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Abstract

The dynamics of in-host infections are central to predicting the progression of natural infections and the effectiveness of
drugs or vaccines, however, they are not well understood. Here, we apply food web theory to in-host disease networks of
the human body that are structured similarly to food web models that treat both predation and competition
simultaneously. We show that in-host trade-offs, an under-studied aspect of disease ecology, are fundamental to
understanding the outcomes of competing viral strains under differential immune responses. Further, and importantly, our
analysis shows that the outcome of competition between virulent and non-virulent strains can be highly contingent on the
abiotic conditions prevailing in the human body. These results suggest the alarming idea that even subtle behavioral
changes that alter the human body (e.g. weight gain, smoking) may switch the environmental conditions in a manner that
suddenly allows a virulent strain to dominate and replace less virulent strains. These ecological results therefore cast new
light on the control of disease in the human body, and highlight the importance of longitudinal empirical studies across
host variation gradients, as well as, of studies focused on delineating life history trade-offs within hosts.
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Introduction

The future of infectious disease control is threatened by the
growing frequency of evolutionary responses of pathogens to
antibiotics, anti-viral therapies, and vaccines [1,2]. Some ‘imper-
fect’ or ‘leaky’ vaccines [3] allow the pathogen the opportunity to
evolve, potentially leading to either increased virulence (e.g.
Marek’s disease, [4]) or increased prevalence of non-target strains,
known as strain replacement (e.g. 7-valent pneumococcal conju-
gated vaccine [5]). These challenges have led researchers to adopt
new approaches that move beyond the basic biology of infections.
Most notable are the studies of the kinetics [6,7] and of the
evolutionary biology of infections [8,9]. These approaches
distinguish themselves by describing interacting strains and
immune cells as dynamical systems, and are used to understand
persistence and virulence. This research, therefore, is closely
aligned with classical food web research, which seeks to un-
derstand the persistence of whole ecological communities.

Though the need to untangle in-host ecological interactions is
increasingly recognized [10-12], ecologically inspired empirical
studies are not yet common, particularly for infectious diseases that
affect humans. In contrast, ecology is part of the backbone of
theoretical approaches to in-host studies because the original in-
host models sprang from classic population ecology [13]. The
analogy is that the immune system effector cells (e.g. cytotoxic T-
cells, C'TL, or B cells) target the invading parasite population in
a similar fashion to predators consuming prey (e.g. CTL destroy
infected cells). Consequently, most in-host models in the literature
are Lotka-Volterra-like systems (for a review see [14]).
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The analogy can be furthered to view the entire body as an
ecological environment in which pathogens, host resources and
immunity form networks of interacting populations that are
analogous to food-webs [15-17]. In a rare example of this
extended analogy, Pedersen and Fenton [16] broke down the
entire in-host parasite-host system into community networks
according to regions of the body, and argued cogently that further
understanding in disease control would require the development of
a strong multi-species approach. Similarly, Smith and Holt [18]
emphasized the idea of the host as the environment for pathogen
growth and competition. One approach to uniting these earlier
efforts, and one taken in ecology, is to derive a theory for
important sub-systems (modules) as a function of changing
environmental conditions.

Much recent food web research uses food web modules, multi-
species extensions of pair-wise interactions between consumers and
resources (Fig. 1). These modules, or “motifs” in network theory,
are sub-networks used to probe the dynamical behavior of larger
ecological communities [19] (see Box S1 for review of modular
theory). Though modules (Fig. 1i-iv) are regularly found in
infectious disease studies (e.g. immune-mediated apparent com-
petition, [20,21], Fig. 1ii, and model 3), surprisingly, a modular
theory of in-host systems is not yet developed. Modular food web
theory has found that species persistence depends on the topology
of the web, as well as the strength of these interactions [22]. This
suggests that to understand persistence, variation in disease
burden, or strain dynamics in the human body, we need to
identify the main players in the ecological network (e.g. which cells
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Figure 1. Common community modules in both free-living and in-host systems. P=predator (e.g. carnivore), C=competitor (e.g.
herbivore) and R=resource (e.g. plant species). Modules: (i) Single-chain (ii) Apparent competition (iii) Resource competition (iv) Diamond (v)
Intraguild predation, (vi) Modules are sub-webs of a larger web of all interacting host cells and coinfecting parasites.

doi:10.1371/journal.pone.0048812.g001

or cytokines fight a particular infection) as well as the relative
strengths of the interactions.

