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ABSTRACT

IDENTIFICATION OF A ROLE BEYOND IRON ACQUISITION FOR YERSINIABACTIN DURING

YERSINIA PESTIS INFECTION

Sarah Price

March 31st, 2023

Yersinia pestis is a Gram-negative re-emerging bacterial pathogen that is responsible for
bubonic, septicemic, and pneumonic plague. Y. pestis and other bacteria require transition metals,
such as iron, zinc, and manganese, to maintain intermediary metabolism, transcriptional regulation,
and virulence. To inhibit infection, eukaryotic organisms have developed distinct mechanisms,
called nutritional immunity, to sequester these important nutrients from invading bacteria. For
pathogens to colonize the vertebrate host, they have evolved dedicated acquisition systems for
transition metals. During infection, Y. pestis overcomes iron limitation by secreting the siderophore
yersiniabactin. Additionally, Y. pestis requires zinc for infection and utilizes high affinity transporters
to overcome zinc restriction. The first zinc importer identified in Y. pestis was the ZnuABC transport
system, which is essential for in vitro growth. Notably, ZnuABC is not required for Y. pestis
virulence. Thus, while zinc acquisition is recognized as important for bacterial pathogenesis, there
is a gap in our understanding of zinc uptake by Y. pestis. Recently, an unexpected role for the
yersiniabactin system was identified for growth in zinc limited medium. Moreover, a znuBC mutant
that lacks genes involved in yersiniabactin synthesis (e.g., irp2) was completely attenuated for

virulence. These data suggested yersiniabactin might be involved in zinc acquisition during



infection. The findings | present here are the first to demonstrate a novel role for yersiniabactin in
zinc acquisition in Y. pestis. | also show that this conceptually novel mechanism allows Y. pestis to
overcome zinc nutritional immunity in both the mammalian and insect host. Furthermore, using a
technically innovative approach called droplet Tn-seq, | was able to identify the primary secretion
mechanism for yersiniabactin. These studies not only provide a significantly better understanding
of the role for yersiniabactin-dependent zinc acquisition in Y. pestis virulence, but since
yersiniabactin is a conserved virulence factor in other Gram-negative pathogens, also provide new
insight into how a variety of other pathogens acquire zinc during infection. Furthermore, since
yersiniabactin is essential for virulence, my identification of the yersiniabactin secretion system
represents a novel target for the development of an anti-virulence therapeutic that could be used

to combat infections by multiple bacteria.

Vi
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CHAPTER 1

YERSINIA PESTIS AND METALS

INTRODUCTION

1.1 Yersinia pestis: the flea, the rat, the legend

In the bacterial family of Yersiniaceae, the genus Yersinia consists of 26 species, including the
three human pathogens: Yersinia pseudotuberculosis, Yersinia enterocolitica, and Yersinia pestis.
Y. enterocolitica and Y. pseudotuberculosis are enteric pathogens that lead to gastrointestinal
illness and rarely cause fatal disease. These two bacteria are found free-living in the environment
(1). Y. enterocolitica and Y. pseudotuberculosis are spread through the fecal-oral route for human
transmission. The other Yersinia family member is Y. pestis and sequence homology shows that
Y. pseudotuberculosis is an ancestor of Y. pestis (1). It has been estimated that Y. pestis diverged
from Y. pseudotuberculosis around 1,500 to 20,000 years ago and shares around 97% gene
homology (1-3). Despite the genetic similarity, the pathogenesis of Y. pestis is quite unique from
Y. pseudotuberculosis. Y. pestis is the etiologic agent of an acute and rapid disease with significant
mortality rates if left untreated, known as plague. Plague manifests in three forms of disease:

bubonic plague, pneumonic plague, and septicemic plague (4).

Y. pestis has significantly impacted human history through three major pandemics, which are
the Justinian Plague, the Great Mortality, and the Modern Pandemic. In the 6% century AD, the

Justinian Plague spread around areas located near the Mediterranean Sea (5). The Great Mortality



occurred in the 14" century in Europe and continued intermittently for 300 years eliminating
approximately one third of the population of the old world, with the Black Death occurring in the
1350s (4, 5). The most recent outbreak was the Modern Pandemic, which began in China in the
19t century and spread across the world (4). In 1894 during the Modern Pandemic, Alexandre
Yersin identified and cultured the causative bacterium of plague (6). With its disturbing history,
plague is often classified as an historical disease and only a concern of the past. However, the
disease remains endemic in many parts of the world, including Africa, Asia, and the Americas,
including the United States (5, 7). With the recurrence of the disease in several countries, plague

has been categorized as reemerging pathogen by the World Health Organization (4).

Y. pestis is an enzootic pathogen that is naturally maintained in a cycle between the flea
transmission vector and rodent hosts (4, 7). In these rodent populations, Y. pestis is endemic and
these reservoirs are the cause of continuous and frequent outbreaks in places like Madagascar
and the Democratic Republic of Congo (5, 8). These natural reservoirs include species such as
rats, field mice, gerbils, and marmots (4, 8, 9). Humans can contract plague when bitten by an
infected flea or inhalation of contaminated aerosols, including respiratory droplets that can promote
person-to-person transmission — outbreaks have been reported that were initiated by flea
transmission but rapidly spread through populations by aerosol transmission (10). The World
Health Organization estimates that 2,000 to 4,000 cases of plague occur each year (9, 11).
Although plague is currently treatable with antibiotics, this treatment option is only useful if the
disease is diagnosed early. Unfortunately, there is no vaccine to prevent plague or stop the rapid

transmission of Y. pestis through a population during an outbreak (12).

In the flea, Y. pestis infection is limited to the digestive tract. The digestive system of the flea
is made up of an esophagus, proventriculus, midgut, and hindgut (13). The midgut is where all
digestion and absorption of nutrients from a bloodmeal occurs and where Y. pestis must survive
for transmission (13). Very little information is known about the physiological environment in the
flea gut including pH, nutrient availability, osmotic pressure, and redox potential. Fleas do have

very limited microflora in their digestive tract which may contribute to a difficult environment to



colonize (14). Y. pestis has unique mechanisms to allow for survival in this challenging
environment. For transmission to the mammalian host, Y. pestis creates a solid mass that blocks
blood flow in the proventriculus, which typically propels blood into the midgut, forcing the flea to
regurgitate the blockage (13). While it has been shown that Y. pestis can survive on the mouth of
the flea after a blood meal and be transmitted to the next host (15), biological transmission due to
proventricular blockage is the most reliable means of spread of Y. pestis to a mammalian host (10,

15).

In the human host, the natural progression of disease initiated by an infected flea bite begins
in the dermis of the skin (13, 16). Infection from a flea can occur with as few as 1-100 bacteria (4).
From the site of inoculation, the bacteria travel through the lymphatic system to the draining lymph
node. In the lymph node, the bacteria replicate rapidly to colonize the lymph node and the infected
lymph node increases in size to cause a “bubo”, which is a painful, swollen mass (12). The bubo is
a hallmark symptom of bubonic plague, which is 40-60% lethal in 5-10 days post-exposure if left
untreated. From the lymph node, Y. pestis can disseminate to the host’s bloodstream to cause
septicemic plague. This form of plague is 100% fatal if left untreated at the onset of symptoms (4,
11). In septicemic plague, the bacteria can further travel through the bloodstream to colonize the
spleen, liver, and lungs (17). If the bacteria colonize the lung, secondary pneumonic plague will
develop (4, 11). During pneumonic plague, the bacteria can easily spread from person-to-person
through aerosol transmission leading to primary pneumonic plague, which can quickly lead to death
in only 3 days. Plague manifests in all forms with flu-like symptoms with body aches, fevers, chills,

and malaise (4).

