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hypothesized and experimentally verified that ingested TGF-g1 induces the expression of the endogen-
ous mosquito TGF-g superfamily ligand As60A. Computational simulation of these complex, cross-species
interactions suggested that TGF-$1 and NO-mediated induction of As60A expression together may act to
maintain multiphasic AsNOS expression via MEK/ERK-dependent signaling.

We hypothesize that multiphasic behavior as represented in this model allows the mosquito to
balance the conflicting demands of parasite killing and metabolic homeostasis in the face of damaging

inflammation.

© 2013 Published by Elsevier Ltd.

1. Introduction

1.1. Malaria and the role of “immunological crosstalk” between
mammalian host and mosquito vector

Half of the global population is at risk for malaria, which results
in nearly 1 million deaths annually, 86% of which are in children
(WHO. World Malaria Report, 2011). Plasmodium falciparum, the
most important human malaria parasite, is transmitted by female
Anopheles mosquitoes. Parasite development in the mosquito
begins with the ingestion of blood containing sexual-stage game-
tocytes. Mobile ookinetes penetrate the midgut epithelium
24-36 h later and transform into midgut-bound oocysts within
the open circulatory system of the mosquito. Oocysts grow and
develop for 10-12 days and then release thousands of sporozoites,
which invade the salivary glands and are released during later
blood feeding.

The mosquito is not a neutral vector of transmission, but rather
ingests blood components including immune-modulating factors
from the infected mammalian host (Akman-Anderson et al., 2007;
Pakpour et al., 2013) (Fig. 1). Ingestion of these blood components
impacts the ability of the mosquito to kill Plasmodium parasites by
altering the immune/inflammatory environment, and thus impacts
this individual outcome as well as overall transmission of malaria
infection. The impact of this “immunological crosstalk” on parasite
transmission, therefore, requires an understanding of the complex
blood-feeding interface among the mammalian host, the mosquito
and the malaria parasites that utilize both of these hosts for
biological development.

@ TGF-B/As60A receptor
A Latent TGF-B1
- A Active TGF-B1
V' Mosquito As60A
\) Malaria parasites

Fig. 1. Host-vector molecular crosstalk in malaria. Anopheles mosquitoes ingest
blood components including cytokines such as TGF-p1 upon bloodfeeding. TGF-p1,
which exists predominantly in its latent form in mammalian host blood, becomes
activated in the mosquito midgut in a process that is driven by the mosquito
NO-producing enzyme, AsNOS. Locally high AsNOS-derived NO levels in the midgut
lumen kill Plasmodium parasites. At a signaling level, TGF-p1-induced oscillations in
AsNOS-derived NO activate the signaling kinases MEK and ERK. In particular,
AsNOS-derived NO activates the expression of As60A, which maintains a TGF-p1-
like influence in the midgut after degradation of active TGF-p1. Activation of MEK
and ERK signaling, among many other effects, drives multiphasic regulation of
AsNOS expression and AsNOS activity, perhaps in an effort to balance the conflicting
demands of parasite killing and homeostasis in the face of damaging inflammation.

1.2. The mammalian cytokine transforming growth factor-p1 is a key
molecule in “immunological crosstalk” that regulates malaria parasite
infection via nitric oxide production

One of these “crosstalking” factors is the cytokine transforming
growth factor-p1 (TGF-g1). In mammals, TGF-p1 is produced as an
inactive precursor that is activated following dissociation of inhibi-
tory proteins. This process can be promoted by reaction products of
the free radical nitric oxide (NO), which are in turn generated by
catalytic activity of NO synthase (NOS) isoforms, including an
inducible isoform (iNOS) commonly associated with host defense
responses. In some immune cells, TGF-p1 reduces iNOS activity,
expression, mRNA stability, translation, and protein stability; in
other cell types TGF-p1 can upregulate iNOS expression and iNOS
enzyme activity (Gilbert and Herschmann, 1993; Goureau et al.,
1993; Blanco et al., 1995; Vodovotz, 1997; Vodovotz et al., 2004).
This upregulation results in continued synthesis of NO (Blanco et al.,
1995), which in turn has the potential to induce synthesis of
additional TGF-B1 (Kim et al., 1989a, 1989b, 1989c), thereby yielding
a cycle of positive feedback regulation.

TGF-p1 is a pleiotropic cytokine (Wahl, 2007) that plays a
pivotal role during malaria parasite infection and, therefore, may
maintain an “immunological balance” in this context (Omer et al.,
2000, 2003; Dodoo et al., 2002; Dunachie et al., 2010). The
regulation of iNOS by TGF-B1 is central to this balance and to the
effects of TGF-p1 on parasite infection (Vodovotz et al., 2004).
During Plasmodium infection in humans and mice, NO can inacti-
vate sporozoites and circulating gametocytes (Naotunne et al.,
1993; Mellouk et al., 1994), and various studies have reported both
beneficial and detrimental effects of NO on the pathology of
infection (Anstey et al., 1996; Clark et al., 2004).

The control of malaria parasite infection by inducible NO
synthesis in a mosquito was first described in Anopheles stephensi
(Luckhart et al., 1998), a major malaria vector in India, southeast
Asia and parts of the Middle East. The induction of A. stephensi NOS
(AsNOS) expression in the midgut is biphasic. Specifically, greater
than two-fold inductions of ASNOS were observed at 1-6 h and at
36-48 h after malaria parasite infection (Luckhart et al., 2003) and
after bloodfeeding with parasite glycosylphosphatidylinositols,
major parasite signaling inducers that are highly active in mam-
mals as well (Lim et al., 2005). These inductions result in the
catalysis of inflammatory levels of toxic nitrogen oxides in the
mosquito midgut (Luckhart et al., 1998; Peterson et al., 2007).

Given the extreme conservation of TGF-§ signaling in metazo-
ans (Roberts and Sporn, 1990, 1996; Attisano and Lee-Hoeflich,
2001), we focused on TGF-1 as a possible regulatory mediator of
AsNOS expression and NO synthesis. Upon bloodfeeding, A.
stephensi ingests circulating latent TGF-f1 from the mammalian
host (Fig. 1). Ingested TGF-p1 is activated rapidly in the midgut
post-bloodfeeding (Luckhart et al., 2003). In vitro, latent TGF-1 is
not activated by midgut lysates alone, but is activated after
incubation with midgut lysates in the presence of an NO donor
to simulate NO synthesis following bloodfeeding (Luckhart et al.,
2003) (Fig. 1). We found that low levels of human TGF-g1 (2 pg/ml)
provided in blood inhibited P. falciparum growth in A. stephensi,
while a higher dose (2000 pg/ml) did not affect parasite growth,
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suggesting an anti-inflammatory or dampening effect on mosquito
defenses against parasite infection (Luckhart et al.,, 2003). We
therefore hypothesized that TGF-p1 could exert dichotomous,
dose-dependent effects on ASNOS expression in vivo and on AsNOS
catalytic activity during malaria parasite infection in the mosquito.
Our data confirmed this hypothesis, indicating that while both low
and high doses of human TGF-1 could induce AsNOS expression,
only the lower doses resulted in higher, sustained induction of
anti-parasitic ASNOS (Luckhart et al., 2008). We also confirmed
that catalytic activity of AsNOS regulates AsNOS expression and
TGF-B1-associated killing of developing parasites (Luckhart et al.,
2008).