Life histories of species in a community play an important role
in food web dynamics. Interestingly, life history trade-offs often
mediate the strength of interactions between species. As an
example, let us consider species interacting in the diamond food
web module (Fig. 1iv) , where the intermediate consumers (C; and
Cl) are under both predation and competition pressure (Fig. liv).
Ecologists have regularly found trade-offs between competitive
strength (i.e. growth) and the ability to avoid predation, such that,
fast growing, highly competitive organisms put little energy into
defenses, while slow growing, weak competitors heavily invest
energy into defense mechanisms. It is well known that this trade-
off can yield coexistence [20]. Like their ecological counterparts,
“in-host trade-offs” should arise because energy and time limit the
replication and development of the parasite, and limit the
production of immunity defense strategies.

While an important trade-off between virulence and trans-
mission is thoroughly explored in disease research [14],
examples of empirical in-host trade-off studies are surprisingly
few, and we know of only one such virus study. De Paepe and
Taddei (2006) found that the mortality rates of bacteriophages
were positively correlated with multiplication rates, thus showing
that the reproduction-and-survival trade-off also acts on viruses.
They argued that the cost of having higher multiplication rates
led to the production of more unstable virions because the
thickness of the capsids and the density of the packed genomes
were compromised [23]. Clearly, other in-host trade-offs ought
to exist, and below we make theoretical arguments that suggest
focused empirical research on in-host trade-offs can importantly
delineate the abiotic conditions within the human body that
drive either the dominance of virulent, or non-virulent, strains.

Finally, the application of drugs and vaccines clearly resonates
with a major area of interest in food webs which is concerned with
the implications of press (continuous) and pulse (discrete)
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perturbations on whole ecosystems [24,25]. Drugs and vaccines
effectively alter the strength of in-host web interactions by
decreasing resource use or increasing pathogen visibility [26]
and by boosting the ability of the immunity effector cells to quickly
attack the infection, respectively. In an ecological sense, these
control methods are strong perturbations, and it is interesting to
note that they are often introduced without consideration of the
environmental conditions and food web structure inside the host.
A timely example of the introduction of vaccines without a clear
picture of strain interactions and in-host ecology occurs in Human
Papillomavirus (HPV). The strain-specific HPV vaccines target the
two most virulent types (synonymous to ‘strain’), and they provide
some cross-protection against a few antigenically similar types
[27]. We considered how ecological understanding from the
framework presented here could help explain HPV vaccine
efficacy.

In what follows, we first revisit food web theory to show that
changing environmental conditions modify the outcome of
competition in predictable ways. We then extend this theory by
considering the diamond food web module (Fig.1iv and model 2)
within a disease framework. The diamond module ought to be
common in hosts given that in localized regions of the body
pathogens regularly share resources (cells) and often share
a common predator (adaptive or innate immune responses [28]).
With this viral dynamics food web module (model 2), we then look
at how in-host life history trade-offs mediate competition and the
disease burden between virulent and non-virulent strains across
a gradient in host conditions. We end by analyzing the diamond
and apparent competition modules (models 2 & 3) in different in-
host environmental conditions, each constrained by empirically-
estimated parameter sets and find that the results are remarkably
consistent, which emphasizes the generality and plausibility of
these results.
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Results

Historical Results: Food Webs Across Changing
Environmental Conditions

Species coexistence, or dominance, depends greatly on
environmental context. To illustrate this, we review a well-known
result from ecological theory that considers a trade-off between
growth and predation defense across a range of environmental
productivity (Fig. 2A). For low productivity, the high growth
species, (7, is able to suppress the common resource, R, to a point
where the slow growing competitor, C», has negative growth rates
(i.e. it has lower R* sensu [29], see Box S1). This leads to the
dominance of the species with the fast growing strategy and the
exclusion of the slow growing species, because, at low productivity,
there is only enough energy to maintain a low density of predators
(Fig. 2A.1). However, at intermediate productivity, both species
coexist as predator densities are now elevated enough that the
predator consumes the faster growing species (7, to an extent that
allows the slower growing, well-defended species, (s, entry into the
community (Fig. 2A.i). At higher productivity still, the well-
defended strategy dominates as predation increases to such an
extent that the fast growing, highly consumed, species is decimated
(Fig. 2A.iii).