1.2 A silent, yet deadly Killer

To survive in each host, Y. pestis utilizes a plethora of virulence factors to establish infection
in mammals or fleas. Each of these hosts presents distinctive environments that the bacteria must
adjust to for colonization and transmission. While little is known about the atmosphere of the flea

gut, the temperature inside the flea is 26 °C , which is significantly lower than the 37 °C of



mammalian body temperature (4). While the obstacles for colonization of the flea remain less

understood, the mammalian host has a robust immune system to challenge Y. pestis pathogenesis.

1.2.a. Colonization of the flea

In the flea, three main virulence factors for transmission haven been characterized: Yersinia
murine toxin (Ymt), hemin storage locus (Hms), and plasminogen activator (Pla) (18). Murine toxin
is a cell-associated, phospholipase D protein released upon bacterial cell death and receives its
name from the toxic effects is has on mice and rats during infection (19). Despite the known toxic
effects of Ymt, an ymt mutant remains fully virulent for mice. In fact, the expression of Ymt is
downregulated at 37 °C (20), suggesting an alternative importance for infection outside of the
mammalian host. Specifically, Ymt has been shown to play a role in colonization of the flea midgut,
which is a key step in transmission of Y. pestis (21). Another virulence determinant is the hms
locus, which is located on chromosome on the pigmentation (pgm) locus that was defined by the
pigmented color that the bacteria absorb in the presence of hemin or Congo Red at 26 °C (4, 22—
24). The hms locus encodes for four genes responsible for hemin storage in the outer membrane
of the bacteria and is essential for the development of the blockage in the flea required for
transmission (25). When hms is present, Y. pestis forms a biofilm that supports proventricular
blockage that a hms mutant cannot produce (21, 25-27). The blockage in the proventriculus
improves transmissibility to a new host and is induced by a PhoP-PhoQ regulatory system (10, 28—
30). The third virulence factor used by Y. pestis in the flea is pla, which is on the pCP1 plasmid and
encodes a surface protease that leads to increased tissue invasiveness and systemic spread of
the bacteria (31). In bubonic plague transmission, Pla is essential because it enhances

dissemination of Y. pestis from the site of inoculation (32).

1.2.b. Virulence factors in the mammalian host

During infection of the mammalian host, Y. pestis utilizes several factors to evade the immune
response and overcome the innate immune system (33-36). Since Y. pestis causes an acute
infection with rapid disease progression, these interactions with innate immune cells, such as

neutrophils and macrophages are important to pathogenesis. Early in infection, Y. pestis imposes



a non-inflammatory environment in the host. When the innate immune system responds, a cytokine

storm is released in the host by massive infiltration of antimicrobial products and cytokines (34, 37).

On the pCD1 plasmid, Y. pestis encodes for the type three secretion system (T3SS) that is
temperature regulated and only active at 37 °C in the mammalian host (4). The T3SS secretes
Yersinia outer membrane proteins (Yops) that interact with host signaling pathways to inhibit
phagocytosis and induction of a pro-inflammatory response (38—40). For translocation of Yops, the
T3SS directly interacts with host cells and forms a pore on the membrane for Yops to travel through
(39). Secreted Yops have been shown to target neutrophils, macrophages, and dendritic cells (41,
42). Once inside the host cell, Yop effectors function to inhibit bacterial phagocytosis through
interaction with the host cell cytoskeleton and to suppress the production of pro-inflammatory
cytokines by blocking activation of host signaling pathways (42—47). These stealthy interactions

allow Y. pestis to alter proper immune cell functions to inhibit an inflammatory response.

Toll-like receptors are key components of the immune system that identify pathogens
associated molecular patterns (PAMPS) to activate the host immune response (48).
Lipopolysaccharide (LPS) of Gram-negative bacteria is recognized by Toll-like receptor 4 (TLR4)
located on phagocytes, such as macrophages and dendritic cells. Recognition of LPS by TLR4
triggers a signaling cascade that leads to the production and secretion of pro-inflammatory
cytokines (49-51). Y. pestis evades this innate immune response by altering the structure of its
lipopolysaccharide (LPS) (4, 49, 52). Specifically, Y. pestis decreases the amount of acylation of
lipid A to remain unrecognizable to TLR4 (53). The cell wall composition of LPS differs between
infection in the flea and mammalian host, where the bacteria need to avoid the TLR4 response,

because the alteration of LPS is temperature-dependent (52).

Y. pestis also produces an antiphagocytic factor called the capsular antigen fraction 1 (Caf1)
(54, 55). Like the other immune evasion mechanisms, expression of Caf1 is induced upon infection
at 37 °C in the mammalian host (56). When activated, Caf1 prevents interactions between the

surface of Y. pestis and phagocytic cell receptors (57, 58). This inhibition blocks phagocytosis by



macrophages and monocytes (57, 58). While this factor contributes to virulence, unlike the T3SS

and LPS alterations, Caf1 is not essential for virulence (59-62).

Another essential virulence factor used by Y. pestis for colonization of the mammalian host is
Yersiniabactin (Ybt), a secreted siderophore that supports iron acquisition (63, 64). The genes
involved in the Ybt synthesis and transport are located on a high pathogenicity island that is flanked
by insertion elements and that can be spontaneously lost via natural recombination (24). However,
Y. pestis mutants lacking Ybt are not virulent in bubonic or pneumonic plague mouse models and
have been shown to only be virulent in mice by septicemic plague (64). However, if the host has
iron readily available, such in the case of iron overload in the body, Ybt mutants are no longer
attenuated and can cause lethal infection by bubonic and pneumonic (65). The essential nature of

this siderophore highlights the importance for metal acquisition systems in virulence.

1.3 Bacterial pathogens require transition metals to grow

Transition metals, such as iron (Fe), zinc (Zn), and manganese (Mn), are involved in many
crucial biological processes (66). The most studied metal ion at the host—pathogen interface is iron.
This metal is critical for many cellular processes including respiration, DNA replication, and central
metabolism. In vertebrates, Fe is mainly intracellular, and extracellular Fe is primarily bound to
proteins. Zn is also predominantly intracellular, where it serves as a co-factor for many proteins
and enzymes. In bacteria, metals play a role in everything from bacterial metabolism to virulence
factor function and are frequently catalytic cofactors and are incorporated into metalloproteins
including metalloenzymes, storage proteins, and transcription factors (67). Because bacteria
require these metals, eukaryotic hosts have evolved to sequester and restrict access to these
metals inhibit colonization by microbial invaders (68—72). Not surprisingly, pathogens have evolved

to employ sophisticated mechanisms to acquire these limited metal ions in the vertebrate host.

1.4 Metal availability in the flea

Very little is known about the nutrient availability in the flea midgut. Directly after a bloodmeal,

transition metal levels in the flea midgut would be expected to be high, due to nutrients in



mammalian blood. A study showed that Fe, magnesium (Mg), and calcium (Ca) levels are elevated
in the midgut at 1 and 6 days post-blood meal (30). Although these nutrients are present, it is
unknown if they are readily available to Y. pestis. However, from natural plague foci, researchers
have been able to isolate Y. pestis that lack yersiniabactin (73, 74), indicating that the flea midgut
has sufficient Fe available to support bacterial growth. This is further supported by laboratory
studies with Ybt mutants that can colonize the flea (75). The availability of other metals are currently
unknown but similar approaches with bacterial mutants deficient in the acquisition of other metals

would allow researchers to define metal availability within the flea.

