellow
a uniform random distribution over the length of the boundaries of the area) of AM under different migration speeds v. The variable
three-quarter alveolus. The case v = 2 um/min was left out as all parameter #(p(FPT > 6 h) < 0.05) denotes the fraction of simulated degradation rates
combinations lead to p(FPT > 6 h) > 0.05. In (C-E) AM were inserted into the that lead to p(FPT > 6 h) < 0.05 for a specific combination of parameters D
alveolus following a gradient-based probability distribution over the line and spgc.

(AM). The multi-scale simulations account for the dynamics at
the cellular and molecular level, as well as the kinetics of binding,
internalization and re-expression of chemokine receptors on AM.
To scan the parameter space for combinations of parameters that
ensure the timely detection of a conidium in the alveolus, we
performed more than a million simulations of virtual infection
scenarios in the experimentally relevant regimes. We were able to
show that successful detection of the pathogen by AM is governed
by the choice of five experimentally undetermined parameters:
migration speed v and directional persistence time t, of AM as
well as the secretion rate sagc, di usion coe cient D and the
degradation rate A of the chemokine.

Simulations of the chemokine dynamics on the inner surface
of the alveolus with its peculiar boundary conditions were
performed using an e cient and accurate finite di erence
method on Voronoi cells (Sukumar, 2003) to solve the reaction-
di usion equation on an unstructured triangular Delaunay
grid with close-to-equidistant grid points. We first studied the
chemokine profile in steady state under varying conditions in
an empty three-quarter spherical alveolus. Our results show that,
depending on the di usion coe cient of the chemokine, the time
until a steady state is reached can vary from several minutes for
D > 2000 pumé2/min to several hours for D < 60 pm?2/min. This
revealed that our previous study, where the chemokine dynamics
was simplified by a probabilistic rule, is limited to infection

scenarios in the limit of high di usion coe cients (Pollméacher
and Figge, 2014). In contrast, using the present approach we are
in the position to study A. fumigatus infection from the onset of
chemokine secretion by alveolar epithelial cells (AEC) induced by
the conidium and extending over the time period of establishing
a concentration profile until the conidium is successfully found
by one of the AM.

Since it was shown that AM require chemotactic cues
in order to timely detect the conidium before the start of
germination (Pollmécher and Figge, 2014), we here developed
the hABM to account for the spatio-temporal concentration
of chemokines in the alveolus. We implemented the receptor-
kinetics chemotaxis model of Guo et al. (2008) for AM migration
on a grid with high spatial resolution to capture the spherical
alveolar surface with the pores of Kohn. The chemotaxis model
accounts for the binding of G protein-coupled receptors on
the surface of AM to the AEC-derived chemoattracting ligands
in the alveolar lining layer (surfactant). In general, eukaryotic
cells are able to sense spatial di erences in receptor occupation
along the chemokine gradient by their relatively large size of
at least 10 pm (van Haastert and Postma, 2007). In order to
sense shallow gradients in the chemokine concentration of 1-
5%, chemotactic cells are in addition able to sense temporal
di erences in receptor occupation, which increases the signal-
to-noise ratio and implies higher probabilities of polarization
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directed along the gradient (van Haastert and Postma, 2007).
We extended the chemotaxis model of Guo et al. (2008)
by implementing AM sensing of the cumulated number of
newly bound receptors over directional persistence times. This
approach advances our previously applied phenomenological
chemotaxis model, which was based on a constant function
for the distance-dependent gradient strength (Pollméacher and
Figge, 2014). In the present study, AM were enabled to
sense dynamically changing local chemokine gradient strengths,
which implicitly contained morphological information, e.g.,
concentration gradients pointing away from boundary elements.
Simulations of the virtual infection scenario indicated that the
present AM chemotaxis model unifies the random migration
and chemotactic migration modes of our previous study in one
model. In particular, we showed that persistent random walk was
resembled for relatively low chemokine concentrations in the
alveolus.

The computation of the first-passage-time, i.e., the duration
until the conidium is detected by an AM for the first time,
revealed the relative importance of the parameters associated
with the chemokine distribution: the di usion coe cient and
the rate of chemokine secretion by the AEC associated with
the conidium turned out to have a major impact, whereas
chemokine degradation played a minor role. In particular, we
found that the AEC secretion rate and the di usion coe cient
had counteractive e ects regarding the average concentration
of chemokines in the surfactant, i.e., decreasing the secretion
rate lowered the average concentration whereas decreasing the
di usion coe cient increased it. Chemokines are di using in
the alveolar lining layer (surfactant), which shields AM from
the alveolar airspace, reduces surface tension and provides
immunoregulatory proteins (Herzog et al., 2008; Hasenberg
et al, 2013). In comparison with chemokine di usion in
water, the relatively high viscosity of the surfactant (Alonso
et al., 2005) has the crucial e ect to reduce the di usivity
of chemokines and by that to lower the AEC secretion rate
required for the timely detection of the pathogen. We found
the ratio of the AEC secretion rate to the di usion coe cient,
saec/D, to be the main indicator for the outcome of the
infection scenario. For specific values of the AM migration
speed and directional persistence time, this ratio subdivided the
parameter space into regimes of successful and unsuccessful
parameter combinations, whereas this separation was only
weakly depending on relevant degradation rates. The degradation
rate showed to have some impact in virtual infection scenarios
with relatively low di usion coe cients, which was also the case
in the simulations associated with the steady state analysis. Thus,
decisive reduction of the chemokine amount available to AM
due to molecular degradation is only of importance for a highly
viscous surfactant. The specific morphology of human alveoli
plays an important role in this regard as chemokine reduction
was also a consequence of chemokine absorption at the pores
of Kohn and the alveolar entrance ring. A relative dominance of
chemokine decrease due to alveolar boundaries was determined
for relatively high di usion coe cients, whereas relatively low
di usion coe cients were accompanied with relatively high
chemokine degradation. This was attributed to reduced molecule
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motion for reduced di usion coe cients, thus, on average
molecules remained in the alveolus for a longer time period
before leaving through the alveolar boundaries. As observed in
our previous study (Pollmécher and Figge, 2014), AM required
a minimal migration speed of at least 4 um/min to discover
the fungal conidium before the onset of germination. However,
as shown in the present study, assuming a recruitment of AM
from neighboring alveoli that was based on the local chemokine
gradient, an average speed of 2 um/min was as well successful
for a specific subset of parameter combinations. This finding is
particularly interesting, because the actual AM migration speed
in the alveolus is not known today, but is typically expected to be
low (Hasenberg et al., 2013). Generally, our results show that the
communication between di erent types of host immune cells and
their reaction to threatening invaders needs to be finely tuned in
order to mount and orchestrate a fast and adequate response.
The specific chemokine and AM receptor that are involved
in the directed migration are not known today. It is well-
known that AM express, for example, the chemokine receptor
CXCR2 (Miller et al., 2003) that binds to the cytokine IL-8.
Moreover, the presence of complement proteins in the surfactant
yields the cleavage product Cba, and this anaphylatoxin is
a potential candidate for which AM chemoattraction was
observed (Farrell et al., 1990; Zipfel and Skerka, 2009). Resting

