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ABSTRACT Viruses spread between cells, tissues, and organisms by cell-free and
cell-cell mechanisms, depending on the cell type, the nature of the virus, or the
phase of the infection cycle. The mode of viral transmission has a large impact on
disease development, the outcome of antiviral therapies or the efficacy of gene ther-
apy protocols. The transmission mode of viruses can be addressed in tissue culture
systems using live-cell imaging. Yet even in relatively simple cell cultures, the mech-
anisms of viral transmission are difficult to distinguish. Here we present a cross-
platform software framework called “Infectio,” which is capable of simulating trans-
mission phenotypes in tissue culture of virtually any virus. Infectio can estimate
interdependent biological parameters, for example for vaccinia virus infection, and
differentiate between cell-cell and cell-free virus spreading. Infectio assists in eluci-
dating virus transmission mechanisms, a feature useful for designing strategies of
perturbing or enhancing viral transmission. The complexity of the Infectio software
is low compared to that of other software commonly used to quantitate features of
cell biological images, which yields stable and relatively error-free output from Infec-
tio. The software is open source (GPLv3 license), and operates on the major plat-
forms (Windows, Mac, and Linux). The complete source code can be downloaded
from http://infectio.github.io/index.html.

IMPORTANCE Infectio presents a generalized platform to analyze virus infection
spread between cells. It allows the simulation of plaque phenotypes from image-
based assays. Viral plaques are the result of virus spreading from primary infected
cells to neighboring cells. This is a complex process and involves neighborhood ef-
fects at cell-cell contact sites or fluid dynamics in the extracellular medium. Infectio
differentiates between two major modes of virus transmission between cells, allow-
ing in silico testing of hypotheses about spreading mechanisms of any virus which
can be grown in cell cultures, based on experimentally measured parameters, such
as infection intensity or cell killing. The results of these tests can be compared with
experimental data and allow interpretations with regard to biophysical mechanisms.
Infectio also facilitates characterizations of the mode of action of therapeutic agents,
such as oncolytic viruses or other infectious or cytotoxic agents.

KEYWORDS: infection spread, numerical simulation, hybrid modeling, multiscale
modeling, cellular automata, particle strength exchange, diffusion, convection,
advection, fluorescence microscopy, cell population, phenotypic properties
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Viruses are ubiquitous and infect all forms of life by mechanisms which are often
specific for a certain virus type. Therapeutic interventions can target the entire

virus replication cycle to either inhibit virus disease or enhance viral efficacy in
therapeutic settings, such as oncolytic virotherapy (1–6). An area of increasing interest
is virus transmission and spreading between cells. In an organism, this is a highly
complex process involving a cloud of genetically nonidentical agents and polymorphic
viruses, which enter and exit host cells (7–10). In addition, infections in organisms are
tuned by cell autonomous and nonautonomous chemical modulators and many dif-
ferent cell types, immunity processes, or mechanical factors, such as fluid flux and shear
stress (1, 11–15).

Viruses spread between cells by cell-free and cell-cell contact-dependent mecha-
nisms. This involves lytic or nonlytic egress, superinfection repulsion, syncytium forma-
tion, or combinations of such mechanisms (16–19). An example of lytic cell-free
spreading is provided by nonenveloped human adenovirus (HAdV), which has an
icosahedral capsid about 90 nm in diameter and a double-stranded-DNA (dsDNA)
genome of 36 kb (20, 21). HAdV plaques can be formed by cell-free virus, which is
subject to passive mass transfer by diffusion and/or convection. However, the velocity
field of the flow that carries viruses has remained difficult to estimate.

An example for complex cell-cell transmission phenotypes is vaccinia virus (VACV),
an enveloped brick-shaped particle 360 by 270 by 250 nm in size with a large
double-stranded DNA of ~200 kbp (22, 23). It replicates in the cytoplasm and forms two
types of infectious particle, single-membrane-containing intracellular mature virions
(IMVs) and double-membrane-containing cell-associated extracellular enveloped viri-
ons (CEVs), which upon detachment from the plasma membrane are termed extracel-
lular enveloped virions (EEVs) (24, 25). VACV transmission is enhanced by actin tails,
which result from CEV-induced back-signaling to the cell (26–29). This results in
superinfection repulsion and enhances virus spreading (19). The number of CEVs that
detach from the host cell is strain dependent. For example, the International health
department-J (IHD-J) strain of VACV is known to produce significantly more EEVs than
the Western Reserve (WR) strain (30). This feature has been measured in plaque assays
under liquid conditions, but contributions from cell-to-cell and cell-free components
have remained unknown (31).

Virus infectivity and transmission are classically measured by plaque assays in
cultured cells (32, 33). However, these assays do not distinguish between different
modes of transmission, such as cell-free and cell-cell transmission. This limitation may
be circumvented by developing computational models and reverse engineering of the
known spreading mechanisms. Here we present Infectio, a generalized software frame-
work for virus transmission modeling. Infectio provides a hybrid multiscale model to
simulate spatial dynamics of virus infections. It is a hybrid of cellular automaton (CA)
and particle strength exchange (PSE) with a fluid mechanics component and a host cell
component. Infectio models cell-free and cell-to-cell transmission features. It is imple-
mented in MATLAB and supplemented with MEX/C for increased performance.