1.5 Metal homeostasis in vertebrates

Fe is the most abundant transition metal in the human body. There are 3 to 5 g of Fe in healthy
adults and 65—-75% is found in erythrocytes bound to heme (76). Similarly, Zn is an essential metal
nutrient and nearly all Zn in the human body (95%) is found intracellularly where it plays a role in
the structure and function of macromolecules (77, 78). Unlike Fe and Zn, only trace concentrations
of Mn are found in human serum (<10 nM) and tissue (<4 pM) (79). Also, Mn-dependent enzymes
are scarce and Mn can often be interchanged with another divalent cation (66). Because these
metals are also required by invading pathogens, the concentrations of these metals in our bodies

are tightly regulated.

Fe absorption in mammals is a very efficient process, which begins in the duodenum of the
gut. Here, ferric Fe (Fe3*) is reduced to ferrous Fe (Fe?*), then imported into cells by natural
resistance-associated macrophage protein 2 (Nramp2). After import, the fate Fe2* depends on the
cellular needs, where it can either be stored as ferritin, used in metalloenzymes, used in the
biosynthesis of heme, or exported out of the cell through transporter ferroportin, the only known
cellular iron exporter in vertebrates (80—83). Ferroportin is found on duodenal enterocytes,
macrophages, and hepatocytes that store Fe2* (80). This process is tightly controlled by the master
regulator hepcidin, a peptide hormone produced in the liver, to ensure Fe homeostasis (84). Upon
release, hepcidin binds to ferropotin to inhibit Fe2* export and prevents pathogens from acquiring

any free Fe in the body.



The importance of Fe homeostasis in limiting bacterial infection is highlighted by genetic
defects that impact the host ability to maintain proper Fe concentrations. The most common genetic
disorder for dysregulation of Fe metabolism is hereditary hemochromatosis, caused by at least five
different mutations in iron metabolism genes, with mutations in the HFE gene being the leading
cause for decreased expression of hepcidin. Individuals with hemochromatosis gradual accumulate
iron in internal organs, especially the liver, heart, and pancreas, and suffer from cellular damage
caused by the unfavorable redox effects of free iron that ultimately leads to organ failure. However,
these individuals and are also at higher risk for bacterial infections, including Yersinia infections
(65, 85, 86). Hemochromatosis has been shown to lead to increased disseminated Y. enterocolitica
infection resulting in liver and spleen abscesses (87, 88) and in 2011 an accidental exposure to an
attenuated Y. pestis strain unable to normally acquire iron resulted in the death of a laboratorian
with hemochromatosis (89). The contribution of hemochromatosis to this death was confirmed

using a mouse model of hemochromatosis (85).

Zn homeostasis is also tightly controlled and primarily regulated by cells of the liver. ZnT and
ZIP transporters coordinate together to regulate cellular Zn homeostasis. ZnT transporters move
Zn from the cytosol to the extracellular space and the lumen of intracellular compartments. In
contrast, ZIP transporters function by refilling cytosolic zinc levels by mobilizing Zn from the
extracellular space and the lumens of intracellular compartments. The total cellular zinc
concentration is 10—100 pM, but almost all zinc ions (Zn?*) in the cytosol are tightly bound to a host
of metalloproteins and sequestered into or released from intracellular organelles by ZnT or vesicles
by ZIP (77). Therefore, free Zn concentrations in the cytosol are very low. Both transporters
coordinate fundamental roles in immune cell function through zinc signaling, and dysfunction or

dysregulation of either transporter can lead to an abnormal immune system (90-92).

1.6 Nutritional immunity

The importance of metals spans all levels of life; thus, organisms dedicate substantial
resources to acquire metals and maintain homeostasis. Despite the indispensable nature of metals,

excess accumulation of these nutrients can be toxic. Teetering the balance between metal
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starvation and toxicity is a meticulous challenge for bacterial pathogens because they face host
defense mechanisms, called nutritional immunity, that take advantage of this dual nature of metals.
The two arms of nutritional immunity either restrict metals or use excess amounts of metals to

attack pathogens.

1.6.a. Metal restriction and nutritional immunity

In addition to general maintenance of metal homeostasis from our diet, innate immune cells,
such as macrophages and neutrophils, play an important role in restricting metals from pathogens.
Macrophages utilize an antiporter called natural resistance-associated macrophage protein 1
(Nramp1) to redirect Fe, Mn, and Mg out of the phagolysosome and into the cytoplasm (93).
Nramp1 activity sequesters these metals from intracellular pathogens, such as Y.
pseudotuberculosis, Salmonella enterica Typhimurium, and Mycobacterium tuberculosis (94-97).
In the extracellular space, host cells secrete metal scavenging proteins including transferrin,
lactoferrin, calprotectin and neutrophil gelatinase-associated lipocalin (NGAL or lipocalin 2) to
inhibit growth of pathogens (67). Transferrin binds Fe3* with a high affinity (Ka 10-2°M) at two
domains and each domain can bind to one Fe3*ion (98). Physiologically, transferrin is a major Fe
transporter that shuttles Fe between storage sites and areas its needed (99). Lactoferrin is a
member of the transferrin family and found within the specific granules of neutrophils and in
biological fluids (100, 101). In the case of nutritional immunity, transferrin and lactoferrin sequester
Fe from pathogens (99). Additionally, calprotectin is secreted to scavenge metals. Calprotectin is
a heterodimer of two S100 proteins, S100A8 and S100A9, that binds and sequesters Zn, Mn, Fe,
and Ni from pathogens (102—104). Calprotectin composes 50% of the cytosolic protein content in
neutrophils (105) and are considered primary sources for this protein during infection. However,
macrophages have been shown to produce calprotectin in response to infection (106). Another
molecule that plays a role in nutritional immunity is lipocalin, a neutrophil gelatinase-associated
protein. Lipocalin is secreted by neutrophils as an early response to infection and sequesters

siderophores to neutralize Fe uptake by bacteria.



Metal sequestration by these host proteins have proven to be effective means to restrict
bacterial infection. Calprotectin has been shown to have antimicrobial activity against bacteria, like
Staphylococcus aureus, Acinetobacter baumannii, Clostridium difficile, Helicobacter pylori, and M.
tuberculosis (107-112). Imaging of a S. aureus infection showed severe relocalization of Zn by
calprotectin to uninfected areas of the tissue that were absent from the bacterial abscess in the
liver tissue (107). In a study conducted with lipocalin-deficient mice, E. coli caused enhanced
septicemia compared to infection in mice with lipocalin (113). However, some bacteria utilize stealth
siderophores that allow them to avoid lipocalin. The main siderophore system utilized by Y. pestis,
Ybt, is not affected by lipocalin activity (114). The host also induces mechanisms in immune cells
to decrease intracellular Zn levels. The intracellular pathogen M. tuberculosis encounters Zn
sequestration by macrophages, as these phagocytes pump Zn out of the cell to reduce intracellular
levels (115). This action in macrophages leads to increased reactive oxygen species production to
support antimicrobial activity (115). Transport of Zn into the cytosol of phagocytes from the
extracellular space or out of the phagolysosome is curated by transporters in the ZIP family,
specifically ZIP8 (116, 117). The direct effect of Zn sequestration by ZIP transporters on Y. pestis
intracellular infection is unknown. The impact of calprotectin-mediated metal sequestration has not

been tested against Y. pestis.

