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Anopheles stephensi and Anopheles gambiae respond to malaria parasite infection with inducible 
expression of nitric oxide synthase (NOS; 1, 2).  The midgut response in A. stephensi is biphasic with 
induction at 6h and at 36-48h following infection (3), indicating that parasite presence in the blood mass 
is sufficient for NOS induction. Catalytic activity of AsNOS results in the synthesis of inflammatory 
levels of nitrogen oxides (NOx; 3) that limit parasite development. Several reactive nitrogen 
intermediates (RNIs) with significant potential for toxic effects on both host and parasite are formed in 
the midgut; these RNIs indicate that significant nitrosative and oxidative stresses exist in the A. 
stephensi midgut following infection. Induction and activity of AsNOS are dependent on ingested 
midgut blood components including mammalian growth factors/cytokines that crosstalk with mosquito 
cells and blood proteins that function as substrates for RNI chemistry.  

We have focused on how NO synthesis is induced and controlled as a basis for identifying novel targets 
to regulate parasite development. Plasmodium falciparum glycosylphosphatidylinositols (PfGPIs), the 
“malaria toxin” in mammals (4), drive biphasic induction of midgut NOS in both A. stephensi (5) and A. 
gambiae, indicating that PfGPIs are critical inflammatory mediators in both mosquitoes and mammals. 
In addition to signaling through pathways associated with inflammation (e.g., NF-κB-dependent; 6), 
PfGPIs mimic the effects of insulin on mammalian cells (4). Although PfGPIs are not insulin-mimetic 
to A. stephensi cells, they do activate insulin-signaling associated Akt and ERK in the mosquito midgut 
and this activation is necessary for AsNOS induction (5). In mammalian cells, Akt phosphorylates more 
than 50 gene products associated with cell growth, defense, survival, and metabolism and has been 
identified as a major therapeutic target for a number of human diseases (7), indicating that study of Akt 
signaling in A. stephensi is likely to reveal new gene targets for engineering of anti-parasite resistance.  
In addition to MEK/ERK and Akt, we are continuing studies of other signaling pathways and effector 
genes that are activated by PfGPIs.  

In mammals, transforming growth factor (TGF)-β1 maintains immunological balance during malaria 
parasite infection (8), primarily through an effect on inducible NOS (9). We have demonstrated that 
ingested mammalian TGF-β1 dose-dependently regulates malaria parasite development in A. stephensi 
(3), in part through an effect on AsNOS catalytic activity.  Our observations indicated for the first time 
that TGF-β-dependent Smad signaling regulates an important anti-parasite defense in the insect host. 
The signaling architecture for TGF-β/activin and BMP/GDF signaling is in place in the A. stephensi 
midgut (10), indicating that this tissue can respond to endogenous and exogenous ligands in this large 
protein superfamily. The success of cytokine therapy for management of infectious disease in humans 
(11) suggests that a similar strategy may be feasible in mosquitoes. In mammals, however, TGF-β1 
regulates a myriad of genes that are associated with cell growth and death, differentiation, morphology, 



extracellular matrix synthesis and immunity which, in turn, influence the development and physiology 
of nearly every major tissue and organ system (12). As such, we are using genomics and proteomics 
approaches to understand the global effects of TGF-β1 as well as parasite signals and other 
immunomodulatory factors on mosquito cells.    

Our observations indicate that the midgut is a complex environment of radical chemistry and 
immunomodulatory signals derived from the parasite, from ingested blood, and from the mosquito 
response to parasite infection that do not act in isolation from one another. As such, we suggest that 
evaluation of transgenes in this milieu should account for the diversity and balance of crosstalking 
factors likely to be encountered in human hosts in the field to better predict the outcome of genetic 
manipulation on parasite development.    
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