RESULTS
Generalized modeling framework. A generic virus spreading model should be able to
simulate plaque formation by a large variety of viruses. It should simulate different
modes of transmission, including cell-free and cell-to-cell routes. Our previously pub-
lished model for cell-free virus diffusion was a hybrid of CA and partial differential
equations discretized using the PSE method (21, 34). To simulate cell-to-cell spread, we
implemented neighborhood rules in our probabilistic CA (see Materials and Methods).
We modeled the cell-to-cell spread of VACV on a descriptive level using the speed of
plaque growth as an input parameter. In this case, we largely abstracted from all
mechanisms of infectivity on the microscopic level (referred to here as microinfectivity)
and explored if other input parameters besides speed of plaque growth would have to
be considered.
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To implement mechanistic parameters in a black-box abstraction model, we built in
an option to make the speed of virus cell-to-cell spread dependent on the production
of cell-associated virus by an infected cell and on the microinfectivity of the neighbor-
ing cells. Such a detailed model can make predictions about a number of VACV
mechanisms that are currently discussed (see reference 19). The predictions from the
model may then be tested by further experimental assays to validate microinfectivity
properties.

Next, we enhanced the PSE component of our model by adding the possibility for
particles to move along a defined velocity field. This feature allows simulation of not
only homogeneous diffusion but also diffusion-advection of the cell-free virus in a
defined direction. Finally, to enhance the usability of Infectio, we developed a graphical
user interface (GUI) (Fig. 1). This interface allows one to choose specific simulation
conditions, define the output path, or monitor the state of the simulation.

Inference of convective bulk microflow properties from cell-free spreading
patterns of adenovirus. To test the ability of Infectio to simulate phenotypes of both
cell-free and cell-to-cell virus transmission mechanisms, we used published datasets of
spatial dynamics of HAdV and VACV (21, 31). To infer the impact of convective bulk
microflows, we performed spreading simulations of a replicating green fluorescent
protein (GFP)-expressing adenovirus, HAdV-C2_dE3B_GFP, and for this we used differ-
ent values of advection speed and left all other parameters invariant. We color-coded
the infection intensity states of the cells and the virus amounts over time (Fig. 2; also,
see Movies S1 and S2 in the supplemental material). The PSE simulations showed that
advection velocities between 0.1 and 10 �m/s best reproduced the characteristic
HAdV-C2_dE3B_GFP comet patterns (Fig. 2A; also, see Movie S2). Outside this range,
the microflow was either too slow, yielding quasicircular plaques, or too fast, yielding
very thin comets or low infection due to lack of virus binding to cells. An advection
speed of 0.5 �m/s, however, yielded comets very similar to those observed in micros-
copy images for HAdV-C2_dE3B_GFP (Fig. 2B).

Estimation of cell-free virus contribution to spreading of vaccinia virus. To
estimate how cell-free VACV contributes to the spread of infection, we have simulated
a combination of cell-to-cell and cell-free virus transmission conditions of different
VACV strains. The key parameters were either measured, estimated, or inferred from
published datasets of WR and IHD-J strains, and graphical outputs were compared with
phenotypes from microscopy experiments (31). We mimicked the experimental condi-

FIG 1 Graphical user interface for the Infectio software. (A) Selection of a predefined set of
parameters for simulation. (B) Selection of an output folder. (C) Simulation log output.
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tions in liquid or semisolid medium by introducing a directed advection flow of
0.5 �m/s and simulated VACV-WR or IHD-J spreading under three different conditions:
condition A, without cell-free components; condition B, with diffusion and advection
components; condition C, with diffusion but not advection flow (Fig. 3A to C).

Condition A mimicked the situation in semisolid medium under the assumption that
VACV is too large to freely diffuse in the semisolid, and plaque formation occurs
exclusively through cell-to-cell spreading (Fig. 3A; also, see Movie S3 in the supple-
mental material). As expected, both VACV-WR and IHD-J plaques were free of comet
tails or satellite plaques. The diameter of the simulated plaque at 50 h postinfection
(p.i.) was 1,092 �m for both VACV-WR and IHD-J, which is comparable to the diameters
of experimental plaques, 1,098 � 31 �m and 1,047 � 27 �m, respectively. We conclude

FIG 2 Addition of an advection term to the model simulates comet-shaped virus spreading patterns for adenovirus. (A) PSE particles
with color-coded mass representing HAdV amounts reveal the concentration field behavior at different speeds of advection. Note that
the simulation was stopped when the concentration reached the minimal infection threshold for HAdV; dashed lines show the shape
estimate of the comets. (B) Still images from a simulated time-lapse infection with an advection term: cellular patterns of HAdV-infected
cells closely resemble comets observed in microscopy. Here, advection speed was 0.5 �m/s.
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that although the simulation occurs in a simplified geometry, it reproduces the global
spatial behavior of virus infections.

Condition B mimicked the situation where spread occurs in liquid medium, and
cell-free virus is subject to advection-diffusion (Fig. 3B; also, see Movie S4 in the
supplemental material). In the case of VACV-IHD-J, a number of satellite plaques
appeared next to the initial plaque. These satellite plaques fused with the original
plaque at 50 h p.i., and this gave rise to a comet tail phenotype. No satellite plaques
were observed with VACV-WR at a scaling factor of 0.01. However, at a ratio (scaling
factor) of 0.1, satellite plaques were observed at random locations around the original
plaque (see Movie S5). We conclude that the amount of cell-free VACV-WR must be at
least 100-fold lower than the amount of cell-associated virus to account for the absence
of comet-shaped plaques.

A

B

C

FIG 3 Vaccinia virus spreading patterns simulated under various conditions. (A) Cell-free spread of virus
switched off. (B) Cell-free spread by diffusion-advection, where advection is directed north (along the OY axis).
(C) Cell-free spread by diffusion only. Note that the hexagonal shape of the simulated plaque is due the
geometry chosen for the shape of a unit cell. Circular plaques can be obtained with a more isotropic cell lattice
(not shown).
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