1.6.b. Metal toxicity and nutritional immunity

More recently, the toxic properties of metal have become appreciated as a mechanism against
microbes. Through exploitation of the toxic properties of metal, vertebrates expand the repertoire
of nutritional immunity to include metal sequestration and intoxication (107, 118—120). Zn has been
shown to overtake the bacterial cell and compete with other metals or substrates by binding to non-
cognate sites, thereby impairing proper function (121). The mis-metalating process has been
shown to inhibit uptake of other important metals, prevent oxidative stress defenses, and inhibit
catalytic activity of enzymes (121-127). To impose Zn toxicity, the host imposes an environment
with excess Zn within immune cells. In macrophages, Zn is specifically trafficked into phagosomes

containing intracellular bacteria by ZIP2/8 for intoxication (127—131). Mice that lack ZIP8 are unable
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to control bacterial infections, with pathogens such as Streptococcus pneumoniae (116, 117).
Macrophage induced Zn toxicity has been proposed to be driven by release of Zn intracellular
stores (128), but is still not well understood. Neutrophils also utilize zinc toxicity to inhibit bacterial
growth. During infection with group A Streptococcus, neutrophils mobilized zinc vesicles to poison
the bacteria (132). Individuals with Zn deficiency have an increased susceptibility to infectious
disease because not only do they not have fully functional immune systems but they lack the ability
to enforce Zn toxicity against infections (133). Zn toxicity is an essential part of nutritional immunity

and bacteria use Zn efflux systems to combat high concentrations of Zn (127, 130, 134—136).

1.7 Y. pestis uses metal acquisition systems to overcome nutritional immunity

Successful pathogens have evolved dedicated high-affinity metal acquisition systems to
specifically overcome nutritional immunity. Y. pestis utilizes a plethora of acquisition systems to
compete with nutritional immunity to acquire metals such as, Fe, Mn, and Zn. On the other hand,
Y. pestis does have efflux systems that can be used when toxic levels of metals are encountered.

Research with Y. pestis has been essential in our understanding of these mechanisms.

1.7.a. Regulating metal homeostasis in Y. pestis

Like the mammalian host, bacteria need to tightly regulate metal homeostasis to avoid potential
toxic consequences of metal overload. The balance between metal starvation and toxicity in
bacteria is maintained by a tight network of metal homeostasis pathways. Metal-responsive
transcription factors, such as metalloregulators and metal-sensor proteins, coordinate these the
activity of these systems and sense metal availability. When metal binds to a metalloregulator, the
transcription factor can then bind to specific DNA sequences. These transcription factors are
allosterically regulated by the specific metal they are responsible for (137). When the
metalloregulator binds to their target metal, they will activate or repress the production of the

corresponding metal homeostasis systems (138).

To adjust to altering Fe environments, bacteria utilize Fur (ferric uptake regulation) to regulate

Fe acquisition (139). Fur is a transcriptional repressor of iron-regulated promoters, where it relies
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on Fe?* binding activity to attach to DNA (140). In the presence of high Fe, Fur inhibits transcription
of target genes by a confirmational change occurring due to Fe binding to Fur (141, 142). Homologs
of Fur have been identified in multiple Gram-negative bacteria, including Y. pestis, Salmonella
Typhimiruim, A. baumannii, Campylobacter jejuni, Pseudomonas aerugonisa (143—-145, 145, 146).

In Y. pestis, Fur coordinates the regulation of 32 predicted operons (147).

Studies have shown a Zn requirement for in vitro growth of Y. pestis (148). Although Zn is
required for optimal cellular function, Zn can also be toxic at high concentrations. Repression of
transporters by Zur, a transcription factor, also occurs through allosteric regulation by two or more
Zn ions binding to Zur. One atom serves to structurally stabilize Zur, and the other atom(s) supports
a DNA-binding domain to fold allowing for the domain bind to the promoter of Zur-regulated genes
(149, 150). Therefore, in an environment with high Zn concentrations, Zur inhibits transcription of
target Zn transporters. Further, in a low Zn environment, Zur releases and transcription of Zn

transporter genes can continue.

1.7.b. Iron acquisition in Y. pestis

To compete with Fe nutritional immunity, Y. pestis has multiple Fe acquisition systems (151—
157). Y. pestis has several ABC transporters that share similarity to ones with proven roles in Fe
acquisition in other organisms. Three ABC transporters, YfeABCDE, YfuABC and YiuABC, have
activity during aerobic growth and thus transport Fe3*. Yfu and Yiu show no significance to plague
virulence (156). Y. pestis has three Fe?* transporters, YfeABCDE, FeoABC and Fet, that have
demonstrated activity under microaerobic conditions. The Yfe and Feo systems are utilized for Fe
acquisition during intracellular growth (153). An feoB mutant was fully virulent in mouse models of
bubonic and pneumonic plague, but an yfe feoB double mutant was fully virulent in pneumonic
infection, but showed a loss in virulence during bubonic plague (152). Therefore, the Yfe and Feo
systems may contribute to Fe acquisition during bubonic plague but are not essential in pneumonic

plague.

Y. pestis can hijack Fe-containing molecules to acquire Fe. The hmu locus from Y. pestis allows

it to use hemin as well as host hemoproteins including hemoglobin, myoglobin, hemin-albumin,
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heme-hemopexin, and hemoglobin-haptoglobin as sources of Fe (158). Deletion of the hmu locus
from Y. pestis lead to poor growth on iron-limited medium containing free hemin (158). Notably,

Hmu is not essential for plague virulence (159).

Of all these systems, Ybt is essential for Fe acquisition during plague, signifying its importance
as a virulence factor (64). Ybt is a secreted, siderophore that is synthesized by Y. pestis to acquire
Fe. Ybt has a high affinity for Fe3*, a formation constant of 4x10-38, and no affinity for binding Fe?*

(160). Unlike other siderophores, Ybt is not inhibited by lipocalin (114).

The ybt locus is encoded on the high-pathogenicity island, pgm, which is also found in Y.
enterocolitica, and Y. pseudotuberculosis (161-163). In fact, almost 30 years ago, Ybt was first
described in Y. entercolitica (161). Since then, the system has been well-defined and studied in the
context of infection and Fe acquisition. Outside of Yersinia, the ybt locus is conserved in other
pathogenic bacteria and these bacteria require Ybt for virulence including, pathogenic Escherichia

coli, Klebsiella pneumoniae, and Proteus mirabilis (164—167).

The first gene in the ybt locus is the transcriptional regulator of the system is ybtA (168, 169)
(Fig. 1-1A). Fur controls the expression of ybtA by a Fur-binding site near the ybtA promoter region
(168). A mutation in the ybtA reduces expression of Ybt import and synthesis genes, psn, irp1, irp2,
and ybtE (168). Intriguingly, it is speculated that the Ybt siderophore directly interacts with YbtA to
activate transcription of the system, because both YbtA and Ybt must be present for induction of

the Ybt system (168).