In summary, life history trade-offs mediate the strength of the
interactions between populations of the community. Here, the
slower growing competitor is a weaker consumer of the common
resource but is also weakly consumed by the predator (i.e. the weak
chain; Fig. 2A.i, R-Cy-P chain), while the faster growing
competitor is a stronger consumer of the common resource but
also strongly consumed by the predator (i.e. the strong chain;
Fig. 2A.i, R-C|-P chain). This growth-defense trade-off, then,
couples a weak food chain and a strong food chain. Therefore,
under changing environmental conditions, trade-offs like these,
mediate competitive outcomes in predictable ways (i.e. context
dependence). This context dependent result pushes us to ask an
interesting, if simple, question for disease ecology. Can we expect
the individual abiotic conditions of the human body to also play
a fundamental role in mediating the dominance, or not, of virulent
disease strains? We examined this within a viral disease food web
framework, with the hope that this gradient idea leads to
predictable dynamical outcomes (Fig. 2B) as they do in free-living
food webs (Fig. 2A).

Disease Food Webs and Life History Trade Offs

To explore how the strength of an in-host trade-off influences
competition between strains, we performed simple numerical
experiments by varying a trait involved in a given trade-off such as
the mortality rate (decay rate) of the virulent strain and followed
a given property of the dynamics (e.g. the equilibrium densities) of
the strains as a response variable (see Fig. 3A for a schematic). We
focused on the reproduction-and-decay trade-off [23], though
results of another in-host trade-off is in the Supplementary
Material (T'ext S1). In the parameter space considered, the full (1)
and diamond models (2) gave nearly identical results (not shown)
only the diamond model (2) does not output viral loads. However,
a more formal analysis of these two models would be needed to see
if and when the similarity in dynamical behaviour between models
breaks down. This implies that the two-strain viral dynamics
model behaves like a diamond module, therefore, consideration of
the diamond module ecological literature should be of interest to
those investigating viral strain competition. The plots presented
here are of the full model (1) because discussion of viral loads, the
main measurable quantity of infections, is best for empirical
comparisons.
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As expected from modular theory, the results suggest that trade-
offs may be extremely powerful in mediating the dominance or
coexistence of virulent and non-virulent strains (or less virulent),
regardless of whether the infection was chronic (Fig. 3B) or acute
(Fig. 3C). Clearly, there is little cost to higher reproduction rates
until the decay rate of the virulent strain is greater than the less
virulent strain (i.e. to the right of the dotted lines in Fig. 3B and C).
Varying the strength of the trade-off gave a common sequence of
events: virulent dominance, coexistence, and non-virulent domi-
nance. In the case of HIV, the dominance of the strains switches as
the strength of the trade-off changes without passing through
coexistence (Fig. 3B; no grey region) but in the acute infection
case, the coexistence region comes first and then enters into non-
virulent dominance (Fig. 3C). See Supplementary Material for
conditions that give coexistence (Text S1, Iig. S1 and S2) and for
another example of this sequence of outcome events as the
strength of the reproduction-and-lytic-effect trade-off is increased
(Fig. S3). These results, then, are consistent across different viral
empirical parameter sets. Also, given that the strength of life
history trade-offs alter coexistence, it becomes interesting to also
consider how life history trade-offs interact with changing host
conditions to alter coexistence.

Disease Food Webs and Changing Host Environmental
Conditions

We considered how smoking, a host behavior that changes
abiotic in-host environments, can be a potential environmental
gradient across which in-host disease ecology can vary. Figure 4
A.i shows how smoking can affect the outcome of hosts infected
with two HPV types. The non-smoker line indicates where the
virion decay rate of HPV-16, u;, is within a non-smoker. Because
smoking impairs the ability of antibodies to neutralize free virions
[30], then the smoker host is necessarily to the left of the non-
smoker (the exact quantity is not known only the direction) and so
the smoker experiences higher viral loads because more virions are
able to infect cells (Fig. 4 A.i). The result in Fig. 4 A1 was fairly
robust because the qualitative results were not affected by
including either impaired CTL attack or suppression of LC, but
differential C'TL killing rates did. For example, if the CTL killing
rate of HPV-16 infected cells is more impaired by smoking (i.e. p;
< po), then the bifurcation plot is shifted to the right (not shown).
Biologically this means that HPV-16 will dominate at a higher
viral load because as the difference between the C'TL killing rates
against each strain increases, the biologically reasonable region is
closer to the steepest region of the viral load of HPV-16 (i.e. closer
to the origin). This implies that smokers will have a much higher
viral load than is demonstrated in Fig. 4 A..