1.3. TGF-p1/nitric oxide signal via the mitogen-activated protein
kinase pathway in anopheles mosquitoes

Similar to the case in the mammalian host, downstream
signaling responses must be moderated to prevent excessive,
NO-mediated damage to the mosquito host. One key intracellular
signaling mechanism involves one or more of the three mitogen-
activated protein kinases (MAPK), including the Jun N-terminal
kinase (JNK), extracellular signal-regulated kinase (ERK), and p38
MAPK pathways, all of which regulate cellular processes through
phosphorylation of target substrates (Kyriakis and Avruch, 2012).
Each of these enzymes is itself regulated via phosphorylation by
upstream kinases (so-called ‘kinase kinases’); in the case of ERK,
this upstream enzyme is known as MEK (Kolch, 2000). We
demonstrated that TGF-p1-dependent MEK/ERK signaling nega-
tively regulates AsSNOS expression (Surachetpong et al., 2009). That
is, at the highest treatment dose of TGF-$1, inhibition of MEK/ERK
phosphorylation increased TGF-pl1-induced AsNOS expression,
suggesting that increasing levels of MEK/ERK activation negatively
feedback on induced AsNOS expression (Fig. 1). Interestingly,
residual NO may induce tyrosine nitration of ERK, which has been
demonstrated to activate ERK in mammalian cells (Pinzar et al.,
2005), further enhancing negative feedback on AsNOS expression.
Reactive NO species (RNS), formed through reactions between NO
and reactive oxygen species (ROS), also modulate MAP kinase
signaling (Levonen et al.,, 2001), regulation that is mirrored by
ROS-dependent activation of MEK/ERK signaling in A. stephensi
cells (Surachetpong et al., 2011). Inhibition of MEK/ERK activation
enhanced TGF-p1-mediated control of P. falciparum development,
demonstrating that MEK/ERK signaling moderates the biological
effects of ingested TGF-p1 (Surachetpong et al., 2009) likely
through feedback regulation by RNS (Fig. 1).

1.4. Deriving insights into malaria via computational modeling of
immunological “crosstalk”

Taken together, the interactions within the TGF-p1-NOS-NO axis
in the context of malaria parasite infection in A. stephensi include
complexities of timing, dose-dependent effects, feedback regulation,
multiple inducers of single targets, and multiple targets of single
regulatory factors (Fig. 1). We hypothesized that computational
simulation of this system would yield novel basic and translational
insights into the biology, pathology, and ecology of malaria transmis-
sion. Accordingly, we obtained data on the dynamics of MEK/ERK
in vitro and AsNOS in vivo in mosquitoes in response to exposure to
mammalian TGF-p1 to create statistical, logical, and ordinary differ-
ential equation (ODE) mathematical models to account for the main
observed components of the response to ingested TGF-p1. Taken
together, our experimental and computational studies suggest the
possibility of multiphasic expression of AsSNOS based on induction via
TGF-p1 and suppression via MEK/ERK signaling, and further suggest
that this multiphasic expression requires, in some settings, the
NO-dependent, TGF-B1-induced expression of the A. stephensi

homolog of TGF-81, As60A. Further experiments are needed to verify
the presence of and mechanisms for the multiphasic behavior of this
biological system, which may allow the mosquito to balance the
conflicting demands of parasite killing and maintaining homeostasis
in the face of damaging inflammation.

2. Materials and methods
2.1. Boolean model of inter-species “immunological crosstalk”

In modeling the mosquito-mammal “immunological crosstalk”,
the relevant biochemical interactions were depicted graphically as
an influence diagram (Fig. 2A). This diagram suggested that these
interactions comprise an activator-inhibitor system, with the
activation mediated through the ingestion of exogenous TGF-p1.
To gain an initial understanding of the qualitative behavior of this
system, a Boolean model was constructed using BooleanNet, an
open-source platform for Boolean model construction and simula-
tion (Albert et al., 2008). The network was coded with the
simplified topology depicted in Fig. 2B (model code is detailed in
the Supplementary materials). The dynamical equations for the
Boolean model are given by the functions

AsNOS* = TGF—$1 AND NOT MEK/ERK
RNS* = AsNOS
ERK* = RNS

where each variable takes one of two values — ACTIVE or INACTIVE
- and the symbol ‘¥’ indicates the value of a variable at the next
time point. The state of the system at a given time can be
represented by a four-element vector of ones and zeroes repre-
senting the value (ACTIVE or INACTIVE, respectively) of each of the
four variables in the order (TGF-B1, AsNOS, RNS, ERK). The initial
state of the model, taken to be when TGF-B1 is ACTIVE while the
remaining components are inactive, is represented by the vector
(1000), which forms the stable limit cycle

(1000)->(1100->(1110)->1111)=>(1011)
~>(1001)->(1000)

Because of the simplicity of the model, the update semantics
(asynchronous or synchronous) yield the same dynamics.

2.2. Ordinary differential equation model of inter-species
“immunological crosstalk”

Based on insights from the Boolean model and in order to gain
insights into regimes of behavior and relevant parameters of this
“immunological crosstalk” system, a second model was created
using ordinary differential equations (ODE), based on the con-
ceptual model depicted in Fig. 2C, a simplification of Fig. 2A. The
system was modeled as an nonlinear activator-inhibitor system
(Edelstein-Keshet, 2005; Murray, 2002). In this model, AsNOS (N)
has a constant baseline production and degradation, as well as
production induced by auto-induction of strength «, representing
the signaling as up-regulated via the long-term contributions of
the TGF-p1 pathway. This induction is also competitively inhibited
by a MEK/ERK (X) signaling pathway. RNS is not included as an
intermediary because the well-mixed property of ODE systems
would make this proportional to MEK/ERK. The equation for
MEK/ERK similarly has degradation and production based on a
saturating function of AsNOS (Eq. (1)):

aNp dfx _ bXNN
NP + aNqu + aﬁ dt — Hx axy + N

dN
ar = uy(bn—N) + 1)

d

The variables and parameters are written to be unitless. Of the
two variables, we could only obtain data for one variable, AsSNOS
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Fig. 2. Computational modeling of TGF-p1 - AsNOS - MEK/ERK interactions suggests, and in vitro studies support, multiphasic behavior of MEK/ERK signaling. Panel A:
Schematic of hypothesized interactions among ingested mammalian TGF-p1 (red text indicates host-derived molecule), mosquito AsNOS, and mosquito MEK/ERK signaling
(black text indicates mosquito-derived molecules and processes). Panel B: Schematic of interactions similar to Panel A, used to create a Boolean model of cross-species
interactions as described in Section 2 and Supplementary materials. Panel C: Simplification of Panel A, used to create an ODE model as described in Section 2 and Supplementary
materials. Panels A-C: standard arrows indicate induction/activation/potentiation, and circle-tipped lines indicate suppression/inhibition. Panel D: Output of the Boolean model
depicted schematically in Panel B suggests oscillations of phosphorylated (active) ERK induced by ingested mammalian TGF-p1. Panel E: A. gambiae 4a3B cells were stimulated
with 6000 pg/ml human TGF-1 (black squares, n=6-9 experiments) or vehicle control and phospho-ERK levels were analyzed as described in Section 2. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

(N) due to the scarcity of the midgut samples; therefore, we could
not obtain data for MEK/ERK (X) in the same experiments. The
data for N are the products of a normalization transformation
which does not produce units in the output. Since the data are
unitless, the corresponding variable and its parameters are
designed to be unitless. The variable X and related parameters
are designed to be unitless so as to be consistent.