The synthesis complex of Ybt utilizes seven genes located in a 22kb region on the ybt locus
(63) (Fig. 1-1A). These genes coordinate unique steps to generate the siderophore structure of a
four-ring structure composed of salicylate, one thiazolidine, and two thiazoline rings with a malonyl
linker separating the final thiazoline from the thiazolidine ring (Fig. 1-1B). First, YbtD transfers the
4'-phosphopantetheine moiety of coenzyme A to attachment sites on HMWP1 (irp1) and HMWP2
(irp2) for the substrates adenylated salicylic acid, three cysteines, and malonate (170). Then, YbtS
coverts chorismic to salicylic acid, which is then adenylated by YbtE and attached to HMWP2. Here

the complex is cyclized to form two thiazoline rings (171). Next, a malonyl linker is added by
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HMWP1 to generate the final thiazoline ring and YbtU reduces the middle thiazolidine ring to a
thiazoline ring to produce the final structure (172). YbtT cleans up the structure by removing

irregular or mischarged molecules. Finally, HMWP1 releases the completed siderophore (170).

After synthesis and secretion of Ybt, the siderophore can steal Fe from lactoferrin and
transferrin for Fe uptake. For import of Ybt bound to Fe (Ybt-Fe), Y. pestis utilizes psn, ybtP, and
ybtQ. Psn (pesticin receptor) is located on the outer membrane of the bacteria and TonB provides
the energy for active transport of Ybt-Fe across the membrane (173—175). Once in the periplasmic
space, the Ybt-Fe complex is transported across the inner membrane by the ABC transporters,
YbtP and YbtQ (176). After reaching the cytoplasm, Fe could be removed from Ybt by an enzyme
that reduces Fe®* to Fe?* or degrades Ybt. The mechanism for Fe removal from Ybt still remains
unknown and is a debated topic in the Ybt field. In fact, Fe could potentially be removed from Ybt
at the cell surface by Psn, in the periplasm, or in the cytoplasm. There is support from studies with
E. coli for the concept that metal is removed in the periplasm (177). These studies also show that
Ybt is promiscuous and can bind to copper (Cu), which suggests the ability of Ybt to play a role in
the transport of other metals (177-179). The ability of Ybt to bind Cu has been proposed to be a
protective mechanism to prevent Cu toxicity in the bacteria (179). Further, Ybt has been shown to
bind to nickel, cobalt, chromium, and gallium (178, 180). Even with the discovery of Ybt occurring

thirty years ago, the system still has many unanswered questions.

Although the synthesis and import mechanisms of Ybt are well defined, the export system of
Ybt remains unknown (Fig. 1-1C). This system remains unsolved because the ybt locus lacks
genes for an export system (Fig. 1-1A). Recently, efflux pumps have been implicated in the
secretion of other siderophores in bacteria like E. coli, Vibrio cholerae, S. enterica Typhimurium,
Pseudomonas putida, and M. tuberculosis (181-185). Efflux pumps present a potential mechanism

for Ybt export in Y. pestis.

During Y. pestis pathogenesis, Ybt is required for the development of bubonic and pneumonic
plague (64). Notably, without Ybt, Y. pestis can cause septicemic plague due to the high amount

of free Fe in the bloodstream. Fe acquisiton by Ybt is also significant to survival of E. coli and K.
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pneumonia during infection (114, 186-188). Outside of direct Fe acquisition, Ybt can provide
protection from reactive oxygen species (ROS) formation by scavenging Fe in phagocytes and

preventing Haber-Weiss reactions (189).

1.7.c. Manganese acquisition in Y. pestis

Mn is important for intermediary metabolism, transcriptional regulation and virulence of
bacterial pathogens (190, 191). Mn is largely known for its role as a cofactor for some free radical
detoxifying enzymes, but can also plays a key role in central carbon metabolism (192). Y. pestis has
two known Mn transporters, MntH and Yfe, that are also prominent in other Gram-negative bacteria.
The MntH transporter, an Nramp1 family member, was first characterized in Salmonella and E.
coli as a proton-dependent Mn transporter. Yfe, which was known for its role in Fe transport, was
also shown to transport Mn into Y. pestis (151). It has been demonstrated that
an yfe or mntH mutant did not significantly affect growth under Mn-limitation (193). However, an yfe
mntH double mutant did show growth attenuation that was alleviated by supplementation with Mn
(193). This mutant had a significant loss in virulence during bubonic plague but showed not
attenuation in pneumonic plague (193). These data suggest that either Mn requirements change in
different forms of infection, another Mn transport system can provide sufficient Mn for survival

during bubonic infection, or that Mn sequestration differs at these infection sites.

1.7.d. Zinc acquisition in Y. pestis

Zn is an essential element and serves as an electrophilic catalyst for enzymes and a protein
scaffold (194). It is estimated that 5-6% of bacterial proteomes consist of Zn binding proteins,

emphasizing the need for mechanisms of zinc acquisition systems (195).

Y. pestis does have a Zur regulon, suggesting that Zur contributes to maintaining Zn homeostasis
(196). In Zn-rich conditions, 154 Y. pestis genes were shown to be Zur-regulated by microarray
expression analysis (196). These genes included znuA, znuB, znuC, and virulence-related genes,
psa and ail (196). Y. pestis znuABC has also been shown to be repressed during in vitro growth in

Zn-replete media (148). On the other side of Zn homeostasis, bacteria use Zn efflux systems to
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Zn out of the cell. Y. pestis has four homologs to well-described Zn efflux systems: ZntA (Y0410),
ZntB (Y1994), ZitB (Y3050), and FieF (Y0060) (148). Studies have shown that a zntA mutant has
decreased growth in vitro with macrophages but is not attenuated in bubonic or pneumonic plague
(197). Further, transcription of zntA was detected in the lymph nodes of rats infected with Y. pestis
but not during flea colonization, suggesting that Zn efflux by ZntA is important during bubonic
plague (198, 199). Together, these results suggest that Y. pestis may not encounter toxic Zn levels
during mammalian infection or that other Zn efflux systems can compensate for the loss of ZntA.
Future studies need to be conducted to understand how Y. pestis maintains Zn homeostasis during

infection.

On the other hand, bacteria also need to compete to acquire Zn. The ZnuABC transporter is
the most well-studied high-affinity zinc transporters in Gram-negative bacteria. This system is used
to transport zinc ions from the periplasmic space to the cytosol and for their accumulation in
bacterial cells. The ZnuABC system has been shown to be required for pathogenesis in bacteria

including, Brucella abortus, C. jejuni, A. baumannii, and S. enterica Typhimirium (200-204).

ZnuABC is composed of three proteins (Fig. 1-2). The first is ZnuA a periplasmic Zn?* binding
protein that contains a flexible region for binding Zn (205). The next two proteins provide movement
across the inner membrane, a transmembrane channel domain, ZnuB, and an ATPase component
called ZnuC (205). ZnuC is responsible for providing the energy to transport Zn ions across the
membrane (149). The transporter functions by the flexible loop of the ZnuA protein delivering Zn to
the ZnuBC transporter (206). The zinc uptake regulator, Zur, controls Zn uptake by the ZnuABC
system. Zur functions by repressing ZnuABC to maintain zinc homeostasis in the bacterial cell (207,

208).

In Y. pestis, ZnuABC is the predominant Zn acquisition system during in vitro growth in Zn-
limitation (0.4 uM), because a znuBC mutant shows a growth attenuation (148). In the presence of
excess Zn (10 uM), growth of a znuBC mutant is fully restored (148). Surprisingly, under these high
Zn conditions, the promoters for znuA and znuC are repressed in a znuBC mutant (148). This

supports the idea of a second Zn transport system in Y. pestis, because without Znu actively
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working to take in Zn, the system would not be repressed by high Zn concentrations. Additionally,
elimination of ZnuABC shows a modest increase in survival in pneumonic or bubonic plague mouse
model, suggesting that ZnuABC is not required for plague pathogenesis (148). Together these data
indicate the presence of a second high affinity Zn transporter in Y. pestis that works together with

ZnuABC.