We considered another informative example, where we
assumed that the conditions in healthy hosts favored the less
virulent strain. Not surprisingly, the less virulent strain dominates
the non-smoker (Fig. 4 A.i1), however, if the same level of smoking
impairment is included we find that the system is now shifted to
a completely different equilibrium, where the more virulent strain
dominates the infection. Consequently, in such a case, smokers can
experience a dramatically different outcome in that they have
infections dominated by virulent strains. Alarmingly, the result of
a simple human behavior pushes the host to an entirely different
equilibrium that is potentially life threatening.

Finally, we considered another example of immunosuppression:
HIV infection. Here, the depletion of CTL lead to higher HPV
viral loads (a consequence of a larger number of infected cells;
Fig. 4B), which corresponds to what is known about HIV-positive
HPV infected hosts [31]. This high viral load can be increased
further with the trade-off (Fig. 4B.i), again demonstrating that
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Figure 2. Variation between hosts as environmental gradients. The different weighted arrows represent the overall interaction strengths, and
the various sized circles indicate relative densities of: shared resource, R, competitor species i, C; top predator, P, antibodies, Abs, macrophages, MAC,
cytotoxic T cells, CTL , uninfected cells, X, and infected cells by strain or species i, Y;. Similar to studies of abiotic environmental gradients studied in
ecology (A), finding patterns of dynamic behaviours and outcomes across host heterogeneities (B) could greatly improve our understanding of

variability in disease burden and what factors affect virulence and persistence.

doi:10.1371/journal.pone.0048812.g002

dynamics and in-host trade-offs could help explain clinical results
and variation of disease burden across hosts. Finally, this immune
suppression by CTL depletion gave longer transients (Fig. 4B.ii
dotted vs. solid line). In the parameter range considered, on
average the HIV-positive environment took 92 days longer for the
exclusion of one of the types (range was 9-350 days longer to
exclusion, where the longer transients were near the bifurcation).
Therefore, ecologically HPV types are transiently coexisting for
longer and so, clinically, more HPV types are more likely to be
detected than in immunocompetent infections where exclusion
happens faster.

PLOS ONE | www.plosone.org

Disease Food Webs and Disturbances: Drugs and

Vaccines

Currently cross-reactivity is the only known form of HPV type-
type interaction. The HPV community then is assuming that the
underlying in-host web is an apparent competition module
(Fig. lii). When we considered vaccination in this apparent
competition module (model 3), the in-host trade-off (varying u;)
had a similar qualitative effect, i.e. switching from Y -wins to Yo-
wins equilibrium with the same bifurcation. Nevertheless, the
infected cell equilibria are close to zero (< 1) so the oscillations of
the transients drive them to crash, and subsequently the very large
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Figure 3. Effects of in-host trade-offs on dynamical outcomes. Viral loads of the virulent strain (strain 1; blue), and of the less virulent strain
(strain 2; red). A: Example bifurcation plot. Replication-defense trade-off. As the cost of higher replication increases, transient coexistence
becomes possible (area near the edge of shaded region). If this cost is raised even higher (less investment in immune defenses; blue link becomes
stronger), then coexistence or dominance of the less virulent strain are possible. Mapped to each dynamical outcome is the corresponding module
with its respective interaction strengths and relative densities. Replication and decay trade-off in viral dynamics model: Chronic and
transient infections. HIV is plotted in B and Influenza A in C. The dashed lines indicate where both strains have identical decay rates (u; - u,), which is
where most conventional in-host models fall. However, without strain-specific measurements of viral decay rates we do not know where the system

actually lies along these plots.
doi:10.1371/journal.pone.0048812.g003

CTL population also crashes. Therefore, if you consider stochastic
effects close to zero and very strong overshoot properties of the
transients, the vaccine case in the apparent competition module
corresponds to vaccine clearance of both types via cross-protection
(Fig. 4C). However, should this cross-reactivity only assumption be
incorrect and instead the web structure is the diamond model
(which we suspect it might be), then the vaccine CTL do not
suppress the two types as much (Fig. 4D). Thus increasing the
antibody neutralization rates to vaccine levels against HPV-16
does change the outcome of the system, where now the non-
vaccine type has a higher viral load than in the unvaccinated host
(Fig. 4D). Therefore, on account of resource competition, the
slower reproducing strain is not completely cleared by the cross-
reactive vaccine and, though at low levels, now dominates the
system (a phenomenon called “type replacement”). This demon-
strates that the underlying web matters and that the unwanted
outcome of competitive release could be amplified because the
vaccine changes the in-host trade-off. It is imperative to look for
evidence of resource competition between high-risk HPV types,
regardless of their antigenic similarities.

