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Invasion of pulmonary vasculature and tissue necrosis are some of the hallmarks of invasive aspergillosis. This in fact was observed in some of the earliest descriptions of invasive aspergillosis, such as this report from Rankin in 1953. In the 6 decades since that description we have come a long way in terms of diagnostics and therapeutics of invasive aspergillosis, but our understanding of the vasculopathy associated with IA is still in its infancy.


The microenvironment in invasive aspergillosis:
angioinvasion, inflammation, and tissue hypoxia
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Work from Dr. Filler’s group has helped elucidate some of the interactions between A. fumigatus and endothelial cells. A. fumigatus invades endothelial cells in the lung from their abluminal side and gains access to the vascular compartment, through which it can disseminate hematogenously. Vascular invasion results in thrombosis, tissue damage and recruitment of neutrophils into infected tissue. These processes have 2 important implicaitons. First both fungus and host cells operate within an oxygen-challenged environment, and both must adapt to it. Second, infected necrotic tissue may become walled of and sequestered, inaccessible to immune effector cells and antifungal drugs.


The site of invasive aspergillosis is an hypoxic
environment
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Grahl et al. have recently provided us with these striking pictures, where for the first time we can visualize hypoxia in IPA. Hypoxic tissue is shown here in orange, marked by a hyppoxia-sensitive dye. Interestingly, hypoxia was present in all invasive aspergillosis models, but more so in corticosteroid suppressed animals than in chemotherapy treated animals. 
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regulatory element binding protein

o Sterol regulatory element-binding protein (SrbA) is
required for growth in hypoxic conditions

* ASrbA essentially avirulent in neutropenic mice

* SrbAp also affects azole resistance and hyphal
morphology

* Adaptation to hypoxia is a virulence requirement

Willger et al., PLoS pathog 2008
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And work from the same group has shown that adaptability to hypoxic environment is required for A. fumigatus virulence. Specifically, these researchers showed that A. fumigatus mutant deficient in SrbA, a sterol regulatory element binding protein, which is essential for survival under hypoxic conditions, is also unable to cause lethal infection.


“The host: angiogenesis is an adaptive response
to hypoxia and inflammation
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For the host, angiogenesis is the key hypoxia adaptive mechanism. Angiogenesis is a process whereby novel blood vessels are generated from existing ones. The vascular sprout is guided by a gradient of proangiogenic growth factors, the most important of which are VEGF and FGF. Angiogenesis is an ordered process that starts with **selection of an endothelial tip cell, **increased permeability with extravasation of proteases that remodel the existing matrix and plasma proteins that form a provisional matrix **then, tip cells navigate through this new matrix while behind them stalk cells proliferate, elongate and form a perfused lumen. 


O Oxygen sensing in host cells:
HIF/NFkB pathway essential for neutrophil survival and angiogenesis
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Angiogenesis is triggered by oxygen sensing in host tissues. HIF is a transcription factor that, under normoxic conditions, is hydroxylated and then inactivated by ubiquitination. This process is reversed under hypoxic conditions, leading to transcription of important angiogenic factors such as VEGF, FGF and their receptors. Inflammatory cytokines (TNF) also promote angiogenesis through NF-kB activation, and there is significant crosstalk between HIF and NF-kB pathways. The 2 important downstream effects of these pathways are angiogenesis and neutrophil survival under hypoxic conditions. Theoretically, there is at least 1 key point where Aspergillus may throw a monkey wrench into the machinery, and that is via the well known inhibitory effects of GT on NF-kB.


@l'he angiogenesis tipping point: equilibrium between
pro- and anti-angiogenic signals?
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So this is the conceptual framework we would like to suggest: angiogenesis in invasive aspergillosis represents the net effects of proangiogenic and antiangiogenic factors. On the proangiogenic side we have the host response to hypoxia via the HIF pathway and proinflammatory cytokines, while on the antiangiogenic side we have the as yet uncharacterized effects of Aspergillus secondary metabolites.


Aspergillus fumigatus culture filtrates
inhibit angiogenesis in vitro

Ben-Ami et al. Blood 2009
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As an initial test of this hypothesis, we looked at the effect of Aspergillus culture filtrate on angiogenesis. To do this we used a standard assay called the matrigel assay. Matrigel is a basement membrane extract that is highly proangiogenic. When cultured endothelial cells are introduced into matrigel coated wells they rapidly differentiate and form a network of capillary-like structures, as can be seen on the left. Network formation was completely inhibited by Aspergillus culture filtrate, indicating that there are soluble antiangiogenic molecules in culture filtrate.


Suppression of angiogenesis is dependent on secondary metabolism
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Next, we repeated this experiment using filtrate of del-laeA culture, which is deficient in secondary metabolism, and found that this filtrate had no antiangiogenic activity whatsoever, whereas a laeA reconstituted strain completely inhibited angiogenesis. So the antiangiogenic activity requires secondary metabolism.
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Cutaneous murine aspergillosis as a model to monitor angiogenesis
at the site of infection
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This experiment can be replicated in vivo. To do this we developed a model of cutaneous aspergillosis in nude BALB/c mice. We then injected the Matrigel subcutaneously near the site of infection and observed endothelial network formation at different time points. The source for endothelial cells here are mouse resident and circulating endothelial cells.


= Angiogenesis is suppressed in animal model of cutaneous
aspergillosis
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Here again, angiogenesis is inhibited in Af293-infected mice compared with controls. LaeA did not inhibit angiogenesis. Note that over time RBC accumulate in Matrigel plugs indicating that endothelial networks form functional capillaries.


~ Gliotoxin is responsible for part of culture filtrate-induced
angiogenesis inhibition

Ben-Ami et al. Blood 2009
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Drilling further, we can see del gliP deficient in gliotoxin production has only about 50% of the antiangiogenic activity of Af293, hence gliotoxin is at least partially responsible for the antiangiogenic activity of culture filtrates.


Gliotoxin suppresses angiogenesis at concentrations
measured in pulmonary tissue

Lewis et al. Infect Immun 2005
Ben-Ami et al. Blood 2009
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And gliotoxin itself, when introduced into the in vitro angiogenesis system, has a an antiangiogenic effect at concentrations known to be present in experimental and clinical aspergillosis.


@Expression of angiogenesis-relevant genes during the initial
24 h of IPA depends on method of immunosuppression
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Moving now to invasive **pulmonary aspergillosis, a more clinically relevant model, we looked at the expression of angiogenesis-relevant genes in lungs of mice during the initial 24 hours after inoculation with Aspergillus conidia. Interestingly, we saw completely different dynamics of angiogenesis gene expression depending on the type of immunosuppression we used. In mice that received chemotherapy, we saw rapid inhibition in the expression of genes encoding for FGF, VEGF, and their receptors, whereas in corticosteroid suppressed mice, these genes were upregulated during the first 24 hours. 


The pro/anti angiogenic equilibrium:
a potential therapeutic target?
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So here is our updated model. We now have gliotoxin as a putative Aspergillus-derived antiangiogenic factor. And our data suggests that the equilibrium shifts towards angiogenesis in the non-neutropenic  corticosteroid treated host, whereas angiogenic factors are depleted in chemotherapy treated neutropenic hosts. Looking at this model from a therapeutic standpoint, 2 potential targets stand out. We can replace proangiogenic growth factors, or we can attempt to neutralize Aspergillus secondary metabolites or downregulate their production.
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