To identify the second Zn acquisition system, mutants were generated in different known metal
transporters in a Y. pestis znuBC mutant (148). Neither the MntH or YfeA system showed a growth
phenotype for Zn (148). The first evidence that Ybt may contribute to Zn acquisition was that the
pgm locus encoding the Ybt system was required for growth under Zn-limited conditions (209).
When the synthesis gene irp2 was deleted in a znuBC mutant, the mutant showed attenuated
growth in Zn-limited media (209). However, the Psn receptor does not play a role in Zn acquisition,
and it has been shown that a znuBC psn mutant grows better in Zn limitation than a znuBC mutant
(209). These data indicate that without Psn, all available Ybt can be used for Zn acquisition. Instead,
the putative inner membrane protein YbtX, a member of the Major Facilitator Superfamily, did have
a growth attenuation in Zn limitation (209). YbtX is part of the ybt locus, but was not required for Fe
uptake and despite many attempts to determine its function, the purpose of YbtX remained
unknown (176, 209). Further, an ybtX mutant was not attenuated during bubonic or pneumonic
plague, similar to a znuA mutant, however, a znuA ybtX mutant was significantly attenuated in both
infection models (197). These data suggest that ZnuABC and YbtX are two high affinity Zn transport

systems for Y. pestis.

The evidence of Ybt playing a role in Zn acquisition was very odd, because there was no
evidence of Ybt binding to Zn by mass spectrometry, proton nuclear magnetic resonance, and ultra-
violet visible spectrometry (178, 197). There was speculation that Ybt could exist in two isomeric
forms each with unique metal binding properties (197). Notably, the siderophore pyochelin has two
isomers that are transported by different systems in P. aeruginosa and Pseudomonas fluorescens
(210). Similarly, by liquid chromatography mass spectrometry analysis, apo-Ybt has two peaks with

retention times of 7.8 and 8.3 min, suggested two isomers of Ybt (197).
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These data lead to two possible hypotheses for Zn import by YbtX. The first option is that another
zincophore (Zbt) is secreted that can bind to Zn. Y. pestis does encode for another metallophore
system that is genetically similar to the Staphylopine system in S. aureus that is involved in Co, Cu,
Fe, Ni and Zn acquisition (211, 212). However, there was evidence that Staphylopine does not
contribute to Zn acquisition (148) and the system has a frameshift that will likely make it unfunctional
in Y. pestis (211, 212). These data indicate that the unknown Zbt molecule is not Staphylopine and
the purpose of this system to Y. pestis remains unknown. The other option is that Ybt is
enzymatically modified to bind to Zn to generate Zbt. An enzyme to alter the siderophore has not

been identified.

Overall, YbtX is the import system for Zbt-dependent Zn acquisition, and Fe acquisition occurs
through a totally separate system (Fig. 1-1C). However, the importance of Zbt-dependent Zn
acquisition to virulence has never been shown, since Fe acquisition by Ybt is critical to the

development of bubonic and pneumonic plague (64).
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Figure 1-2. Zinc transport by ZnuABC in Y. pestis.

For Zn uptake, ZnuA binds to Zn in the periplasmic space. Then, Zn is shuttled through ZnuBC into
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RESEARCH OBJECTIVES

Because transition metals are essential co-factors for bacterial growth and virulence, eukaryotic
organisms use nutritional immunity to sequester metal from invading bacteria. To overcome
nutritional immunity, pathogenic bacteria have evolved specialized systems to acquire transition
metals. As these systems are critical for virulence, defining how bacterial pathogens acquire metals
is imperative to understanding bacterial pathogenesis and may provide potential targets for novel

antimicrobial strategies.

Fe acquisition has been well studied in Y. pestis, and the siderophore Ybt is essential for the
bacterium to acquire Fe and cause disease. Unlike Fe, mechanisms for acquiring Zn by Y. pestis
are less well understood. The primary transporter for Zn for Y. pestis in vitro is the ABC transporter
ZnuABC. However, a znu mutant is still virulent in mouse models. This data suggests the possibility
of a second Zn transport system in Y. pestis that contributes to virulence. Studies have shown that
inactivation of the genes encoding the Ybt synthetase (e.g., irp2) and the znuABC acquisition
system attenuates Y. pestis growth in Zn-limiting medium and during infection, suggesting that Ybt
supports Zn acquisition. These data are the premise of my hypothesis that Ybt -dependent zinc

acquisition contributes to Y. pestis virulence.

Additionally, the effect of metal sequestration by nutritional immunity on Y. pestis virulence has
not been reported. Calprotectin is secreted by neutrophils to sequester Zn, Mn, and Fe at the site
of infection. However, the role of calprotectin during plague infection has not been explored. |
hypothesize that Y. pestis competed with Zn restriction by calprotectin through expression of

ZnuABC and Ybt-dependent Zn acquisition.

Moreover, the secretion mechanism of Ybt remains unknown. | aim to use an innovative
technique called droplet Tn-seq to identify additional genes required for Zn acquisition and define
the role of these genes in Ybt secretion. Since other Gram-negative bacteria use efflux systems for
siderophore export, | hypothesize that Y. pestis utilizes an efflux system to secrete Ybt for Zn

acquisition.
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My preliminary data suggested the presence of two Zn transporters in Y. pestis that serve vital
but redundant roles in Zn acquisition. The completion of my dissertation will identify a novel

mechanism for Zn acquisition by Y. pestis and the role of the system in virulence.

Research Obijectives:

1. Determine the contribution of Ybt synthetase-dependent Zn acquisition during Y. pestis
pathogenesis.
a. Establish the importance Ybt synthetase-dependent Zn acquisition in flea
colonization.
b. Establish the importance Ybt synthetase-dependent Zn acquisition in virulence in
the mammalian host.
2. Define the contribution of calprotectin to Zn restriction during Y. pestis infection.
a. Determine if calprotectin restricts the growth to Y. pestis in vitro.
b. Identify the impact of calprotectin on Y. pestis virulence.
3. ldentify genetic elements responsible for secretion of Ybt.
a. ldentify genes required for Zn acquisition using droplet Tn-seq.
b. Validate primary hits for defects in Zn acquisition using site-specific mutants.

c. Determine contribution of genes to Y. pestis infection.

22



CHAPTER 2
YERSINIABACTIN CONTRIBUTES TO OVERCOMING ZINC RESTRICTION DURING

YERSINIA PESTIS INFECTION OF THE MAMMALIAN AND INSECT HOSTS!

SIGNIFICANCE

Transition metals are required for proper cellular function, which renders them a critical
component for all life. To restrict bacterial infection, eukaryotic organisms actively sequester these
transition metals, a concept referred to as nutritional immunity. Consequently, bacterial pathogens
have evolved dedicated mechanisms to acquire transition metals in order to colonize the host.
During human plague, Yersinia pestis overcomes iron limitation via production of the secreted
siderophore yersiniabactin. Here we identify an iron-independent role for yersiniabactin in evading
zinc-mediated nutritional immunity during mammalian infection and in Y. pestis colonization of the
flea insect-vector. Importantly, yersiniabactin is found in several pathogens, indicating that it is used

by a variety of bacteria to acquire multiple metals in order to overcome nutritional immunity.