This model is highly simplified, and lacks an explicit addition of
TGF-p1; rather, the long term contributions of TGF-p1 are added
implicitly as the parameter «, and the transient contributions via
the initial conditions. The equations of the model therefore
simplify the dynamics to focus continuously on the long-term
response. To account for the transient dynamics of TGF-p1 in the
cross-talk, the model assumes a static increase in expression of
AsNOS at the time of the first measurement, time zero, determined
from the experimental data. Between the time of the bloodmeal
and the time of the initial measurement (approximately 30 min
due to experimental constraints explained above), the relative
expression levels of AsNOS for the 2 pg/ml and 2000 pg/ml cohorts
compared to PBS increase in excess of two-fold and five-fold,
respectively. The model assumes that these large rises AsNOS
expression in the 30 min post bloodmeal are the predominant
effect of transient TGF-p1 signaling, and for simplicity no further
transient contributions are considered.

One possible behavior of this activator-inhibitor model is a
stable limit cycle with an unstable equilibrium point (Supplemen-
tary materials, Fig. S1). For the parameter «, representing TGF-p1

induction, the region of the x-axis corresponding to open circles
on the y-axis represents the values which produce stable limit
cycles, i.e. oscillatory behavior. Below and above this region, the
system undergoes Andronov-Hopf bifurcations, so that the system
is attracted to a fixed value and may show excitability but no
sustained oscillation. In the time-frame for which data were
collected, a multiphasic pattern in the data points was assumed,
which could be modeled by a stable limit cycle—implying either a
true oscillation, or else a decaying oscillation with the decay not
seen in the measured time frame.

Initial parameter fits for the individual time courses were
achieved in the XPP equation solving program (Ermentrout, 2002)
using the built-in Levenberg-Marquardt algorithm (Bertsekas,
1995). The global properties of the system were explored using
the AUTO (Doedel, 1981) functionality to explore bifurcations in the
parameter space; for the original code and graphs of characteristic
one and two-parameter bifurcations, see Supplementary materials
(Figs. S1 and S2). The initial parameter fits were used as the basis for
the boundaries of the parameter space from which to choose new
parameter fits (Table 1). These parameters include nine parameters
universal to all three experiments, individual values of « for each of
the three, individual values of initial ASNOS, and individual values of
initial MEK/ERK, for a total of 18 values varied.

The three time-courses of data were simultaneously fit to data,
so that a single model describes all three outcomes. An objective
function was written as the sum of the squares of the differences
between data and trajectory output divided by the standard error
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Table 1
Names and biological meanings of ordinary differential equation model parameters.

Parameter Initial Set Bounds Description Assoc. E-Val (Rank)
Un 1.7 [14, 2.0] AsNOS degradation 0.225 (6)
by 0.5 [0.4, 0.6] Baseline AsNOS production 0.898 (13)
p 1.9 [1.6, 2.3] Upregulation exponent 0.0653 (4)
a 5.7 [4.7, 6.8] AsNOS regulatory term 0.0397 (3)
Ay 14 [1.1, 1.6] AsNOS inhibition term 0.225 (5)
q 1.7 [14, 2.0] Inhibition exponent 2.90 (18)
Ux 0.7 [0.58, 0.82] MEK/ERK degradation 1.97 (17)
by 28 [23, 33] MEK/ERK max. production 1.90 (16)
ay 10.1 [8.1,12] MEK/ERK regulatory term 0.296 (6)
apps 39 [39, 48] AsNOS induction via TGF (PBS) 0.0133 (1)
a 43 [41, 52] AsNOS induction via TGF (2 pg/ml) 0.0133 (1)
2000 50 [45, 60] AsNOS induction via TGF (2000 pg/ml) 0.0308 (2)
Npgs® 1.1 [0.8,1.3] Initial condition (AsNOS) 1.90 (16)
N,(©@ 16 [1.0, 23] Initial condition (AsNOS) 1.23 (14)
Noooo'® 4 [2.0, 6.0] Initial condition (AsNOS) 0.455 (8)
Xpps'®? 7.6 [5.5, 9.0] Initial condition (MEK/ERK) 1.33 (15)
X, 7.5 [5.5, 9.0] Initial condition (MEK/ERK) 1.07 (13)
X000 7.9 [5.5, 9.0] Initial condition (MEK/ERK) 1.07 (13)
Note 1: The eigenvalues of the rank correlation are ordered lowest (1) to highest (18), with importance increasing.
Note 2: There is no one to one correspondence between parameters and eigenvalues. For a given parameter, the most important value is given.
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Fig. 3. Computational studies suggest multiphasic expression of TGF-pg1-induced AsNOS. Panel A: The Boolean model depicted in Fig. 1B and D suggests that, like phospho-
ERK, AsNOS also oscillates in response to ingestion of TGF-p1. Panels B-D: Ensembles of ODE model simulations of 0 pg/ml TGF-p1 (Panel B), 2 pg/ml TGF-g1 (Panel C), and
2000 pg/ml TGF-p1 (Panel D). Simulated AsNOS dynamics derived from an ensemble of simulations derived from a mechanistic ODE model are shown as quartiles of possible
values taken at each time point, with the average as the black line, the inner 50% as dark grey, and the outer 90% as light grey.

of the data (Tarantola, 2005). This objective function was used
inside a Metropolis-Hastings method with parallel tempering
(Tarantola, 2005) to create an ensemble of parameter sets that fit
the data with statistically similar probability. For the one-
dimensional histograms of this ensemble, see Supplementary
material (Fig. S3). Validation of the parameter sets was done
through two filters: first that the values of a corresponding to
the various doses were monotone increasing, and second that the
value of a corresponding to PBS produce a stable limit cycle. The
trajectories of this ensemble were graphed as quartiles of possible
values taken at each time point (Fig. 3B-D) with the median as the
black line, the inner 50% as dark grey, and the outer 90% as light

grey. The ensemble of parameters was also used to compute the
matrix of rank correlation between the values of the parameters,
and Principal Component Analysis (Pearson, 1901) was performed
to determine the individually important parameters of the system
(Table 1).

2.3. Assessment of MEK/ERK signaling in anopheles cells in vitro

For these studies, we utilized immortalized 4a3B cells derived
from minced larvae of Anopheles gambiae, a species that is closely
related to A. stephensi. The 4a3B cells robustly exhibit TGF-f1-
dependent signaling profiles that are identical to those of A. stephensi
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cells (Surachetpong et al, 2011). 4a3B cells were maintained in
Schneider's medium (Invitrogen, Carlsbad, CA) with 10% heat-
inactivated fetal bovine serum at 28 °C. Briefly, 2 x 10° cells in 2 ml
medium were plated in each well of 12 well tissue culture plates for
4 h. After experimental treatment with 6000 pg/ml TGF-p1 or with
an equivalent volume of TGF-p1 diluent (4 mM HCI with 0.1% BSA) as
a control for times ranging from 5 min to 24 h, culture media were
removed and cells were washed with ice cold phosphate-buffered
saline (PBS) and lysed in 100 ul cell lysis buffer (10 mM Tris—-HCl pH
74, 1mM EDTA, 100 mM NaCl, 1TmM NaF, 1 mM EGTA, 2 mM
NazV0O,4, 20 mM NayP,07, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate, 1 mM phenylmethylsulfonyl fluoride, 10% glycerol,
60 pg/ml aprotinin, 10 ug/ml leupeptin, 1 pg/ml pepstatin, and
1 pg/ml calyculin A). The plate was agitated for 30 min at 4 °C
and samples were incubated on ice for 30 min. Cell lysates
were centrifuged at 14,000 x g for 10 min at 4 °C to remove cellular
debris and the resulting supernatants were mixed with sample
buffer (125 mM Tris-HCl pH 6.8, 10% glycerol, 10% SDS, 0.006%
bromophenol blue, 130 mM dithiothreitol) and heated to 95 °C for
4 min. Equivalent concentrations of proteins (as measured by BCA
assay) were separated on 10% SDS-PAGE polyacrylamide gels and
transferred to nitrocellulose membranes (BioRad). Protein loading
was also visually assessed by Coomassie blue staining. Membranes
were blocked in 5% nonfat dry milk (w/v) in 1 x Tris-buffered saline
(TBS; pH 7.0) containing 0.1% Triton-100 (TBS-T) 1h at room
temperature. For phospho-ERK detection, membranes were incu-
bated at 4 °C overnight with 1:10,000 mouse anti-phospho-ERK
monoclonal antibody (Sigma Aldrich) or rabbit anti-GAPDH (Abcam)
in 5% nonfat dry milk 1 x TBS-T. After washing three times for 5 min
each, the membranes were incubated overnight at 4 °C with diluted
secondary antibody (HRP-conjugated rabbit anti-mouse IgG or HRP-
conjugated goat anti-rabbit (Fab’)-2 fragment according to the host of
the primary antibody). The membranes were then washed three
times for 5 min each, followed by incubation with SuperSignal®
West Pico chemiluminescent reagent for 2-5 min and exposure to
blue autoradiography film. Phospho-ERK or GAPDH levels were
measured and quantified by scanning the film on a GS-800 calibrated
densitometer. Levels of phospho-ERK in treatment and control
groups were normalized to loading control protein levels (GAPDH
or total ERK). Three biological replicates were performed for each
time point.