Discussion

Here, we have extended ecological theory to show that host
abiotic environment coupled to life history trade-offs may play
a fundamental, but underappreciated, role in the dynamics of
infectious diseases. Specifically, we have shown that even modest
differences in host environment can significantly change disease
burden. Similarly, human behavior that alters environmental
conditions (e.g. smoking) has the potential to flip the in-host
ecosystem from non-virulent viral strain dominance to one
dominated by virulent strains. Interestingly, patients are asked to
stop smoking to help clear HPV infections, and this in-host
community dynamics and trade-offs framework helps interpret
why this may often work. Similarly, the results of the HIV-positive
environment captured empirically known features of higher viral
loads and more coinfection with non-HPV-16 types [32]. Our
environmental gradient analogy, then, could aid in building a more
mechanistic understanding of variation in disease burden and
clearance across different patients.

The application of food web theory to the in-host environment
can be further justified when the role of pathogens in classical
ecological food webs is considered. The parasitic strategy is
fundamentally a consumer strategy, whereby fluxes of energy and
biomass flow from the host to the parasite [33]. The in-host
environment, then, is not a completely separate system from the
larger food web. Consequently, we believe, viruses also participate
in this biomass and energy loss, though they themselves are not
cellular organisms. Because viruses cannot perform their own
metabolic processes, they hijack the host cell’s metabolic products
in order to replicate themselves. This is a redirection of energy that
the virus now uses, not the host. The immune systems’ role is to
break the link between parasite and host and stop the energy loss.
The immune system does not directly get energy or biomass from
the parasite but it indirectly benefits by the depletion of the
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parasite population because the host has more resources to
contribute to the immune system.

Ultimately, however, what food web theory offers most to
infectious disease studies is a community approach that compli-
ments the conventional reductionist approach. For instance, the
concept of meta-populations has aided developing epidemiological
theories and models of infectious diseases [34]. A true extension of
this work will be to consider populations of hosts as meta-
communities. This attempt to connect in-host ecology and between-
host ecology should help us understand how these two ecological
stages affect the evolution of infectious diseases [35].

We show here that if HPV coinfection modules are more
complex than currently expected, then the cross-protection of the
vaccines may not be as strong as expected for some types. Thus the
underlying module of the in-host community could affect
vaccination outcome, and indeed, a couple of types have been
identified as types that could potentially benefit from the vaccine,
namely HPV-33 [36], and HPV-52 [37]. Note that our results are
tempered by the fact that trade-offs experienced by HPV have not
been looked for or found. We also found that a dynamical
consequence of HIV infection was longer transient coexistence of
HPV types. This ecological result could help explain why HIV-
positive patients have more multiple infections [32]. Since HPV
types regularly coexist in the same hosts, this virus is an interesting
model to study the mechanisms of strain coexistence and in-host
trade-offs experienced by viruses.

For simplicity, we assumed that the strains do not evolve or
change phenotypes (e.g. shedding of an antigenic coat) during the
course of the infection. Nonetheless, fast evolving infectious
diseases still fit this framework. In fact, their rapid evolution
exploits life history trade-offs by changing the relative costs of
advantageous traits. One can envision that the evolutionary
change allows the system to move across these plots during the
course of an infection. Since rapid evolutionary changes affect the
important rates of the system which determine the interaction
strengths, they effectively alter dynamical outcomes. Life history
trade-offs, then, serve as a link between evolutionary changes and
the ecology of the infection.

Strains can be distinguished by a suite of traits, yet strains in
most current models usually differ only by their replication or
infection rates. Thus, a priori, these models tend to exclude cases
in which the life histories of the strains differ. As shown here,
differences in traits other than replication rates can have
measurable effects. Consequently, reasonable estimates of strain-
specific mortality rates, burst sizes, immunity evasion rates, etc., in
conjunction with knowing what in-host trade-offs exist, should
allow us to better predict and understand the outcomes of
coinfections.