SUMMARY

Yersinia pestis causes human plague and colonizes both a mammalian host and a flea vector

during its transmission cycle. A key barrier to bacterial infection is the host’s ability to actively

! Price, S. L., Vadyvaloo, V., DeMarco, J. K., Brady, A., Kehl-Fie, T. E., Garneau-Tsodikova, S., Perry, R. D., and Lawrenz,
M. B. (2021). Yersiniabactin contributes to overcoming zinc restriction during Yersinia pestis infection of mammalian and
insect hosts. Proc Natl Acad Sci U S A 118(44). PMID: 34716262.
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sequester key biometals (e.g., iron, zinc, and manganese) required for bacterial growth. This is
referred to as nutritional immunity. Mechanisms to overcome nutritional immunity are essential
virulence factors for bacterial pathogens. Y. pestis produces an iron scavenging siderophore called
yersiniabactin (Ybt) that is required to overcome iron-mediated nutritional immunity and cause
lethal infection. Recently, Ybt has been shown to bind to zinc, and in the absence of the zinc
transporter ZnuABC, Ybt improves Y. pestis growth in zinc-limited medium. These data suggest
that in addition to iron acquisition, Ybt may also contribute to overcoming zinc-mediated nutritional
immunity. To test this hypothesis, we used a mouse model defective in iron-mediated nutritional
immunity to demonstrate for the first time that Ybt contributes to virulence in an iron-independent
manner. Furthermore, using a combination of bacterial mutants and mice defective in zinc-
mediated nutritional immunity, we identified calprotectin as the primary barrier for Y. pestis to
acquire zinc during infection, and that Y. pestis uses Ybt to compete with calprotectin for zinc.
Finally, we discovered that Y. pestis encounters zinc limitation within the flea midgut, and Ybt
contributes to overcoming this limitation. Together, this is the first evidence that Ybt is a bona fide
zinc acquisition mechanism used by Y. pestis to surmount zinc limitation during infection of both

the mammalian and insect hosts.

INTRODUCTION

Yersinia pestis is a Gram-negative re-emerging bacterial pathogen that causes bubonic,
septicemic, and pneumonic plague in humans. Y. pestis is a zoonotic pathogen maintained in the
environment in rodent populations across the globe and is transmitted within these populations by
a flea vector (4, 213, 214). As such, the bacterium has evolved specific factors that contribute to
the colonization of both its mammalian and insect hosts (4, 213). Human bubonic plague manifests
from the bite of an infected flea. After deposition into the dermis by the flea, Y. pestis disseminates
to and colonizes the draining lymph nodes, resulting in the development of an inflamed lymph node
referred to as a bubo. Primary septicemic plague occurs when bacteria are directly inoculated into
blood vessels by fleas, or when bacteria disseminate from the lymph node to the bloodstream

during bubonic plague (secondary septicemic plague). Via the blood, Y. pestis can spread to other
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tissues, including the lungs, where infection can progress to the development of secondary
pneumonic plague. Aerosolization of the bacteria from the lungs by coughing can further lead to
person-to-person transmission causing primary pneumonic plague in naive individuals (4, 215,
216). Without timely treatment, all three forms of plague are associated with high mortality rates.
Because of the possibility for direct human-to-human transmission, the lack of an FDA-approved
vaccine, and the potential for weaponization, Y. pestis is also considered a bioterrorism threat (11).
Therefore, understanding the pathogenesis of Y. pestis will help in the development of new
potential therapeutic approaches to protect against both environmental and man-made threats by

Y. pestis.

Transition metals are essential nutrients required for proper cellular function, which makes
them a crucial component for biological processes in all forms of life. Bacteria require transition
metals in order to maintain intermediary metabolism, transcriptional regulation, and virulence for
bacterial pathogens (70, 217-219). Since transition metals are vital for bacterial proliferation and
infection, eukaryotic hosts sequester these essential nutrients from invading pathogens via a
mechanism referred to as nutritional immunity (68, 217, 220). Nutritional immunity includes both
tightly controlling systemic metal concentrations via regulation of metal absorption from the diet,
and local restriction in response to infection through the release of metal binding proteins by innate
immune cells (219, 221). For example, neutrophils responding to infection can release a variety of
metal-binding proteins via both degranulation and a unique form of cell death called NETosis to
restrict metal access by bacterial and fungal pathogens (222, 223). Calprotectin is one of these
metal-binding proteins and is a heterodimer composed of two S100-family members, S100A8 and
S100A9 (224-226). Via two metal binding sites, calprotectin is able to restrict microorganism
access to manganese, zinc, and iron (102, 226—-229). Zinc sequestration by calprotectin has been
shown to be a major barrier to colonization by several bacterial pathogens, including Salmonella
enterica Typhimurium, Clostridioides difficile, Staphylococcus aureus, Acinetobacter baumannii,

and some strains of Helicobacter pylori (107, 109, 111, 228, 230, 231).
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To overcome nutritional immunity, pathogens have evolved a variety of dedicated mechanisms
to acquire transition metals during infection (221) and siderophores are some of the most robust
mechanisms used by bacteria to specifically overcome host mediated iron limitation (232, 233).
Yersiniabactin (Ybt) represents one class of siderophore used by Yersinia species, Klebsiella
pneumoniae, pathogenic Escherichia coli, and other enteric pathogens to colonize the mammalian
host (233-238). In Y. pestis, the synthesis and import machinery for Ybt are encoded on a high
pathogenicity genomic island within the pgm locus on the chromosome (151, 239). Ybt is
synthesized by the Ybt synthetase complex consisting of YbtE, YbtU, HMWP1, and HWMP2, and
it is exported by the bacterium through an unknown mechanism (240, 241). Ybt binds to ferric iron
(Fe) with a formation constant of 4x103%, allowing it to outcompete for Fe with host nutritional
immunity iron-binding proteins such as lactoferrin and transferrin (64, 240). Once bound to iron,
Ybt-Fe is recognized by the outer membrane receptor Psn and imported across the outer
membrane in a TonB-dependent manner (242). YbtP and YbtQ are then responsible for the import
of the Ybt-Fe complex across the inner membrane (176). The importance of Ybt-mediated Fe
acquisition to virulence has been demonstrated for Yersinia, Klebsiella, and E. coli by generating
mutations in both the Ybt synthesis and import machinery (64, 188, 235). For Y. pestis specifically,
Ybt mutants are significantly attenuated for growth in Fe-limited medium in vitro and in causing

lethal infection in both bubonic and pneumonic plague models (64).