2.4. Studies in adult female Anopheles stephensi

The persistence of ingested mammalian TGF-p1 and the degree
to which latent TGF-B1 is activated following ingestion by
A. stephensi were determined using a rat blood model under an
approved Institutional Animal Care and Use protocol. Specifically,
blood from anesthetized albino white rats (SD strain) was col-
lected with citrate-phosphate-dextrose-adenine (CPDA-1) antic-
oagulant and transferred to a Hemotek artificial feeding system
(Discovery Workshops, Accrington, Lancaster, UK) for provision to
laboratory reared cohorts of 50, 3- to 5-day-old, female
A. stephensi maintained as described previously (Luckhart et al.,
2003). Mosquitoes were allowed to feed on the collected rat blood
for 30 min. At 1, 4, 24 and 48 h after feeding, mosquito midguts
were dissected into cold PBS (Cellgro, Mediatech, Herndon, VA) on
ice, homogenized by pulse sonication and flash frozen in dry ice-
liquid nitrogen until analysis by TGF-p1 ELISA (R&D Systems,
Minneapolis, MN). Analyses of TGF-B1 persistence and activation
were replicated with 4-9 separate cohorts of 50 A. stephensi and
blood collected from 9 rats. Mosquito midgut samples from each
experimental replicate were flash frozen until analysis of endo-
genous latent and active TGF-p1. Values for latent/total TGF-p1
were determined in these midgut samples after acid-activation of
samples with 1 N HCIl, whereas endogenous active TGF-1 levels

were measured without prior acid-activation. In all cases, TGF-p1
levels are expressed as pg/midgut.

Inferences with regard to mammal-mosquito “immunological
crosstalk,” and, in some cases, additional experimental data, used
for computational modeling of ASNOS and As60A dynamics were
derived from published studies (Crampton and Luckhart, 2001a,
2001b; Lim et al., 2005; Luckhart et al., 1998, 2003, 2008; Peterson
et al., 2007) with the express written consent of the publisher.
Specifically, time course analyses of AsSNOS and As60A expression
in female A. stephensi were performed using data collected as
described in the original publications (Luckhart et al., 2008;
Crampton and Luckhart, 2001b).

Previously unpublished data are also presented herein. In
particular, for analyses of the effects of AsNOS inhibition on
TGF-B1-dependent As60A expression, active human TGF-p1
(Cell Signaling Technology, Danvers, MA), .-NAME (Sigma-Aldrich,
St. Louis, MO) and p-NAME (Sigma-Aldrich) stock solutions were
prepared in phosphate-buffered saline (PBS; Cellgro) and diluted
directly into an artificial bloodmeal for feeding. For these experi-
ments, the artificial bloodmeal was provided via a Hemotek
feeding system and was comprised of washed human type O
positive erythrocytes (Interstate Blood Bank, Memphis, TN) diluted
in heat-inactivated compatible human serum. In previous work,
we determined that heat-inactivation, followed by multiple
freeze-thaw cycles eliminated detectable active TGF-p1 in human
serum (Luckhart et al., 2003). Mosquitoes were allowed to feed on
the artificial bloodmeal for 30 min. At 15 min after feeding, blood-
filled midguts were dissected into PBS (Cellgro) and transferred
immediately into TRI-reagent (Invitrogen, Carlsbad, CA) for RNA
extraction. Total RNA from 20 mosquito midguts pooled from each
treatment group were extracted as per manufacturer's instruc-
tions. These analyses of As60A expression were replicated with five
separate cohorts of A. stephensi; each cohort was subdivided into
four treatment groups. Relative As60A transcript abundance was
calculated as normalized ACr using a comparative cycle threshold
method of analysis (User Bulletin 2, ABI Prism 7700 Sequence
Detection System; Applied Biosystems, Foster City, CA) with S7
ribosomal protein gene expression as the housekeeping gene
control. Primers, probes and thermal cycling conditions were
described previously (Crampton and Luckhart, 2001a,b). As60A
primers and probe included the forward primer As60AF (5'-AAAG
GGACGCCGCCTATG-3'), the reverse primer As60AR (5'-CAGCTC
GGCCATCAGTACACT-3') and the Tagman® probe As60AP (6FAM-
TTCGGCATTACCAACATTGAAGACGACGT-TAMRA). The ribosomal S7
primers and probe included the forward primer S7F2 (5'-GAA
GGCCTTCCAGAAGGTACAGA-3'), the reverse primer S7R2 (5'-CATC
GGTTTGGGCAGAATG-3’) and the Tagman® probe S7P (VIC-AGAA
GTTCTCCGGCAAGCACGTCGT-TAMRA).

2.5. Statistical analyses

Experiments were performed at least three times indepen-
dently and data are presented as mean + SE unless otherwise
indicated. Statistical differences were assessed by one- or two-way
analysis of variance (ANOVA) followed by a post-hoc test, where
appropriate, using SigmaPlot 11 software (Systat Software, San
Jose, CA). The level of significance for differences was set at 5%.

3. Results

3.1. Overview of experimental hypotheses and computational
methods

In this study, we focused on the “immunological crosstalk”
interface between the mammalian host and the anopheline
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Fig. 4. Variability of experimental data across cohorts. Four separate cohorts of 50 A. stephensi mosquitoes were fed on artificial bloodmeals containing O (Panel A), 2 (Panel B),
or 2000 (Panel C) pg/ml latent TGF-B1, and midgut AsNOS expression was assessed as described in Section 2. Each panel contains four sub-panels for the four experimental
cohorts. This representation of the data demonstrates that qualitative features shift in time across cohorts (e.g. a single largest peak), which may be averaged out in our
statistical summary (Fig. 4).
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mosquito host (Fig. 1). We have suggested that the induction of
AsNOS by ingested latent TGF-p1 leads to increased Kkilling of
Plasmodium parasites (Luckhart et al., 2008). Accordingly, we
assumed that elevated AsNOS acts as a surrogate for parasite
killing. Furthermore, we assumed that AsSNOS mRNA expression
could be linearly equated to enzymatically functional AsNOS
protein, based on our prior studies (Luckhart et al., 1998). In
mammalian cells, RNS modulate MAP kinase signaling (Levonen
et al,, 2001; Pinzar et al., 2005), and we have shown that activation
of the MAP kinase signaling module MEK/ERK by reactive oxygen
species leads to reduced AsNOS expression and impaired parasite-
killing capacity in A. stephensi (Surachetpong et al., 2009). Accord-
ingly, we hypothesized that AsNOS-derived RNS will activate MEK/
ERK in the mosquito host as well. These interactions are depicted
graphically in Fig. 1 and schematically in Fig. 2A-C (see Section 2).