conidia of A. fumigatus activate the cQmplement svstem entirelv

by the alternative pathway (Kozel et al., 1989). Upon activation,
C3 is cleaved into C3b and C3a, with C3b opsonizing the
fungal surface and increasing uptake rates by macrophages (van
Lookeren Campagne et al., 2007). Furthermore, C3b induces
cleavage of C5 which leads to the production of the prominent
proinflammatory and chemoattracting cytokine C5a (Brakhage
et al., 2010). However, it is also known that resting A. fumigatus
conidia reduce the impact of the complement cascade by binding
complement regulatory proteins—such as factor H, FHL-1,
CFHR-1, C4BP and plasminogon—and by that reducing the
deposition of C3b molecules on their surface (Behnsen and
Hartmann, 2008). These data suggest that single conidia do
both trigger and counteract the complement cascade, such that
the mediated stimulus of chemoattraction and inflammation
is relatively weak and spatially confined. Nevertheless, it is
conceivable that these signals can be detected by the AEC
associated with the conidium and that this cell responds with
the secretion of the chemokines for AM recruitment. Supporting
evidence for this hypothesis is provided by a study of rat AEC of
type I1: binding of C5a to these cells lead to increased expression
of the C5a receptor on the AEC surface and to the production
of macrophage inflammatory protein-2 as well as neutrophil-
chemoattractant-1 (Riedemann et al., 2002).

Our computational approach to investigate A. fumigatus
infection complements wet lab experiments. In vivo
measurements su er from the circumstance that they can
only be carried out with high doses of conidia that do not reflect
the physiological condition of daily inhalation rates of a few
thousand conidia (O’Gorman and Fuller, 2008; Pollméacher
and Figge, 2014). The agent-based modeling approach allows
studying the early immune response, i.e., we modeled a setting
with those immune cells that are resident in alveoli and
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performed virtual infection simulations to low numbers of
conidia in a physiologically reasonable host-setting. Simulations
enabled narrowing down the experimentally relevant regime of
parameters to a subset of potential parameter combinations for
healthy individuals. These predictions may initiate further wet
lab investigations that should focus on quantitative aspects of
the early immune response, e.g., the relative contributions of
the complement system and the alveolar epithelial cells to the
daily challenge with A. fumigatus or the identification of the
specific chemokine for AM and the rate at which it is secreted
by AEC. Furthermore, if possible by sophisticated imaging
techniques in the future, it will be highly interesting to determine
values of AM migration speed and migration mode in their
natural environment to clarify their general role in the immune
response, e.g., as compared to neutrophil migration in the
alveolus (Mircescu et al., 2009).

In the context of studying fungal infections, image-based
systems biology is able to serve as a well-founded framework with
iterative cycles of exchange between experiment and theory and
involves imaging, quantitative characterization and modeling
of infection processes (Medyukhina et al., 2015). Methods for
image-analysis of fungal-host interactions (Mech et al., 2011;
Kraibooj et al., 2014; Brandes et al., 2015) and parameter-
free classification of cell-tracks (Mokhtari et al., 2013) have
been developed over the recent years and have paved the
way for the quantification and extraction of the information
contained in image- and video data. Furthermore, di erent
individual-based modeling approaches were successfully carried
out in combination with automated image-analysis to test
hypotheses and to draw predictions that might be tested in
future experimental research (Tokarski et al., 2012; Mech et al.,
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Studying the pathobiology of the fungus Aspergillus fumigatus has gained a lot
of attention in recent years. This is due to the fact that this fungus is a human
pathogen that can cause severe diseases, like invasive pulmonary aspergillosis in
immunocompromised patients. Because alveolar macrophages belong to the first
line of defense against the fungus, here, we conduct an image-based study on the
host-pathogen interaction between murine alveolar macrophages and A. fumigatus.
This is achieved by an automated image analysis approach that uses a combination
of thresholding, watershed segmentation and feature-based object classification. In
contrast to previous approaches, our algorithm allows for the segmentation of individual
macrophages in the images and this enables us to compute the distribution of
phagocytosed and macrophage-adherent conidia over all macrophages. The novel
automated image-based analysis provides access to all cell-cell interactions in the assay
and thereby represents a framework that enables comprehensive computation of diverse
characteristic parameters and comparative investigation for different strains. We here
apply automated image analysis to confocal laser scanning microscopy images of the
two wild-type strains ATCC 46645 and CEA10 of A. fumigatus and investigate the ability
of macrophages to phagocytose the respective conidia. It is found that the CEA10 strain
triggers a stronger response of the macrophages as revealed by a higher phagocytosis
ratio and a larger portion of the macrophages being active in the phagocytosis process.