Taxonomic studies, distinguish strains by their genetic differ-
ences, and attempt to piece together the evolutionary history of
their genes (example [38]). A potentially fruitful avenue of study
would be to find the ecological context in which traits are favored
by tying these genetic variations to their role in life history and in-
host trade-offs, while also searching for the costs of traits and not

just focusing on their advantages.
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Figure 4. Immune deficiency and vaccination in HPV. Viral load of HPV-16 (blue), viral load of non-vaccine HPV type (red). A:
Immunocompetent CTL response. (i) Smoking impairs the humoral response which shifts the system away from the bifurcation, resulting in
higher viral load and thus higher disease burden. (ii) Hypothetical scenario: Smoking changes the strain dominance structure, by weakening the
strength of the natural trade-off, so that the more virulent strain is dominant in the smoker. Epidemiologically, some strains would be more prevalent
in smokers than in non-smokers, and their viral loads would be significantly higher. B: HIV-positive hosts with HPV infection. Over the entire
trade-off axis the viral loads are higher (than in A) due to the depletion of the CTL population by HIV. (i) Similar to A.i, the effect of the simultaneous
suppression of the humoral system is augmented by the in-host trade-off. (ii) Example time series at u; =0.83 and u; =1.2. Another dynamical
consequence of CTL depletion by HIV is that HPV types coexist longer inside the host (differences in time till exclusion of one type). Compare
transients of dotted (immunocompetent) vs. solid (immunocompromised) curves. Vaccination. C: If stochasticity near zero is considered, then
vaccination in the immune-mediated apparent competition module leads to the clearance of both strains, i.e. cross-protection (here the curves
represent infected cells of the HPV types). D: In contrast, the diamond module, with shared resources, behaves differently. By increasing the strength
of the trade-off, the vaccine changes the conditions to favor the less virulent strain.

doi:10.1371/journal.pone.0048812.9004

For example, HPV types are either of high- or low-oncogenic
risk. This depends on their host cell transformation properties,
where their early proteins E6 and E7 work together to extend
the life of the host cell (prevent apoptosis) and stimulate cell
cycle progression [39]. This strategy appears to be advantageous
for high-risk types, because, they increase: a) the number of
infected cells without having to burst from one cell and then
find another cell to infect, and b) the viral production per
infected cell. Though, to be clear, the malignization of the host
cell (which usually happens several years later) is not what
increases viral fitness. Even though these traits appear advan-
tageous, we should also ask: what are the low-risk types good at
that would explain why they can coexist with high-risk types?
Also, is there a cost to these cell transformative traits of high-
risk types? This exemplifies that our current focus on virulent
forms limits our understanding of in-host trade-offs and
dynamics.

Future in-host models of HPV should include several features
ours did not. For example, considering the spatial nature of
HPV infection could be used to address other interesting
questions, such as, why is the distribution of HPV types in
normal mucosa different than in cancer tissue? Can ecological
aspects of the in-host environment play a role (e.g. are types
being competitively excluded over time)? Though the spatial
ecology of HPV was not considered here, the importance of
space cannot be understated. Host resources might be clumped
or sparse, and the distribution of different cell types is also
heterogeneous, therefore, other modeling methods, such as
partial differential equations or individual-based-models, may be
more appropriate for capturing these interactions and local
spatial effects [40]. Spatial heterogeneity can change the
strengths of the interactions that in well-mixed environments
are strong, and the spatial coupling of more weak interactions
can lead to more stable dynamics and less oscillations [41].
Studies of HPV in-host ecology in future models could also help
elucidate other HPV debates that could be related to resource
competition between types (e.g. do types cluster together? [42]
Or are lesions formed by only one HPV type? [43]). Our model
was a first and course attempt at addressing some of the many
interesting questions in HPV that could be tackled using this in-
host community ecology approach.

The models used here were kept simple in order to maintain
explanatory power for conceptual development. Changes to our
assumptions would lead to interesting extensions of this work.
For example, we assume the in-host environment is held
constant over the course of the infection, and yet, non-constant
environments would be very interesting to consider. Issues of
drug non-compliance, self-medication or habits that cycle could
impact in-host dynamics, much like environmental perturbations
or seasonal/periodic changes ecologists study. Another example
of an assumption change, would be to include coinfection of
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cells, which not only would affect strain-interactions [44] but
could also be considered a change in community module, one
akin to the intraguild predation module [45] found in free-living
systems (Fig. 1v). Finally, an important change to these
assumptions is finding more realistic and appropriate forms
for the rates presented here. For instance, in ecology, modes of
predation have been well characterized (functional and numer-
ical responses) but, in-host dynamic studies are yet to fully
capture and synthesize the immune cell-pathogen interaction
types. Excitingly, the field of mathematical immunology is
growing rapidly and, they are finding features that depart from
classic predator-prey interactions [46].