Computational modeling is a powerful tool with which to unravel
these complex, cross-species interactions (Akman-Anderson et al.,
2007; Drexler et al., 2008; Pakpour et al, 2013). In the present
studies, we utilized Boolean and ordinary differential equation (ODE)
modeling in order to discern the qualitative behavior of this complex
host/vector system. Boolean modeling can be used to infer emergent
network behavior through relatively simple “yes/no” mechanistic
rules. Mathematical models based on non-linear ODEs can be used
to model biological interactions with various degrees of abstraction.

3.2. Boolean model of “immunological crosstalk” and in vitro
experimental studies of MEK/ERK signaling

In modeling the mosquito-mammal “immunological crosstalk”,
the relevant biochemical interactions were initially depicted
graphically as an influence diagram (Fig. 2A). This diagram
suggested that these interactions comprise an activator-inhibitor
system, with the activation mediated through the ingestion of
exogenous TGF-p1. To examine the qualitative behavior of this
system, we created a non-quantitative, Boolean (logical) model of
the core MEK/ERK, TGF-p1, and AsNOS interactions depicted
graphically in Fig. 2B (see Section 2). One qualitative prediction
of this model was that upon stimulation with exogenous human
TGF-B1, mosquito MEK/ERK would oscillate as long as TGF-p1 is
present (Fig. 2D). To test this prediction qualitatively, immortalized
anopheline 4a3B cells were stimulated with 6000 pg/ml human
TGF-B1 for up to 24 h, and the levels of phosphorylated (active)
ERK were assessed by immunoblotting. As seen in Fig. 2E, an
apparent biphasic pattern of phospho-ERK was observed in
response to TGF-B1 (black symbols), at levels higher than for
unstimulated 4a3B cells (white symbols).

3.3. Boolean and ordinary differential equation models of
“immunological crosstalk” predict TGF-p1-driven oscillations in
AsNOS expression

The Boolean model also predicted that, like mosquito MEK/ERK
signaling, ASNOS expression would also oscillate as long as TGF-p1
is present (Fig. 3A). Based on this prediction and the initial in vitro
studies on TGF-p1-induced mosquito ERK activation (Fig. 2E), we
hypothesized that TGF-p1, AsNOS, and MEK/ERK create an
externally-stimulated activator-inhibitor system. Based on insights
from the Boolean model and in order to gain insights into
important regimes of behavior and relevant parameters of this
“immunological crosstalk” system, we created a simplified math-
ematical model consisting of ODEs, depicted schematically in
Fig. 2C (see Section 2). Like the Boolean model, ensembles of the
ODE model also predicted oscillatory, or multiphasic, expression of
AsNOS in response to ingestion of TGF-1 (Fig. 3B-D). Further, we
see evidence in the ensembles of models that, for 2000 pg/ml TGF-
p1, the stable limit cycle may persist for some parameter sets, but

that for other parameter sets the rise in TGF-p1 concentration
leads to a disruption in the oscillations (Fig. 3D). This phenomenon
can be anticipated from the one parameter bifurcation diagram for
predicted steady-state AsNOS expression as a function of the
strength of AsNOS induction by TGF-1 (Fig. S1). In this analysis,
we observe that if the degree to which TGF-81 induces AsNOS
expression is increased sufficiently, it will cross the Andronov—
Hopf bifurcation from the region of stable oscillations to the region

0 pg/ml TGF-p31
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Fig. 5. Qualitative experimental validation of ODE model predictions. Separate
cohorts of 50 A. stephensi mosquitoes were fed on artificial bloodmeals containing 0
(Panel A), 2 (Panel B), or 2000 (Panel C) pg/ml latent TGF-81, and midgut AsNOS
expression was assessed as described in Section 2. Relative expression values are
shown as symbols (mean + SEM). Data in this figure are reprinted from Experi-
mental Parasitology, Volume 118, Issue 2, February 2008. Luckhart et al. Low levels
of mammalian TGF-p1 are protective against malaria parasite infection, a paradox
clarified in the mosquito host. Pages 290-296. Copyright 2008, with permission
from Elsevier.
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of stable steady-state solutions. For 2000 pg/ml TGF-g1, the final
ensemble contains parameter values to both the left and the right
of the bifurcation, so that from the ensemble we can expect a
range of behaviors such as stable oscillations, decaying oscillations,
and excitable responses.

In support of these simulations, and operating from the
assumption that the lowest value of a gives a stable limit cycle,
we observe a reasonable concordance to the experimental data in
individual experiments, with the peaks of AsNOS appearing at
different time points when we examine the data as replicates
(Fig. 4) rather than as means + SEM (Fig. 5).

The agglomerated data used for calibration of this ODE model
are depicted in Fig. 5. In this experiment, ASNOS expression levels
were determined following feeding of separate cohorts mosquitoes
on artificial bloodmeals containing 0, 2, or 2000 pg/ml latent TGF-
p1. In qualitative agreement with the ensemble of ODE models, a
multiphasic expression of AsNOS increased from its baseline ampli-
tude when mosquitoes were fed a bloodmeal containing 2 pg/ml
TGF-p1. This behavior became more variable when the bloodmeal
dose of TGF-p1 was increased to 2000 pg/ml. Moreover, Two-Way
ANOVA showed an overall statistically significant difference
(P <0.05) among the three groups (0, 2, and 2000 pg/ml TGF-1).
Holm-Sidak post hoc analysis revealed a significant difference
between 0 and 2000 pg/ml (P<0.001) and a nearly significant
difference between 2 and 2000 pg/ml (P=0.052).

Importantly, we know from prior studies that cohorts of A.
stephensi mosquitoes exhibit individual and cohort-to-cohort
variability with regard to induction of ASNOS or phosphorylation
of MAPK enzymes (Luckhart et al., 1998, 2003; Surachetpong et al.,
2009, 2011). Accordingly, we hypothesized that the phase of the
oscillations could differ from mosquito to mosquito within a single
experimental cohort, resulting in this observed variability. If we
hypothesize the presence of an ongoing oscillation of AsNOS in the
midgut of the mosquito, then we can regard the bloodmeal as a
perturbation of the oscillation coming at some phase in the cycle.
Then, we sample the outputs at particular times after the blood-
meal. Since we can only get one experimental sample from each
mosquito, it is very likely that the phase at which the organism is
given the bloodmeal and the subsequent phases from which we
sample are randomized. The bloodmeal can partially reset the
oscillation, but there will still be a substantial degree of phase
averaging. This will greatly suppress the ups and downs of a given
cycle (Fig. 6).