Keywords: Aspergillus fumigatus, alveolar macrophages, host-pathogen interaction, phagocytosis assay,
automated image analysis

Introduction

The use of sophisticated microscopy techniques and the ease of producing and storing large amount
of image data has in the last decade led to an increasing need for automated image analysis tools
that reveal and quantify biological processes on a systems biology level (Rittscher, 2010). We will
here present an automated image analysis algorithm that is able to fully evaluate the data from a
phagocytosis assay between murine alveolar macrophages and the fungus Aspergillus fumigatus.
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This is a biologically relevant experiment as the ubiquitous
saprophytic mold A. fumigatus is the most prevalent airborne
fungal pathogen (Brakhage et al., 1999; Brakhage and Langfelder,
2002; O'Gorman et al., 2008). During its asexual reproduction
cycle the fungus produces conidia that are inhaled by humans at a
rate of hundreds to thousands per day, without any consequences
for healthy humans (Latge, 1999). In immunocompromised
subjects, by contrast, A. fumigatus can cause invasive pulmonary
aspergillosis (IPA) which has mortality rates in the order of
30-95% (Brakhage, 2005; Dagenais and Keller, 2009). From the
host side, macrophage phagocytosis is part of the early response
of the innate immune system and the igniting process of the
adaptive immune system at a later stage (Aderem and Underhill,
1999). Therefore, in vitro phagocytosis assays where A. fumigatus
conidia are confronted with mammalian macrophage cells are a
suitable experiment to examine the interaction between pathogen
and host, thereby gaining deeper insight into mechanisms of
pathogenicity and phagocytosis.

The evaluation of phagocytosis assays based on images is
often carried out by visual inspection and is therefore time
consuming, subjective and expensive, accentuating the need for
a more e cient analysis method (Zhou and Wong, 2006). The
automated image analysis performed in this work was realized
within the Definiens Developer XD framework (Schonmeyer
et al., 2011) that allows creating customized algorithms tailored
for the life sciences (Carpenter et al., 2006) and facilitates
automated analysis of big sets of image data by batch processing.
Additionally, this platform enables to conveniently combine
predefined features of image objects by mathematical and logical
combinations. Studying biological phenomena often requires
analyzing microscopy images with a high degree of variation in
object features, both across the images and even across objects
in the same image. A clear example in the present context is
the variation in shape of clusters formed by di erent numbers
of conidia whose relative positions in the clusters are di erent
for virtually all clusters. Another example is the change of the
mean intensity of objects depending on how deep a cell lies
in the experimental well. Validation of our algorithm ensures
its applicability to a wide spectrum of image data required for
high-throughput screening of mutants in comparative studies.

Here, we performed confocal laser scanning microscopy
(CLSM) experiments to study two clinical isolates of A.
fumigatus: ATCC 46645 (American Type Culture Collection,
Manassas, VA) and CEA10. These two strains, among others,
were examined for virulence in an embryonated egg model and
CEAU10 displayed an increased virulence compared with ATCC
(Jacobsen et al., 2010). It should be noted that in this study
older embryos had an increased survival chance and this was
hypothesized to be caused by a more mature immune system. By
performing the confrontation assay carried out here, we wanted
to elucidate the infection process of the two strains and shed
light on the mechanisms of CEA10% virulence, especially its
interaction with a mature immune system. In our experiment
we compared the phagocytosis ratio, macrophage-adherence and
aggregation of the two strains.

In the microscopy experiments performed for the present
study, di erent fluorescent dyes for macrophages and conidia

were used and, in addition, the technique of di erential staining
was applied to distinguish phagocytosed from non-phagocytosed
conidia (Thywil3en et al., 2011). In the standard red-blue-green
(RGB) formulation of a color image, each color layer displays
a specific class of cells, i.e., all macrophages in the red layer,
all conidia in the green layer and all non-phagocytosed conidia
in the blue layer. Hence, the staining protocol enabled us to
conveniently work on single layers for object segmentation and
to ultimately combine layers in the classification of objects
and in the analysis of their spatial colocalizations. While
some progress has been made in previous developments of
algorithms for the automated image analysis of this type of
experiments (Mech et al,, 2011, 2014; Kraibooj et al., 2014,
Schafer et al., 2014), we are here presenting a novel algorithm
that di ers from previous approaches with regard to the crucial
step of segmenting all di erent types of cells in the assay.
This was not achieved in previous approaches regarding the
segmentation of macrophages, which is complicated by the
occasionally interrupted staining of their cell surface. Since
reliable segmentation of all cells in the assay is a necessary
prerequisite for its comprehensive quantification, we could
go beyond previous work and computed various biological
quantities, such as the phagocytic index (Sano et al., 2003) and
other measures involving the quantification of macrophages,
which was not possible in previous studies.

Materials and Methods

A. fumigatus Strains and Growth Condition
Cultivation of the A. fumigatus wild-type ATCC 46645 and
CEA10 was performed on Aspergillus minimal medium (AMM)
agar plates with 1% (w/v) glucose at 37°C for 5 days. AMM
consisted of 70mM NaNOsz, 11.2mM KH;PO4, 7mM KCI,
2mM MgSQO4 and 1 wl/ml trace element solution (pH 6.5). The
trace element solution consisted of 1g FeSO4 4 7 H20, 8.8¢g
ZnSOy4 4 7 H20, 0.4g CuSOy4 4 5 H20, 0.15g MnSO4 4 H»0,
0.1g NaB4O7 . 10 H,0, 0.05g (NH4)sMo07024 . 4 H,0, and
double-distilled water (ddH,O) to 1000 ml (Brakhage and Van
den Brulle, 1995; Maerker et al., 2005). Conidia were harvested in
sterile, double-distilled water.