We propose two in-host trade-offs to be sought after in future
work. First, the reproduction-and-predation-resistance trade-off
found in free living organisms, can be envisioned as a trade-off
between reproduction-and-immune-evasion, where there is
a choice between allocating energy and resources to efficient
replication or to immune evasion methods (e.g. anti-interferon or
down-regulation of TLR) or to other mechanisms that interfere
with the immune system. Second, a trade-off between resource-
use-and-immune-evasion would be analogous to the predation risk
of foraging. In viruses, the more time spent inside host cells (even if
reproducing at low levels) increases the likelithood of being
detected by the immune system. These trade-offs might help us
understand the context under which immune evasion strategies
evolve.

Though there are features unique to in-host environments [46],
it is exciting to explore how they fit within the ecological stage in
which these systems unfold. Studies using evolutionary ecology
methods that look for in-host trade-offs in viral families infecting
humans could lead to a powerful understanding of how strains
interact. This type of viral ecology research could also help
motivate our decisions as to which interactions to strengthen or
weaken artificially using drugs or vaccines, as well as, inform as to
why some attempts fail.

With the development of more sophisticated molecular tech-
niques, probing in-host dynamics is increasingly more feasible and
studying the in-host environment as a web of interacting
populations is imminent. Studies that measure multiple popula-
tions longitudinally are crucial for grounding in-host theory. We
suggest that comparisons of in-host dynamics across a range of
hosts of a potential gradient (Fig. 2B) will accelerate our
understanding of disease burden and clearance, and will be
fundamental in our development of an ecological theory of the
human body. This in-host web theory coupled to a more static
molecular biology view of these infections will enrich and bring
together the studies of kinetics and evolutionary biology of
infections, while proving to be of enormous power in disease
control.
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Methods
Viral Food Web Models

The two-strain viral dynamics model with cross-reactive CTL
immunity|[13,47] is

dx

E :}u—dX—ﬁIXV] _ﬁZXVZ

dy,

—dl =B XVi—a Y1 —py 1 Z
1

dy.

7[2 =P XVr—arYr—p2 Y2 Z

ar,
dt
dv.
d—12 =k Yy—u V>
dz

E = Y1 Z+cy Yo Z—mZ

=kiY1—u Vy

The uninfected cells, X, become infected cells, 1;, by contact
with free virions of strain i, V}, and infected cells are killed by
CTLs, £, at a rate of p;. The uninfected cells are born and die at
constant rates, 4 and d respectively. Infected cells become infected,
B:, and die at a rate caused by the virus, g (this equals d if the virus
1s non-lytic). Free virions are produced by the infected cells by rate
k; and are cleared at a rate ; either due to decay, mucosal flushing
or antibody neutralization. The CTL population grows at a rate
proportional to the infected cell population, ¢;1;<, and the C'TLs
have a constant death rate, m.

In order to reduce this model to be more manageable we
assumed the free virion variables, 7; and V,, reach steady state
because their dynamics are much more rapid than the other
variables [44]. This reduction gives a viral dynamics model that is
analogous to the diamond module in food webs

dx
E :/"L*deﬁlIXY] 7ﬁ/2XY2
dY;
71 = XY1—aY1-p 1Z

t

2

dY, ,
T = Xa—aYr—p Yo Z

y4
% = WZ+eYrZ—mZ

where f';= % Also, model 2 can be modified to represent the
1

apparent competition module [20] by assuming the resource, X, is
constant. Therefore the infected cells, ¥}, grow at a rate, ¢ f';,
which is affected by the free virus population parameters. This
gives,

dY

TII =\ Y1—aY1—p 1 Z

dY-

th =¢f Yo—axYo—p Vo Z (3)
y4

dd_t = NWZ+eYrZ—mZ
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kib;

where f;=-I-I. We used this immune-mediated apparent
1

competition module for comparison to the diamond.

Parameters

Parameter estimates were taken from the literature. HIV:
A =397 cellseday™ ', d=0.3 day™ ", ;= B>=0.001 day™ ', k;= 1114
virionsecell” 'sday™ !, ko =600 virionsecell 'eday™", u;=3.12 day”’,
a;=a,=0.76 day” " all from[48]. Influenza A: f§,-f,-7.5x10"7
cellsslr ™", k;-0.098 !, ky—0.064 k!, us—0.105 hr?,
a;=a5=0.066 hr~ ' all from [7]. HPV: 1 =36000 cellsday™ " [49],
d=0.048 daoy~ ' [50], B;=B;=0.0067 day™" [51], ks =100 vir-
donsecell 'eday™" | ky=50 virionsscell 'sday” " [52], ur=0.52 day”’
[23], and since HPV is a non-lytic virus d =a; = a,= 0.048 day” '
[50].