To show the results of phase averaging and resetting across
multiple subjects, in silico experiments were conducted to show
the effects of phase-resetting by dose (Fig. 6). If there exists an
oscillation in each individual specimen at baseline, it cannot be
assumed that multiple subjects would have synchronous oscilla-
tions before receiving input. In order for an oscillation to be
apparent in the data, the input to the mosquito system (the
bloodmeal) must be sufficient so that there is a phase reset
synchronizing the system. Unless the majority of subjects are re-
set to the same point in the phase, the averaged data can appear
uniform. In each in silico experiment, 100 stochastic samples were
taken from a single phase of the baseline state. As a control, no
additional signal (TGF-p1) was added to the system and the
average of all trajectories is given. Three different doses of
TGF-B1 (2, 20, and 2000 pg/ml) were then given at time zero,
assuming each of the 100 in silico subjects starts at a randomly
chosen point of the oscillation. Twenty pg/ml was chosen as an
intermediate contrast. The control (solid line) shows a nearly flat
line, indicating that without additional input, we may not expect
to see oscillations in the output data. For 2 pg/ml (dotted line),
moderate up-down behavior is seen, indicating some phase-
resetting from a bloodmeal. For 20 pg/ml (dashed line), the output
becomes nearly synchronous, suggesting full phase re-setting. For
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Fig. 6. Suppression of AsNOS oscillations through averaging over phases.
Averaged plots of the N (AsNOS) variable in our model with the initial conditions
stochastically varied across the phase of the oscillation. A control curve and three
experimental curves (2, 20, and 2000 pg/ml) were simulated 100 times each with
initial conditions stochastically drawn from one period of the unstimulated system.
The control curve (solid) shows that in the absence of a phase re-setting event, data
collection approaches a uniform average across the experimental time frame.
Increasing doses of TGF-p1 induce increased amplitude and synchronicity; the 2 pg/
ml dose (dotted) shows some increased synchronicity beyond the control, while
20 pg/ml (dashed) shows substantial synchronous peaks. The 2000 pg/ml dose
(dash double dot) shows large initial synchronicity, but the loss of stable oscilla-
tions increases the variability for later times.

2000 pg/ml (dash double-dotted line), the output continues to be
synchronous, but the true oscillations are lost to the Andronov—
Hopf bifurcation (Supplementary material, Fig. S1). In total, assum-
ing an oscillatory system, we might suppose that low doses of
TGF-B1 would cause some phase re-setting and that the magni-
tude of the phase re-setting increases with dose. However, as the
dose increases, we may not see true oscillations due to the
Andronov-Hopf bifurcation.

3.4. Principal component analysis and bifurcation analyses of ODE
model of “immunological crosstalk”

We next carried out a principal component analysis in order to
determine the relative impact of changes in strengths of interac-
tions among the biological components in our mathematical
model (Table 1). From this analysis, we determined two of the
universal parameters to which the system is most sensitive, as
well as individual parameters to which independent experiments
are sensitive. The system, as a whole, is sensitive to the value of
the exponent for the competitive inhibitor, q, and to the decay rate
of MEK/ERK. u,. On an individual experiment level, we find that
simulations of the response to 2 pg/ml TGF-p1 are sensitive to the
initial value of phospho-ERK, and that simulations of the response
to 2000 pg/ml TGF-p1 are sensitive to the value of a.

Based on the principal component analysis, we found that a key
parameter driving the multiphasic behavior in the ODE model was
1ix, the rate of decay for the inhibitor of the system. On a systematic
basis, we then investigated the relationship between the rate of
decay and the initial concentration of TGF-p1; this was done via
bifurcation analysis in two parameters (shown in Supplementary
materials, Fig. S2). We found from this analysis that the rate of
decay for the inhibitor plays a role in the global dynamics of the
system. For very fast decay of the inhibitor (increase in the y-axis),
the system cannot sustain any significant non-linear behaviors, e.g.
oscillations. As the decay slows, the bifurcation analysis shows a
fold point, below which non-linear behaviors may occur depend-
ing on the size of the bolus, represented by a. Fig. S2 shows us that
the system is capable of supporting either non-linear behavior of
AsNOS levels in the midgut or a gravitation of AsNOS to a baseline
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state. Further, important in determining the response in the
midgut is the relationship between the rate of inhibitor decay
and the magnitude of the initial TGF-p1 bolus.

3.5. Insilico prediction of a requirement for induction of a mosquito
homolog of TGF-p1 in order to drive multiphasic expression of ASNOS

All of the above results are predicated on the assumption that
the direct effect of exogenous TGF-p1 on the system persists for
the entire time frame of the experiment. In previous studies, we
had indeed observed that latent mouse TGF-1 was activated to
nearly 100% within 1 h after feeding and that active mouse TGF-p1
persisted through at least 48 h in the A. stephensi midgut (Luckhart
et al, 2003). In contrast, our data here suggested that not all
mammalian hosts are equivalent: ingested latent rat TGF-p1 was
not fully activated within 1 h after feeding and neither latent nor
active TGF-p1 was detectable after 24 h (Fig. 7). These differences
suggested that a conservative model would necessarily assume
that, following ingestion from some mammalian hosts, both active
(Fig. 7A) and latent (Fig. 7B) mammalian TGF-p1 are depleted from
the mosquito midgut with an apparent half-life of 3-5 h. There-
fore, exogenous, mammalian host-derived TGF-1 may not persist
as the direct stimulus for the oscillatory behavior we hypothesize,
and yet the ODE model clearly indicates at minimum an indirect
effect correlated to the dose of TGF-p1 introduced into the midgut.

In order to address this paradox, we hypothesized that an
endogenous, mosquito TGF-p1-like cytokine exists within the
midgut that is induced by exogenous and perhaps short-lived

-
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Fig. 7. Experimental studies suggest a decay of ingested rat TGF-p1 in the
A. stephensi midgut by 24 h. A. stephensi mosquitoes were allowed to feed on
collected rat blood for 30 min. At 1-48 h as indicated, the levels of active (Panel A)
and latent (Panel B) TGF-p1 in dissected midguts were determined as described in
Section 2. Results represent the mean + SEM from 9 separate cohorts for 1 and 4 h,
and 4 separate cohorts for 24 and 48 h. (Panel A: *P < 0.05 vs. 24 and 48 h (overall
significance P < 0.001); Panel B: **P < 0.05 vs. 48 h (overall significance P=0.002);
analyzed by one-way ANOVA followed by Dunn's Method).

mammalian TGF-p1, and whose expression persists within the
experimental time-frame of the above studies. This aspect of the
model led us to investigate the A. stephensi TGF-p homolog As60A
(Crampton and Luckhart, 2001a, 2001b) as a candidate, leading to
the revised schematics represented in Fig. 8A-B. A corollary to this
hypothesis is that the expression of As60A should exhibit a multi-
phasic behavior over time in the absence of stimuli beyond the
TGF-1 found in the mouse bloodmeal. Fig. 8C, originally pub-
lished in Crampton and Luckhart (2001b), shows the variability in
these data, which did not appear to vary linearly nor to
merely decay.

3.6. In silico prediction of a requirement for AsSNOS for the TGF-p1-
dependent induction of mosquito As60A

Our ODE model simulations led to the further hypothesis that
the TGF-p1-stimulated induction of As60A was dependent on
endogenous NO. In contrast, we observed that A. stephensi mos-
quitoes fed on artificial bloodmeals containing TGF-p1 along with
the NOS inhibitor .-NAME (but not the inactive enantiomer, b-
NAME) exhibited increased induction of As60A expression in the
midgut (Fig. 8D). This result appeared initially to contradict the
hypothesis raised by our ODE model. However, in a prior study
(Luckhart et al., 2008), an examination of the expression of ASNOS
in the same midgut tissue showed that provision of .-NAME, but
not p-NAME, was associated with an increase in AsNOS. This
finding suggests that L.-NAME, by suppressing NOS catalytic
activity, relieves an NO-dependent negative feedback that, in turn,
leads to increased induction of As60A.