Phagocytosis Assays and Cell Staining

For the phagocytosis assays murine alveolar macrophages
(ATCC CRL-2019™) were cultivated in RPMI1640 medium
supplemented with 10% (v/v) FCS (Thermo Fisher Scientific,
Dreieich, Germany), 1% (w/v) sodium bicarbonate (Lonza,
KéIn, Germany) and 0.05mM beta-mercaptoethanol (Life
Technologies, Darmstadt, Germany). The cells were seeded on
glass cover slips in Nunc 24 well plates (Thermo Scientific)
at a density of 3 x 10° cells per well and allowed to grow
adherently overnight. The conidia were stained with Fluorescein
isothiocyanate (FITC, Sigma, Taufkirchen, Germany) for 30 min
at 37°C while shaking. After washing them 3 times with
PBS, 0.01% (v/v) Tween20 (AppliChem, Darmstadt, Germany)
conidia concentration was determined using a CASY cell counter
model TT (Roche-Innovatis, Penzberg, Germany). Conidia
were added to the macrophages at a multiplicity of infection
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(MOI) of 7. Synchronization of the experiment was realized
by centrifugation for 5min at 1009 and 37°C. To initiate the
experiment the co-incubation was shifted to a humidified CO,
incubator for 1h at 37°C. The cells were fixed for 15min
at room temperature by adding 16% (v/v) paraformaldehyde
(Electron Microscopy Sciences, Miinchen, Germany) directly to
the medium to a concentration of 3.7% (v/v). Wells were washed
two times with PBS followed by the step of di erential staining,
i.e.,, non-phagocytosed conidia were stained with 0.1 mg/ml
calcofluor white (Sigma) for 30 min at room temperature. The
cells were washed again twice with PBS. Prior to antibody
labeling, binding sites were blocked with PBS, 3% (w/v) BSA
Fraktion V (AppliChem) for 30 min. Next, macrophages were
labeled with a monoclonal rat anti-CD9 antibody (1:200; Santa
Cruz Biotechnology, Heidelberg, Germany) over nightat 4°C and
an Alexa Fluor® 647 Goat Anti-Rat 19G antibody (1:200; Life
Technologies) for 1.5 h at room temperature.

Imaging

Microscopy images were taken by a Zeiss LSM 780 Live confocal
laser scanning microscope with a 20x Zeiss plan-apochromat dry
objective (0.8 NA). The resulting images are 8-bit RGB color
images with 1024 x 1024 pixels and a pixel distance of 0.2 um.
The total number of images for each strain is 60, equally divided
into two biological replicates (i.e., 30 images each) with two
technical replicates per biological replicate (i.e., 15 images each).
These image data are publicly available at http://www.leibniz-hki.
de/en/asb-downloads.html. Based on the di erential staining, all
macrophages appeared in the red layer, all conidia in the green
layer and all non-phagocytosed conidia were visible in the blue
layer (see Figure 1). The separation of objects into di erent layers
allowed for more e ective segmentation and classification of the
di erent image objects.

Automated Image Analysis

The algorithm for automated image analysis was developed using
the software Definiens Developer XD and was executed by the
Grid XD Server (Definiens AG, Munich, Germany). The server
ran on one core of a SUN Fire X4600 Server M2 (8 CPUs with
4 cores each, 2.3 GHz AMD Opteron, 64 GB memory). Image
processing consisted of three subsequent steps—preprocessing,
segmentation and classification—and a schematic overview of the
algorithm is presented in Figure 2. The rule set of the algorithm
is provided as Supplementary Material (see Supplementary Data
1) and the code is available by the authors upon request.

Preprocessing

As shown in Figure 2 (see split point 1) the green and red
layer were separated and smoothed by a Gaussian filter, i.e., a
low-pass filter that reduces high-frequency components in the
image (Blinchiko and Krause, 2001). The degree of smoothing
by the Gaussian filter was adjusted through the parameter o,
which controls the standard deviation. This was chosen as
to optimize the subsequent image segmentation: in the green
layer 0 = 1 px was applied and in the red layer ¢ = 5
px was used. For the green layer a relatively small o was
su cient as the conidia were intensity-wise homogeneous and

FIGURE 1 | Example of image data from the phagocytosis assay. (A)
Green layer (FITC staining) with all conidia. (B) Blue layer (Calcoflour white
staining) overlaid with the FITC layer revealing the difference between
phagocytosed and non-phagocytoced conidia as only the latter were stained
with Calcoflour white (differential staining). (C) Red layer (anti-CD9 antibody)
with macrophages and (D) overlay of all layers.

well separated from the background (see Figure 1A). In contrast,
the higher value of o applied on the red layer alleviated
conspicuous discontinuities stemming from the staining of
macrophages. Blurring helped bridging these discontinuities
in macrophage boundaries and consequently improved the
subsequent segmentation. Preprocessing of the blue layer,
which exclusively indicated non-phagocytosed conidia, was not
required, because segmentation was not applied to this layer. The
calcofluor white signal, represented by the pixel intensities in this
layer, was used for classification of conidia as phagocytosed or
not. Figures 3A,B, 4A,B show the smoothing e ects on the green
and red layers, respectively; this e ect was very prominent for
macrophages in the red layer.