Immunity against HIV: p; =po=1day” ' [53], ¢; =¢o = 0.5 day~
[54], m=0.5 day” ' [55].

Immunity against HPV: (i) Immunocompetent: p; =p, =1 day”~
[53], m=0.5 doy~' [55], and because HPV is a poor natural
immunogen and immunity against HPV types is cross-reactive at
best ¢; = 0.1 and ¢, = 0.05 day” ' [56]. (ii) Immunodeficient (HIV-
positive): p; and ¢; decreased 100 fold, while m = 5. (iii) Vaccine: p;
and ¢; increased 100 fold, while m is same as in (i).

1

1

Numerical Experiments

In order to unfold a trade-off, we assumed that the two strains
were identical, except that the virulent strain had a higher
reproduction rate. Thus, our experiment varies the cost (e.g. less
mnvestment in defenses or higher decay rate of the virulent strain)
associated with having a higher reproduction rate (schematic
Fig. 3A). Note that we start this experiment with the virulent form
experiencing a low cost (to the left of the dotted line, 4, in Fig. 3A)
and end with a significantly higher cost (past b and ¢) where now
the immunity attack rate (or decay rate) is much higher than its
competitor. We ran this analysis on the two-strain viral dynamics
model [13] (model 1 and 2) with the replication and decay trade-
off for HIV and for HPV, using parameter estimates from in-host
data in the literature. To our knowledge, we are the first to apply
this model to HPV and to compile an in-host parameter set. For
chronic infections, the stable viral loads (that are reached after
some transient time) were plotted for various values of the decay
rate of the virulent strain (Fig. 3B). To consider transient acute
infections that do not reach equilibrium, we used a model specific
for Influenza [7], and instead plotted the maximum peaks in viral
load as a response variable (Fig. 3C).

To investigate the potential role of individual host conditions,
we explored how the behavior of smoking can affect HPV type
mteractions. In HPV, smoking is known to decrease the strength of
the CTL response [57], decrease the antibody response [30,58],
and is associated with lower numbers of intraepithelial Langer-
hans’ cells (LC) in the cervix [59]. These biological implications of
smoking are specifically embedded in the two-strain diamond
model (model 2) by reducing the parameters, p; and u; which
mimic impaired C'TL and antibodies responses in the model [13].
We also considered the compound effect of impaired C'TL attack
(lower p;) and the suppression of LC (lower ¢;). The effect of HIV
coinfection with HPV was considered by similarly lowering CGTL
response and increasing its natural death rate (higher m) due to
HIV’s lytic activity.

We investigated how the introduction of the HPV vaccine
would affect a coinfection in-host community that experiences
a reproduction-decay trade-off. The vaccine targeted HPV-16
(strain 1) and weakly cross-protected against a related non-targeted
HPV type (strain 2). Since the vaccine Gardasil© boosts antibody
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response by 100 fold [60], we considered this antibody increase in
the free virus decay rate of HPV-16 (antibody neutralization is
mmplicit in %) in two modules, the diamond (with shared resource;
model 2) and in the immune-mediated apparent competition
module (without shared resource; model 3).

Supporting Information

Figure S1 Phase-plane cases. A: Competitive exclusion.
(i and ii) The black dots represent the equilibrium solution of each
subsystem (i.e. where X, 1}, < can exist together). The winner is
determined by invasion criteria, such that if the isocline of strain 7
1s above the equilibrium of the subsystem with strain j, then strain ¢
can invade but strain j cannot. Strain ¢ then, is the winner and its
subsystem equilibrium is an attractor. B: Coexistence. Here the
1soclines cross inside the two subsystem curves and both strains can
invade, thus the interior equilibrium is stable. Finally, C: Priority
Effects. The interior equilibrium is unstable therefore the initial
conditions determine who wins.

(TIF)

Figure $2 The reproduction and decay trade-off in HPV
with matching phase-planes. No coexistence. Plots (i) and (iii)
represent the phase-planes before and after the bifurcation,
respectively, and plot (if) is at the bifurcation. Parameter estimates.
HPV: 1=36000 cellday™’ [49], d=0.048 day~" [50],
B1=P1=0.0067 day~" [51], k=100 virionsecell 'eday™" | ky=50
virionsscell 'eday™" [52], up=0.52 day~" [23], and since HPV is
a non-lytic virus d =a; —a, = 0.048 dqyﬂ [50]. Immunity: p; =po=1
day™" [53], m=0.01 day™" [56], ¢;=co= 0.1 day” " [44]

(TTF)
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