4. Discussion

4.1. Interactions among host and vector factors during bloodfeeding
drive complex biology that can kill malaria parasites

In Anopheles mosquitoes, the malaria parasite Plasmodium is
released into the saliva during bloodfeeding. Bloodfeeding results
in crosstalk between the mammalian and mosquito immune
systems at the midgut epithelium as well as in the mosquito body
(Akman-Anderson et al., 2007; Pakpour et al., 2013). Our over-
arching goal is to understand how evolutionarily conserved,
shared mechanisms of immune modulation in mosquitoes and
mammals function to minimize P. falciparum infection (Luckhart
et al., 1998, 2003, 2008).

In mice and humans, the induction of iNOS is a primary defense
mechanism against Plasmodium (Clark et al., 2004; Nahrevanian,
2006), one that is regulated negatively by the cytokine TGF-p1
(Vodovotz, 1997). Furthermore, the MAPKs (ERK, JNK, and p38)
have been implicated in the mammalian innate immune response
to malaria infection (Zhu et al., 2005; Lu et al., 2006; Patel et al.,
2007). In mammals, iNOS-derived RNS can lead to the activation of
endogenous latent TGF-p1 (Vodovotz et al., 1999, 2004; Luckhart
et al., 2008). Similarly, the A. stephensi iNOS homolog AsNOS acts
to limit Plasmodium development (Luckhart et al., 1998, 2003; Lim
et al.,, 2005; Peterson et al., 2007). Mammalian TGF-p1 circulates at
high levels - though mostly in the latent form (Flaumenhaft et al.,
1993; Annes et al., 2003; Zamora and Vodovotz, 2005) — and can
be activated by endogenous RNS in the mosquito midgut, can
regulate mosquito signaling, and ultimately can reduce the Plas-
modium burden in A. stephensi (Luckhart et al., 2003, 2008).

In order to understand how AsNOS and TGF-p1 function to
regulate parasite development, we have examined the signaling
pathways by which this immunoregulatory inter-species crosstalk
occurs, guided by advances in the field of mammalian immunity
and inflammation. In mammals, the MAPK pathways are regulated
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Fig. 8. Computational modeling suggests, and in vivo studies support, a role for TGF-p1 and NO in inducing As60A. Panel A: The hypothesized interactions among
mammalian TGF-p1, mosquito AsNOS, and mosquito MEK/ERK signaling described in Fig. 1A-B were expanded to include a hypothesized induction of mosquito As60A by
ingested mammalian TGF-B1. Panel B: Simplification of the schematic depicted in Panel A. Red text indicates host-derived molecule, and black text indicates mosquito-derived
molecules and processes. Panel C: Two separate cohorts of A. stephensi mosquitoes (t2 and t4) were fed on ICR mice, and midgut As60A expression determined at various time
points after bloodfeeding as described in Section 2. Expression values are mean + SEM of 20 individual mosquitoes. Panel D: Five cohorts of A. stephensi mosquitoes were fed
on artificial bloodmeals containing PBS (control), 2000 pg/ml TGF-81, or 2000 pg/ml pg/ml TGF-p1 along with either 1 mg/ml .-NAME or 1mg/ml p-NAME, as indicated.
As60A expression levels were determined as described in the Methods (n=5, *P < 0.05 vs. Control, analyzed by Kruskal-Wallis one-way ANOVA on Ranks followed by Tukey
test). Data in Panel C are reprinted from Infection Genetics and Evolution, Volume 1, Issue 2, December 2001. Crampton and Luckhart. The role of As60A, a TGF-p homolog, in
Anopheles stephensi innate immunity and defense against Plasmodium infection. Pages 131-141. Copyright 2001, with permission from Elsevier. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

by both TGF-p1 (Massague, 2000) and RNS (Levonen et al., 2001).
TGF-p1 signaling in anopheline cells is regulated by redox chem-
istry, involves differential activation of the homologs of the MAPKs
and regulates TGF-p1 dose-dependent effects on AsNOS and
malaria parasite burdens (Surachetpong et al., 2009) (Fig. 1).

Receptor dynamics play a prominent role in the signal-response
pathways of the TGF-p superfamily (Di Guglielmo et al., 2003; Mitchell
et al, 2004), and modeling of in vitro data has suggested various
trafficking patterns based on the mix of transient and permanent
contributions to signaling (Vilar and Saiz, 2011). The explicit effects of
receptor dynamics on TGF-p1-mediated crosstalk to anopheline cells
could affect AsNOS expression on the experimentally-probed time-
scale but are beyond the scope of the current model.

4.2. Insights from computational modeling of host-vector
“immunological crosstalk” in malaria

Herein, we attempted to synthesize these data and address key
aspects of the complexity of this biology — in part qualitatively and
in part quantitatively — in order to predict key aspects of the
aggregate behavior of this cross-species interaction, through a
process of combined mathematical modeling and experimenta-
tion. These studies led to several mutually-affirming, but not fully
verified, hypotheses: (1) that the expression of mosquito AsSNOS
exhibits oscillatory or quasi-oscillatory behavior at baseline;
(2) that this multiphasic expression is augmented by ingested
mammalian TGF-B1 but may require the long-term presence of a
TGF-p1-like influence; (3) that, since mammalian TGF-p1 can be
degraded in the midgut within hours, this TGF-$1-like influence is
possibly carried out by mosquito As60A; and (4) that the mam-
malian TGF-p1-induced activation of mosquito MEK/ERK signaling
exhibits a multiphasic behavior, as well as being induced by

AsNOS-derived RNS and suppressing the further induction of
AsNOS by TGF-1/As60A.

4.3. Multiphasic expression of key “immunological crosstalk”
components occurs in biological systems other than malaria

The central feature of this system, then, is the predicted
multiphasic behavior of AsNOS and MEK/ERK signaling, driven
initially by exogenous TGF-p1 and maintained by endogenous
As60A. This behavior is consistent with that observed in mammals,
in which MAPK activation exhibits oscillating behavior (Araujo
et al., 2001; Chickarmane et al., 2007; Weber et al, 2010).
Likewise, there are examples in mammalian systems of NO-
driven oscillations in diverse biological processes (Keef et al.,
1997; Fujie et al., 2005), of cyclical patterns in iNOS expression
(Porras et al., 2006), and of oscillatory platelet and leukocyte
counts driven by TGF-p1 negative feedback (Hirayama et al., 2003).
Indeed, many biological networks that exhibit positive and nega-
tive feedback, such as the one under study here, oscillate (Novak
and Tyson, 2008). Importantly, studies of the genome of P.
falciparum also suggest genome-level oscillations in the parasite
(Bozdech et al., 2003), raising the intriguing possibility that the
pathogen-vector-host system as has evolved response comple-
mentarity to these multiphasic dynamics.

Based on the two-dimensional mathematical model we created
based on the mechanistic interactions of the system, there exist
two analytically distinct behaviors for AsNOS; oscillation and
attraction to fixed point. These two behaviors depend on para-
meter choice, and we suggest the existence of an Andronov-Hopf
bifurcation as TGF-p1 increases based on our simulations. Given
the experimental system used, in which data are derived not from
cohorts of individual mosquitoes that feed on blood over a 30-min
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time frame, it is possible that some A. stephensi mosquitoes exhibit
multiphasic AsSNOS expression and some do not; validating this
hypothesis will require additional studies.