Segmentation

Segmentation of conidia

Segmenting conidia on the green layer comprised two
consecutive phases. In the first phase, indicated by split
point 2 in Figure 2, the image was segmented into background
and foreground (conidia candidates) using clustering-based
thresholding (Sezgin and Sankur, 2004). The threshold, T¢,
was automatically computed by a combination of intensity
histogram-based measures and homogeneity measurements
of segmented objects (Pal and Pal, 1993). An example of this
thresholding procedure is shown in Figures 3B,C. Note that the
resulting foreground objects are either single conidia, cluster
of conidia or debris, which were further distinguished in the
second phase of conidia segmentation. After thresholding, a
morphological closing operation was performed (Gonzalez
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different processes were performed, e.g., thresholding or object
classification. For the details of each split point we refer the reader to
the text.

and Woods, 2006) to avoid having background enclosed in
conidia as this is not a biologically realistic scenario. At the heart
of identifying individual foreground objects is the watershed
segmentation, which is a standard method for segmenting objects
based on seed points that lie inside the desired objects. Starting
from these seed points, it can be imagined that the intensity
landscape is flooded with water filling up each object until it
meets water from another object. At locations where water from
di erent basins meets, a dam is placed that separates individual
objects from each other and by that yields their segmentation
(Roerdink and Meijster, 2001). In our case, seed points for each
foreground object were obtained by first applying a distance
transform (Fabbri et al., 2008) to the local maxima in the
intensity landscape.

In the second phase, a foreground object was considered to
be a cluster if its area, A; > AZ’;"”: 275 px, otherwise it was
considered to be a single conidium. To split a cluster into single
conidia, we iteratively applied the distance transform (Fabbri
et al., 2008) on the cluster to obtain seed points that were then
used in the subsequent watershed (see Figure 3E). The seed
points were chosen to be the local maxima obtained from the
distance transform. Each time before watershed segmentation
was carried out, the considered cluster was shrunk to facilitate
segmentation of individual conidia. The shrinking procedure
was realized by discarding pixels from the old border that have
intensity below a given threshold. Before watershed segmentation

was applied, all clusters were shrunk with threshold T‘ffl‘;b:]i =40

and after that, individual clusters were handled by initializing
Tirmk as the minimal intensity of a specific cluster under
consideration. The individual threshold was iteratively updated
by 79 .. «— T9.. + Iinc where I, = 10 was set
during the engineering process. The iteration for splitting clusters
into single conidia stopped when all segments in the original
cluster had area A; < A’C’;i”. The shrinking procedure was
required to enhance the performance of watershed segmentation
with regard to (i) identifying single conidia in clusters and (ii)
correcting for a single conidium that was previously erroneously
identified as a cluster. In the first case, the shrinking supported
the determination of the borders of single conidia, which was
necessary to identify suitable seeds for watershed segmentation.
The shrinking excluded halos and reflections, which were
especially strong for large clusters, and yielded seeds located on
the actual conidia. Without shrinking, some seeds would have
been placed with high likelihood on halos and reflections, which
would lead to over-segmentation of a cluster. In the second
case, the object was reduced in area below the threshold Ag"”.
This procedure corrected for single conidia with areas above
AZ;"” that can occur due to a halo caused by reflections or due
to another out-of-focus conidium in its close proximity. The
iteration automatically stopped when no objects were classified
as clusters.

Image objects with area A, < A™" = 100 px, or roundness
p > p** = 1.2 were discarded, because the engineering process
revealed that these were most likely artifacts. Here, roundness
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FIGURE 3 | Pre-processing and segmentation of conidia. (A)
Original scene showing a cluster of conidia and an isolated conidium.
(B) Scene after pre-processing with a Gaussian filter. (C) Scene after
thresholding into background and foreground indicated by magenta

borders. (D) Distinguishing the foreground between clusters (cyan) and
single conidia (magenta). Segmentation of the cluster into smaller
clusters and finally single conidia after (E) the first and (F) the third
iteration.

was measured as p = €™9* —g™i" where %" is the major radius
of the smallest enclosing ellipse of image object v and € is the
minor radius of the largest ellipse enclosed by v. Accordingly,
p € [0,00) and for p = 0 the object has a perfectly circular
shape. Additionally, image objects of mean green intensity I, <
I;""” = 20 were also discarded, because they were in fact out
of focus. Moreover, image objects were discarded if the ratio of
the long over the short main axis was bigger than 2. The iterative
segmentation and exclusion of debris were the processes of split
point 3 in Figure 2. An example for the segmentation of conidia
in a cluster is shown in Figures 3D-F.

Segmentation of macrophages

The antibody-stained macrophages in the red layer were
segmented in a way similar to the segmentation of conidia
although three distinct phases had to be distinguished in
this case: (i) thresholding, (ii) watershed segmentation and
(iii) morphology-based macrophage identification. Firstly,
the preprocessed layer of macrophages was segmented into
background and foreground (split point 4 in Figure 2) using
an automatic threshold applied to the preprocessed layer. This
threshold was multiplied by a factor f = 0.3 in order not
to lose any macrophage signal, as shown in Figures4B,C.
The resulting background with intensity below threshold
consisted of regions in-between and outside macrophages,
as well as areas inside the macrophages. The thresholded
foreground consisted of macrophages and possibly adjacent
background with pixels of high intensities due to halo e ects
and smoothing. Next, background segments enclosed by
foreground segments were merged into the foreground.

This ensured that the application of watershed segmentation
performed well, because the intensity minima in these enclosed
segments were used as seeds for watershed segmentation (see
Figures 4C,D).

Secondly, the foreground had to be divided into regions
corresponding to individual macrophages or unwanted
background. To achieve this we applied an edge detection
filter and then smoothed the foreground with a Gaussian filter
of width ¢ = 9 px and applied watershed segmentation (see
Figures 4E,F). Finally we identified the segments given by
watershed segmentation as either macrophages or background.
We could distinguish between two types of background segments
according to their positions: macrophage-adjacent background
segments that are bordering the background determined
in the thresholding phase of segmentation and background
segments that were completely enclosed by macrophages and
had no contact with the background of the first phase. All
macrophage-adjacent background segments were merged
with the background from the thresholding, see Figure 4F.
However, the enclosed background segments could not be
classified in this way, because they had no contact with the
background of the thresholding and determining whether these
were macrophages or background required morphology-based
macrophage identification using a rule-based classifier. The
macrophage identification rules were based on the object’s shape
and brightness. The brightness 3 is the average intensity over the
object’s pixels and we consider the shape properties roundness p
and shape index ¢. The shape index describes the smoothness of
an object border and is defined as ¢ = b,/(4v/P,), where b, is
the border length of image object v and P, is the number of all

Frontiers in Microbiology | www.frontiersin.org

June 2015 | Volume 6 | Article 549 | 190


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Kraibooj et al.

