





pseudotuberculosis is thought to be mediated by YadA and/or Inv, although there are
differences between YadA- and Inv-mediated invasion that alter cellular responses to
infection (Viboud and Bliska, 2005). The evidence that YadA is able to partially rescue a
Apla mutant during an intranasal infection further supports this idea. However, I still
need to verify that the introduction of yadA into a Apla mutant leads to an intracellular
lifestyle. Although the exact proteolytic targets for Pla are unknown, it may enable Y.
pestis to survive extracellularly over the entire course of infection.

Our model also relies on the assumption that the intracellular environment that Y.
pseudotuberculosis encounters is likely a much harsher environment for survival than an
extracellular environment, decreasing the survival or restricting the growth of attenuated
bacteria upon internalization. Additionally, the levels of Yop translocation from
internalized bacteria appear to be lower or less frequent than the levels from extracellular
bacteria (Durand et al., 2010), implying that extracellular bacteria have an enhanced
ability to inhibit macrophage function. The harsher intracellular environment encountered
by attenuated strains coupled with decreased Yop translocation by wild-type bacteria may
prevent intracellular Y. pseudotuberculosis from achieving frans-complementation.
Conversely, the extracellular nature of wild-type Y. pestis may enhance its ability to
inhibit phagocytosis of both itself and attenuated strains, enabling both strains to
proliferate. Although Y. pseudotuberculosis replicates primarily extracellularly durind the
later stages of infection (Balada-Llasat and Mecsas, 2006), a brief intracellular lifestyle
may be sufficient to prevent Y. pseudotuberculosis from rescuing avirulent mutants,

given that the first 24 hpi are critical is enabling frans-complementation (Chapter 4).
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Overall, this model implicates the acquisition of pPCP1, which encodes pla, as a major

advance in evolution of Y. pestis pathogenesis.
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Conclusions

The biphasic disease progression of the pneumonic plague syndrome is unusual
because it is characterized by rapid bacterial replication in the lung without generating
appreciable levels of proinflammatory cytokines/chemokines, histological changes in
infected tissue or outward disease symptoms. I have been able to show that this pre-
inflammatory phase of disease is the result of a rapid and profound suppression of
pulmonary defenses that ultimately allows not only these organisms to proliferate rapidly
in the lung, but other microbes as well. These observations suggest that dominant,
localized immunosuppression plays a greater role than the inherent non-stimulatory
nature of Y. pestis in maintaining the pre-inflammatory during primary pneumonic plague.

Y. pestis rather recently evolved from the food-borne pathogen Y.
pseudotuberculosis to become an arthropod-borne pathogen, and this is thought to have
strongly favored the coevolution of increased virulence for mammals (Lorange ef al.,
2005). Poor arthropod vector competence imposed the need to generate very high levels
of bacteremia from very few inoculating bacteria in order to efficiently maintain the
natural route of transmission between arthropods and their mammalian hosts. Thus, an
early anti-inflammatory state at the site of infection would be biologically advantageous
in ensuring that Y. pestis can replicate unfettered until its numbers are sufficient for
transmission. The exact mechanistic details behind the increase immunosuppression at
the early stages of disease are unknown; however, differences in the
intracellular/extracellular lifestyle during the first hours 24 hours of infection may

provide an insight into the evolution of Y. pestis from Y. pseudotuberculosis.
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Future Directions

I have proposed a model for Y. pestis-mediated trans-complementation that relies
on the fundamental assumption that Y. pestis remains extracellular and Y.
pseudotuberculosis intracellular during the initial phases of infection. I have developed
the techniques to examine this model directly and have shown that the majority of Y.
pestis is extracellular, whereas Y. pseudotuberculosis is intracellular. However, the
relationship between the in vivo roles of Pla and YadA needs further characterization.
Understanding the partial compensation of a Apla strain by YadA will aid in this
characterization. These studies will also greatly aid in understanding the role of Pla
during pulmonary infection. I have developed three plausible models that may account
for the partial rescue.

The first model is similar to the intracellular/extracellular model presented in
Figure 6-1. This model suggests that YadA-mediated internalization, which appears to be
slightly mechanistically different from other means of internalization (Hudson ef al.,
2005), protects bacteria during the initial stages of disease and bacterial replication. If Pla
is acting to ensure survival in extracellular spaces and its loss decreased survival in
extracellular spaces, this intracellular environment would now have a protective effect.
Testing the cellular localization of a Apla yadA" strain during pulmonary infection will
help clarify this model.

The second model is fundamentally different that the first model. Yop
translocation depends on both the binding of bacteria to host cells and activation of
signal-transduction cascades within those cells, the later of which is triggered by ligand-

host cell receptor binding (Mejia et al., 2008). In Y. pseudotuberculosis, the activation of
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signal-transduction cascades is mediated mainly by YadA-f1 integrin binding and to a
lesser extent Invasin-f31 integrin binding. Both yadA and inv are pseudogenes in Y. pestis
and hence cannot mediate Yop translocation via this signal-transduction cascade. Pla may
engage other signaling cascades via proteolytic cleavage of cell surface components.
Caulfield ef al. have recently presented data to suggest that Pla readily cleaves Fas-ligand
from the surface of cells to disrupt its signaling (Caulfield and Lathem, 2010). Cleavage
of other cell-surface ligands by Pla may initiate the signaling cascades that restore Yop
translocation. In this model, the unknown defect of a Ap/a mutant may simply be its
inability to efficiently translocate Yop effectors into host cells. YadA would then restore
the ability of the Ap/a mutant to trigger signal-transduction cascades and restore Yop
translocation. Testing the in vivo translocation of a Apla mutant and a Apla yadA" mutant
may be able to address this model. The techniques required for these examinations are
now widely used in the field, and I am currently adapting them for use in studying
pneumonic plague (Durand et al., 2010; Marketon et al., 2005).

Pla has been shown to have adhesive properties that aid in attachment and
invasion of tissue culture cells (Lihteenméki et al., 2001), independent of the proteolytic
activity of Pla. The proteolytic activity of Pla is required for pulmonary infection
(Lathem et al., 2007), but the relevant proteolytic targets of Pla in vivo remain unknown.
Pla cleaves after basic residues in proteins, leaving the positively charged end of the
protein attached to the cell. Considering Pla can cleave the vast majority of proteins from
the surface of Y. pestis, robust cleavage of surface proteins may result in a positively
charged outer membrane that can adhere more readily to host cells. In this third model,

YadA would be able to compensate for the loss of Pla and the charged outer membrane
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by restoring the adherence to host cells. Analyzing the overall charge of the outer
membrane using certain cationic and anionic dyes can be used to test this model
(Bengoechea et al., 1998a; Bengoechea et al., 1998b).

The concept of global trans-complementation by Y. pestis lends itself to a myriad
of different studies. Oddly enough, many of the most pressing studies involve defining
the early events in pneumonic plague. Although not part of my dissertation, we are
currently defining which cell types are actively translocated during the pre-inflammatory
phase of disease and hope to continue these studies to also analyze the pro-inflammatory
phase of disease. Simultaneously, we are monitoring changes in the host-cell repertoire in
the lungs of mice during Y. pestis infection using flow cytometry. Although these studies
may not identify the initial interacting cell types, they should allow us to determine which
immune cells are responding to infection during the pre-inflammatory phase of disease.
These studies should be able to open up new avenues of study and provide a wealth of

information on the pre-inflammatory phase of disease.
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