4.4. In silico prediction of the need for sustained, TGF-p1-driven
multiphasic expression of AsNOS via mosquito As60A

In order to maintain this multiphasic behavior of AsNOS, our
model hypothesized the persistent presence of a TGF-p1-like
influence that we inferred, at least in some settings, to be
dependent on the mosquito TGF- homolog As60A. Moreover, this
induction was predicted to occur via the induction of AsNOS. In
support of these predictions, we indeed found that TGF-p1 induces
As60A and that this induction is negatively regulated by NO.
Indeed, the action of TGF-p1 in the context of parasite infection
may be potentiated by the A. stephensi TGF-p ortholog AsG0A.
As60A expression is induced in the mosquito midgut epithelium in
response to Plasmodium infection—this response appears to
depend on parasite load and to be correlated with periods of
parasite motility and growth (Crampton and Luckhart, 2001a,
2001b). Our data suggest that when mosquitoes are fed on live
mice, latent TGF-p1 is activated completely within 1h and the
active TGF-p1 is detectable out to 48 h, with a half-life of
approximately 24 h (Luckhart et al., 2003). In contrast, latent rat
TGF-B1 is activated to a much lesser maximal extent within 1 h,
and both active and latent TGF-p1 appear to persist for approxi-
mately 4 h. It is unclear at this point if these differences are due to
feeding on a live host versus collected blood from a live host, or
whether the difference is due to the species (mouse or rat) from
which the blood was derived. These different results suggest that
ingested TGF-B1 could persist for a sufficient time to drive the
multiphasic expression of AsNOS directly, but that even if TGF-p1
levels do not persist, As60A induced by TGF-f1 could substitute in
driving the multiphasic expression of AsNOS.

Given that TGF-p1 controls parasite infection in the mosquito
host via synthesis of toxic RNS (Luckhart et al., 2008), we might
presume that the induction of AsNOS by As60A performs the same
function in a very straightforward way. However, 60A signaling in
the fruit fly Drosophila melanogaster is also activated to restore
energy homeostasis through upregulated synthesis of insulin-like
peptides (Ballard et al., 2010), much in the same way that elevated
insulin stimulates increased energy stores in humans. We have
recently shown that when energy homeostasis downstream of
insulin signaling is dysregulated in A. stephensi, the resultant high-
level synthesis of RNS completely inhibits P. falciparum develop-
ment (Luckhart et al., 2013). Hence, future studies and accompa-
nying modeling will test the hypothesis that As60A in fact
participates in a dynamic signaling network that regulates “meta-
bolic inflammation” to control parasite development in the
mosquito.

4.5. Limitations of the current study

There are several limitations to our study, which stem from the
relatively simple mathematical models created in an attempt to
explain the experimental data. As discussed above, our data from A.
stephensi may be insufficient to fully prove a multiphasic behavior of
AsNOS, As60A, and A. stephensi MEK/ERK signaling. Using standard
statistical tools (polynomial regression), we observed that the
dynamics of phospho-ERK activation in vitro, as well as As60A
expression in vivo, could be fit fairly well with 4th- and 5th-order
polynomials, but poorly with a linear regression model (data not
shown). In the case of TGF-pl-induced AsNOS expression in vivo,
however, low 12 values were obtained for 1st-5th-order polynomial
regressions (data not shown), suggesting that this biological system
is more complex and lacking interactions not included in our simple

Boolean and ODE models. We would argue that this is the value of
multi-objective fitting (as performed in order to calibrate the ODE
model we created herein), in that multiple data sets can indirectly aid
in creating a full picture of what happens during the entire time
course. For example, the ensemble for 2000 pg/ml would show a
much tighter fit to the data without the need for the system to also
fit to the data for PBS and 2 pg/ml TGF-1; instead, our model
ensemble shows a robust combination of oscillations and decaying
oscillations.

Nonetheless, the present study leads to the hypothesis that
there exist time points for which the value of AsNOS is high and
that were not captured in the data collection. From a technical
point of view, as mentioned above, we note that each in vivo
A. stephensi study consists of a 30-min feeding period to a cohort
of mosquitoes, during which time mosquitoes within a given
experimental cohort are feeding at variable rates to various
degrees on whatever experimental substance is introduced into
their artificial bloodmeal. While we have tried to model this
variability through the use of ensembles of models, this unavoid-
able logistical necessity adds both difficulty and variability to our
ability to obtain data at the exact time points stipulated by
computational simulations.

Given the nature of the individual replicates, our assertion is
that the data are best represented by a non-linear model. Taken
together, the data shown in Fig. 4A-C on TGF-p1-induced expres-
sion of AsNOS exhibit several properties that a linear model does
not reproduce. On inspection of the individual datasets (Fig. 4),
AsNOS expression is neither monotonically increasing nor decreas-
ing over the experimental time frame for any of the replicates.
Furthermore, several experimental replicates show a primary
elevation in AsNOS expression as well as a secondary elevation,
with inconsistent timing among replicates. While such behavior
does not prove conclusively the existence of multiphasic expres-
sion, these features which are endemic in the data are not well-
represented by a linear model. The use of oscillations in the model
allows it to reproduce sudden increases and decreases in AsNOS
expression as seen in the individual trajectories, which would not
be represented in a linear model.

The results of our in silico models, fit to the data, suggest
oscillations as the non-linear behavior that describes the observed
phenomena most accurately in a deterministic setting. This does
not preclude alternative models based on decaying oscillations,
stochastic models, or other non-linear models. However, given the
data and model, we assert that our mathematical model predicts a
likelihood of oscillatory behavior only in the experimental time-
frame.

5. Conclusions

Our ultimate goal is to understand the mosquito as not simply a
vector of malaria parasites, but as a potential tool to limit the spread
of this disease-causing parasite. The model described herein pro-
vides a first systems-level analysis of the immune processes in the
mosquito midgut. It predicts that an endogenous version of the
same cytokine may be necessary to drive the multiphasic expres-
sion of AsNOS. The impact of this crosstalk on parasite transmission
is likely to be significant, since recent studies suggest that oscilla-
tions are a necessary outcome of biological tradeoffs (Chandra et al.,
2011). From this point of view, Anopheles mosquitoes may have
evolved to balance effective parasite killing mediated by RNS
against the damage that prolonged elevations of such species may
cause to the mosquito itself. Of note, A. stephensi has only a single
NOS gene, though multiple transcripts are generated from this gene,
presumably via alternative splicing (Luckhart et al., 1998), and some
of these alternate forms may serve to mediate normal mosquito
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physiology. Thus, the mosquito may balance relatively brief eleva-
tions of high-level expression of AsNOS to kill Plasmodium, and then
restore the levels of RNS to those necessary to drive normal
physiological processes. Indeed, AsNOS can be induced quite rapidly
(within 30 min) upon bloodfeeding (Luckhart et al., 2008). Our
simulations suggest that the inherent oscillatory behavior of ASNOS
would allow for a very rapid upregulation of this enzyme, which
presumably would benefit the mosquito host in combating Plasmo-
dium infection. However, there are tradeoffs with regard to over-
exuberant capacity to kill the parasite: multiple studies have
suggested that parasite killing capacity comes at a fitness cost to
the mosquito, typically observed as reduced lifespan (Hurd et al.,
2005; Voordouw et al., 2008; Corby-Harris et al., 2010; Luckhart
et al., 2013). We suggest that computational modeling may high-
light key mechanisms and drivers of such tradeoffs that may be
exploited to reduce parasite transmission while taking into con-
sideration the complex ecology of malaria.
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