Image-based quantification of phagocytosis assays

FIGURE 4 | Preprocessing and segmentation of macrophages. (A)
Original scene showing macrophages. (B) Scene after pre-processing with a
Gaussian filter. (C) Scene after thresholding into background and foreground
indicated by yellow borders. (D) Scene after merging the background enclosed
by foreground into foreground. (E) Scene after edge detection and application
of a Gaussian filter. Scene after (F) application of watershed segmentation and
(G) merging of surrounding border foreground into background. (H) Scene
after region growing enabling classification into individual macrophages.

pixels forming this object. This implies ¢ € [1,00)and ¢ = 1
indicates perfectly smooth borders. Together with the roundness
p, these three macrophage features are considered separately as
well as in various combinations to achieve optimal segmentation
results. Note that we are considering two separate populations of
segments when applying this ruleset, namely segments that are
in contact with the image border and those which are not. For
segments in contact with the border the measures have di erent
thresholds when deciding whether they are macrophages or
background.

The borders of the resulting macrophage segments are mostly
located at the inner borders of macrophages in the image (see
Figure 4G). To obtain the outer border we apply a region
growing algorithm that first is expanding the border a fixed
number of pixels in the radial direction. The engineering process
revealed that two pixels was a suitable value for this growing
process. Subsequently the region was grown pixel-wise in the
radial direction until a step was made with an intensity drop
by more than 30%. The growing process was restricted by a
roundness condition preventing the macrophage segment to be
extended into neighboring macrophages. This condition was

expressed by the roundness p;, < p,, + 0.01, where py, is the
initial roundness and p;;, is the roundness after growing. Finally,
macrophage segments with area A,, below the threshold value
Amin — 2400 px were discarded because these did most likely
represent artifacts (see split point 5 in Figure 2). Examples of final
segmentation results are shown in Figure 4H.

Classification

The segmentation of image objects was followed by their
classification. In particular, for each conidium we had to
determine whether or not it was phagocytosed, and if not
phagocytosed whether or not it was adherent to a macrophage.
To distinguish between phagocytosed and non-phagocytosed
conidia, we exploited the information provided from the
di erential staining of conidia. For each conidium, the number
of calcofluor white signal was measured by computing the
average blue intensity, 1°%#¢, where a lower (higher) value than
the threshold intensity T?%¢ indicated that the conidium was
phagocytosed (non-phagocytosed) (split point 6 in Figure 2). By
validation of the automated image analysis in comparison with
a manual analysis, we inferred that T?™¢ = 37 is a suitable
threshold value.

Next, for non-phagocytosed conidia, we di erentiated
between adherent and non-adherent conidia based on the
relative position of conidia and macrophages (see split point 7 in
Figure 2). To this end we computed the relative common border,

Y — Z:meNc b(C, I’I’l)

=T
with b(c, m) the length of the common border for objects
¢ (conidium) and m (macrophages). N. denotes the set of
neighboring macrophages m relative to the conidium ¢ and
b. denotes the border length of this conidium. It follows that
Y e [0, 1], where ¥ = 0 implies that no common border
exists between the conidum and a macrophage. In this case
the conidium was not adherent to macrophages, whereas for
¥ >0 the conidium had some common border with at least one
macrophage and was therefore considered as being adherent.
Moreover, we could use this equation to associate a specific
conidium with a specific macrophage. A typical example of an
image after performing classification is shown in Figure 5.

In close analogy to the above procedure, we could distinguish
between an isolated conidium and conidia that occurred in
aggregates. In this case, ¥ was computed among conidia and it
was checked for common boundaries among them.

Statistical Analysis

We performed statistical tests to evaluate the statistical
significance of our results using the Wilcoxon rank-sum test
(Wilcoxon, 1945) and indicated the range of the p-value by
n.s. for non-significant (p > 0.05), = for p < 0.05, *x for
p < 0.01, and *xx for p < 0.001. Distributions of data
points were represented by notched box plots (Krzywinski and
Altman, 2014) representing the mean value (star), the median
(horizontal line), boxes containing 25% of data points above
and beyond the median, whiskers excluding 2% of data points
above and beyond as possible outliers. Notches represent the
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FIGURE 5 | Final image analysis result of the scene in Figure 1. (A) All
conidia and (B) conidia after classification as being phagocytosed (green
border) or non-phagocytosed (magenta border). (C) Segmented
macrophages. (D) Overlay of all image layers showing the final result of image
analysis.

95% confidence interval for their respective medians (Chambers,
1983).

Results

In this section, we first present results on the validation
of the algorithm for the automated image analysis, which
was done separately for macrophage segmentation and
conidia identification, i.e., involving their segmentation
and classification. Next, we provide the results from the
quantification of the images in terms of the distribution of
conidia over macrophages. Finally, the phagocytosis of conidia
as well as their aggregation were quantitatively evaluated.

Automated Image Analysis Algorithm Reaches
High Performance Measures

We validated our algorithm for the automated image analysis
by comparison with an analysis that was carried out manually.
To this end, a set of 24 images—i.e., 20% of the total number
of images—were chosen randomly, such that each technical
replicate was represented by three images. The visual inspection
by experts was considered to be the ground truth, and the
notions true positives (TP), false positives (FP) and false negatives
(FN) were used accordingly to compute standard performance
measures for binary classifications. The sensitivity is defined by

s TP
" TP+ EN’

whereas the precision is associated with the ratio

TP
P=——
TP + FP

and the accuracy is given by

= TP
" TP+ FP+FEN’

where we set true negatives (TN) equal to zero, because these
cannot occur in the current setting. All three performance
measures can take values between 0 and 1, where high values
indicate high performance with regard to the respective measure.
The validation of macrophage segmentation as well as the
identification of conidia revealed high performance measures
and the results are summarized in Table 1.

In the case of macrophages, TP are the number of correctly
segmented macrophages, FN are those that were erroneously
considered to be background, whereas regions of background
that were identified as macrophages are FP. FP arise from
background regions in-between macrophages that happened to
have shapes with roundness and shape index similar to actual
macrophages. On the other hand, FN arise from macrophages
that were not detected by the algorithm because of highly uneven
staining and/or low integrity of the macrophage boundary,
or because the roundness and shape index were similar to
background segments, which can occur when a macrophage is
partially covered by another macrophage.

The identification of conidia refers to the combined process of
conidia segmentation and classification. In particular, we focused
on the classification of phagocytosed vs. non-phagocytosed
conidia. Thus, TP are the number of conidia which were
correctly segmented and classified as either phagocytosed or
non-phagocytosed. The conidia that were falsely identified—i.e.,
either erroneously segmented as conidia or falsely classified—
were counted as FP, whereas FN are conidia that were missed at
the level of segmentation.

In passing we note that we checked the technical and
biological replicates of images for the MOI. In the experimental
protocol, where the MOI was initially set to 7, several washing
steps were required that a ect the number of conidia relative to
the number of macrophages. This loss of non-phagocytosed and
mostly non-adherent conidia could not be avoided, however, we
checked that the ultimate MOI was comparable in the images and
found 2.42 £ 0.64 for the wild-type ATCC strain and 2.26 £ 0.76
for the CEALO strain.

Distribution of Conidia Over Macrophages Yields
Full Quantification of Image Data

We exploited the segmentation of macrophages to study
the distribution of phagocytosed and adherent conidia over
macrophages and the correlation between them. In Figure 6
the probability distribution of macrophages as function of the
number of adherent and the number of phagocytosed conidia
is shown. This distribution contains the full information about
the phagocytosis seen in the images. Already at this stage,
qualitative di erences between the strains when confronted
with macrophages were detected. For example, comparing
adherence of conidia to macrophages, it was observed this
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occurred less frequently for the strain CEA10 than for ATCC.
Approximately 25% of the macrophages had three or more
adherent CEA10 conidia while more than 35% had three
or more adherent ATCC conidia. Conversely, about 80% of
the macrophages confronted with the ATCC strain did not
phagocytose, whereas approximately 60% of the macrophages
did not phagocytose when confronted with the CEALO strain.
This tendency yielded the qualitative information that immune
cells responded more vigorously to CEA10 than to the ATCC
strain. By summing the two-dimensional distribution along its
individual axes we obtained the distribution of phagocytosed
conidia and the distribution of adherent conidia (see Figure 7).
These distributions confirmed the impression from Figure 6 as
the distribution of adherent conidia for ATCC was clearly shifted
to higher conidia numbers compared to CAE10 (see Figure 7A),
while the opposite was found in the case of phagocytosis (see
Figure 7B).

Quantification of Phagocytosis Events Can Be
Studied from Different Viewpoints

In previous studies, di erent scalar measures were used
to quantify the phagocytosis process, which was partly a
consequence of the fact that not all cells and interactions could

TABLE 1 | Validation of conidia identification and macrophage
segmentation.

Process Number TP FP FN S[%] P[%] A [%]

1130
2745

1091 39 58 949 965 918
2697 48 76 97.2 982 956

Macrophage segmentation
Conidia identification

Macrophage segmentation: true positives, TP, denote correctly segmented macrophages;
false positives, FP, denote objects erroneously segmented as macrophages; false
negatives, FN, denote macrophages missed in the segmentation. Conidia identification:
true positives, TP, denote correctly segmented and classified conidia; false positives, FP,
denote conidia that were falsely identified; false negatives, FN, denote conidia missed at
the level of segmentation.

be resolved (Sano et al., 2003; Mech et al., 2011; Kraibooj et al.,
2014). We here present a comprehensive collection of various
measures and compute them for comparison, i.e., from either the
viewpoint of conidia or macrophages or from a combination of
both viewpoints.

The conidia point of view is represented by the phagocytosis
ratio that compares all phagocytosed conidia to all macrophage-
associated conidia,

thag

b

NP 4 Nadh

Here, th“g denotes the number of phagocytosed conidia and
N s the number of adherent conidia. It should be noted
that this viewpoint intentionally neglects conidia that were not
phagocytosed and not adherent to macrophages, because those
conidia may have never been in contact with macrophages during
the experiment. The phagocytosis ratio for the two strains is
compared in Figure 8A, where the di erence in phagocytosis,
which was qualitatively discussed based on the distributions in
Figures 6, 7, was tested for statistical significance.

The macrophage point of view is expressed by the uptake
ratio (Sano et al., 2003), which is the ratio of phagocytosing
macrophages to all macrophages,

anhag
¢ =
m N,,

where N’,;f’“g denotes the number of phagocytosing macrophages
and N,, the total number of macrophages. Figure 8B shows the
uptake ratio for both strains. Although the phagocytosis ratio and
the uptake ratio give a good idea about phagocytosis events in
experiments, the picture is more complete when studying the
mutual e ect of both points of view. For this, the phagocytic
index,

ATCC

CEA10

No. phagocytosed conidia
S w N - o

v

0 1 2 3 4 5
No. adherent conidia

and CEA10.

24 %
21 %
18 %
15%
12%
9%
6%
3%
0 1 2 3 4 5

FIGURE 6 | Two-dimensional probability distributions of adherent and phagocytosed conidia over macrophages for the two A. fumiatus strains ATCC

Normalized number of macrophages [%]

No. adherent conidia
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sym
i

(C) Phagocytic index ¢;. (D) Symmetrized phagocytic index ¢.

FIGURE 8 | Comparison of phagocytosis measures between the two A. fumiatus strains ATCC and CEA10. (A) Phagocytosis ratio ¢c. (B) Uptake ratio ¢m.
. See the text for details.

We performed a rigorous validation of the algorithm and
obtained high performance measures for the overall sensitivity
(96.6%), precision (97.8%), and accuracy (94.5%), which are
reasonable values in the light of the high variation of image
objects. We identified the main source of errors to be the
similarity in shape and intensity properties between image
objects and background regions. For example, this concerned
background regions that were completely surrounded by
macrophages or conidia, or macrophages that were of too low
signal as a result of insu cient staining, or clusters with slightly
superimposed conidia that could not be correctly identified
because of their e ectively smaller cluster size.

Algorithms for the automated image analysis of confrontation
assays, especially in the context of fungal pathogens interacting
with immune cells, have been developed before (Mech et al.,
2011, 2014; Kraibooj et al., 2014; Schéfer et al., 2014). The
most important progress of the novel algorithm presented here
concerns the successful segmentation of macrophages. This was
not achieved previously, because it was complicated by the
occasionally interrupted staining of the macrophage surface, but
is a necessary prerequisite for the comprehensive quantification

of these phagocytosis assays. Thus, having achieved this crucial
progress in the present work, the task of quantifying this type
of phagocytosis assays was now comprehensively solved, because
spatial and functional information on the interaction between all
cells in the assay is now accessible. For example, we demonstrated
that macrophages involved in the phagocytosis process can be
detected and whether macrophage-associated conidia were really
phagocytosed or just adherent. This enables building up a two-
dimensional distribution of conidia over the macrophages from
which other measures describing the immune response can be
derived.

Interestingly, di erent measures have been proposed for the
guantification of biological processes such as phagocytosis events.
Taking either the viewpoint of the pathogens or the immune
cells, we here computed the phagocytosis ratio ¢. (Mech et al.,
2011; Kraibooj et al., 2014) and the uptake ratio ¢, (Sano et al.,
2003), respectively. A guantity that combines both viewpoints is
commonly referred to as phagocytic index ¢; (Sano et al., 2003),
for which a symmetrized measure 6" = ¢, - ¢,, was proposed
here. Obviously, all these measures will provide di erent absolute
numbers and can be used in the comparison of di erent strains.
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More importantly, they have to be interpreted with some care,
which is in particular true for the measures with the combined
viewpoint. This is a consequence of the fact that these measures
involve a multiplication of two factors. For example, as can be
easily demonstrated for the symmetrized phagocytic index, a
high value of the phagocytosis ratio ¢. and a low value of the
uptake ratio ¢,, yield a value for ¢ that can be identical for
low ¢, and high ¢,, and by that masks important di erences in
the underlying biology. Therefore, we conclude that, rather than
representing the immune response by a single scalar measure,
interpretation of the confrontation assay should be inferred from
a comparison of the distribution of pathogens over immune cells.
If the confrontation assays contain more than two di erent cell
types, the distribution can be extended to higher dimensions as
long assu cient data are available.

In the present study, conidia of strain CEA10 showed a
significantly higher phagocytosis ratio than ATCC. This was not
only confirmed for the viewpoint of conidia by the phagocytosis
ratio and of macrophages by the uptake ratio, but also by the
combined viewpoint of conidia and macrophages in terms of

the phagocytic index and the symmetrized phagocytic index.
From the quantities of these measures, it can be concluded
that the experiments were neither limited by the saturation of
macrophages with phagocytosed conidia nor by the depletion of
non-phagocytosed conidia. Thus, the significant di erences in
all measures indicated that the process of conidia recognition
and uptake was generally more e ective for CEA10 than for
ATCC. In particular, this could be concluded from the fact
that not only the percentage of phagocytosed conidia was
higher for CEA10 than for ATCC, but also the percentage of
phagocytosing macrophages. The conclusion that the initiation
of phagocytosis was less e ective for ATCC was also in line
with the observation that the number of ATCC conidia that
were adherent to macrophages were higher compared to CEA10
conidia. Furthermore, we could exclude that di erences in the
phagocytosis of conidia were due to the aggregation of conidia,
because no significant di erences in the aggregation ratio were
observed for the non-adherent conidia of the two strains.
Previous studies on an embryonated egg model and in mice
showed that CEA10 was more virulent than ATCC (Jacobsen
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et al, 2010; Heinekamp and Brakhage, 2012). The question
remains if the di erence in virulence is directly correlated to
the observed di erence in phagocytosis ratio. In a similar study
on Lichtheimia corymbifera it was also shown that a more
virulent strain was more e ectively phagocytosed (Kraibooj et al.,
2014). In case the spores are able to inhibit killing after being
phagocytosed they could use macrophages as a survival niche and
escape from the phagocyte by germination (Amin et al., 2014).
However, further experiments would have to be performed to
prove this hypothesis.

We expect that our novel algorithm for fully automated
image analysis will be of importance in future research for
several reasons. Firstly, it paves the way for comparative
high-throughput screening of mutant collections and their
comprehensive quantification. Secondly, the algorithm is
generally applicable to assays of cells with close-to circular
morphology and can be straightforwardly extended to assays
for more than two di erent cell types. Thirdly, the results
achieved here form a quantitative data base for the development
of mathematical models that enable realistic simulations of
biological processes on the computer. Image-based systems
biology is a modern field of research (Medyukhina et al., 2015)
and has a plethora of applications, for example, providing
image-derived techniques for di erentiating between cell
colocalization and random positioning of cells (Mokhtari
et al, 2015) or simulating virtual infection models for A.
fumigatus infection (Tokarski et al., 2012; Pollmécher and Figge,
2014).
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