While originally described as an iron scavenging molecule, several recent studies indicate that
Ybt can bind to other transition metals, suggesting that Ybt may also be used for the acquisition of
metals other than Fe. Using purified Ybt and liquid chromatography mass spectrometry, Koh et al.
showed that Ybt can bind several divalent transition metals, including nickel (Ni) and copper (Cu)
(178). The same group later showed that E. coli can use Ybt to acquire Cu and Ni during metal-
limitation and may also use Ybt to protect against Cu toxicity when Cu is present in excess (179,
180). Using a novel native spray metabolomics approach validated by NMR, Behnsen et al.
demonstrated that Ybt can also bind to zinc (Zn), and further that expression of Ybt by the probiotic

bacterium E. coli Nissle 1917 contributes to a selective advantage over S. Typhimurium under Zn-
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limited conditions, including within the inflamed gut (69). A role for Ybt in Zn acquisition has been
further supported by previous studies in Y. pestis. Specifically, while a Y. pestis mutant lacking the
Zn importer ZnuABC is partially attenuated for in vitro growth in Zn-limited medium, a znuBC irp2
mutant (irp2 encodes the HMWP2 Ybt synthetase) is significantly more attenuated for growth in the
same medium (148, 209). Moreover, the znuBC irp2 mutant is attenuated in the septicemic plague
model, a model in which znuBC and irp2 are not individually required for virulence (209). Finally,
Bobrov et al. also discovered that Ybt-dependent Zn acquisition does not require the Ybt-Fe
transport machinery in Y. pestis, but instead requires the YbtX inner membrane protein (197, 209).
The role of YbtX in Ybt-dependent Zn acquisition has been subsequently confirmed in E. coli Nissle
1917 (69). Together, these data strongly support a hypothesis that Ybt not only contributes to the
acquisition of Fe but also Zn, and possibly other metals, during Y. pestis infection. Here, we test
this hypothesis and demonstrate for the first time that Ybt contributes to Y. pestis virulence in the
mammalian host independent of iron acquisition. Furthermore, we show that Y. pestis uses the
ZnuABC and Ybt Zn acquisition systems to colonize the flea insect vector and to overcome

calprotectin-mediated nutritional immunity during mammalian infection.

RESULTS

Yersiniabactin (Ybt) contributes to Y. pestis virulence independent of iron acquisition in the

mammalian host.

Y. pestis mutants lacking the Zn transporter ZnuABC (znuBC) and the ability to make Ybt (irp2)
are significantly more attenuated than znuBC or irp2 single mutants in the mouse model of
septicemic plague (209), suggesting that Ybt contributes to Zn acquisition in vivo. However,
because Ybt is also essential for Fe acquisition in vivo (64), infection of wild-type mouse models
does not rule out the possibility that the znuBC irp2 phenotype is an additive effect of limited Zn
acquisition due to inactivation of znuBC and limited Fe acquisition due to inactivation of irp2.
Therefore, to expand on these previous studies and more directly test the role of Ybt in Zn
acquisition in vivo, we chose a mouse model of plague in which host-imposed Fe limitation is not a

barrier to Y. pestis infection. Hemojuvelin deficient mice (Hjv'") are unable to properly maintain Fe
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homeostasis, resulting in increased absorption of Fe from their diet and accumulation of Fe within
their tissues (Fig. 2-1A; Metal concentrations in Hjv/- mice liver tissue Table 2-1) (86). Importantly,
Quenee et al. previously showed that Hjv’- mice are susceptible to infection by Y. pestis that have
lost the pigmentation genetic locus (pgm) and are subsequently unable to produce Ybt, further
demonstrating that Fe-mediated nutritional immunity is not a barrier to Y. pestis in this model (65).
Therefore, infection of Hjv’- mice should allow us to separate the role of Ybt in Fe acquisition from
Zn acquisition in virulence. Toward this end, Hjv’- mice were challenged intranasally with 105 colony
forming units (CFU) of the KIM5+ irp2 or znuBC irp2 mutants. As anticipated, 100% of Hjv- mice
infected with the irp2 mutant succumbed to infection within 2.5 days (Fig. 2-1B). However, only one
mouse from two independent studies developed a lethal infection when challenged with the znuBC
irp2 mutant (p<0.0001). To determine if the route of infection impacted survival, separate groups
of animals were challenged subcutaneously with 10° CFU of bacteria. In this model of bubonic
plague, 70% of Hjv-- mice succumbed to infection with the irp2 mutant, while all mice survived
infection with the znuBC irp2 mutant (Fig. 2-1C; p<0.0001). When the challenge dose was
increased to 107 CFU, mortality increased to 90% for the irp2 mutant, but still none of the mice
infected with the znuBC irp2 mutant developed a lethal infection (Fig. 2-1D; p<0.0001). To further
show that Ybt-dependent Zn acquisition is responsible for the attenuated phenotype, Hjv’- mice
were infected with a KIM5+ znuA ybtX mutant — YbtX is required for Ybt-dependent Zn acquisition
in vitro but not Ybt-dependent Fe acquisition (197). When Hjv-- mice were challenged with 105 CFU
of the znuA ybtX mutant intranasally, all mice survived the 14-day infection period (Fig. 2-1B;
p<0.0001). This attenuated phenotype was also observed in the bubonic plague model, even when
mice were challenged with 107 CFU (Fig. 2-1C and 2-1D; p<0.0001). Importantly, genetic
complementation of the znuA ybtX with an intact copy of the ybtX gene restored the virulence of
the mutant (Fig. 2-1E and 2-1F). Of note, mice infected with the znuBC irp2 or znuA ybtX mutants
that survived to the end of these studies did not have any detectable bacteria present within their
spleens, livers, or lungs. Collectively, these data demonstrate for the first time that Ybt contributes
to infection independent of Fe acquisition and support the hypothesis that ZnuABC and Ybt are

complementary Zn acquisition systems important for mammalian infection.
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Figure 2-1. Ybt contributes to virulence independent of Fe.

(A) Fe concentrations of livers from C57BL/6J (WT), Hjv"*, or Hjv’- mice as determined by ICP-MS.
Male mice are represented by squares and female mice by circles. Unpaired two-tailed t-test,
****n<0.0001. (B) 129S1 mice were challenged intranasally with indicated inoculum of Y. pestis
(WT; white squares) or irp2 mutant (gray circles) and monitored every 12 h for the development of
moribund disease for 14 days. (C) Hjv’- mice were challenged intranasally with indicated inoculum
of irp2 (gray circles), znuBC irp2 (red triangles), or znuA ybtX (blue squares) mutants and monitored
every 12 h for the development of moribund disease for 14 days. (D) 129S1 mice were challenged
subcutaneously with indicated inoculum of Y. pestis (WT, white squares) or irp2 (gray circles) and
monitored every 12 h for the development of moribund disease for 14 days. (E-F) Hjv-- mice were
challenged subcutaneously with indicated inocula of irp2 (gray circles), znuBC irp2 (red triangles),
or znuA ybtX (blue squares) mutants and monitored every 12 h for the development of moribund
disease for 14 days. (G-H) Hjv’- mice were challenged with indicated inoculum of znuA ybtX
complemented with ybtX (purple squares) or znuA ybtX complemented with znuA (orange circles)
and monitored every 12 h for the development of moribund disease for 14 days. Results are

combined data from 2 independent experiments (n=10 total).
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Y. pestis colonization of the flea vector requires ZnuABC and Ybt zinc acquisition systems.

Despite the importance of the flea vector in Y. pestis transmission, metal availability in the flea
midgut has been minimally characterized (30). Since the znuA ybtX mutant is extremely attenuated
in its ability to grow in Zn-limited environments, and YbtX is not required for Ybt-mediated Fe
acquisition, this mutant provides us a tool to specifically investigate the availability of Zn within the
flea midgut and to determine the role of Zn transporters in flea colonization by Y. pestis. To this
end, Xenopsylla cheopis fleas were co-infected using an artificial feeder system as previously
described (243, 244) with a mixture of Y. pestis KIM6+ (which lacks the pCD1 virulence plasmid
that is not required for flea colonization (244)) carrying a Kanamycin (Kan) resistance marker and
Y. pestis with mutations in the Zn acquisition systems. Two h after feeding, a subset of fleas was
euthanized, and bacteria were enumerated by replica plating on BHI agar with and without Kan to
determine the ratio of KIM6+ to mutant bacteria initially ingested by the fleas during the blood meal.
At 7- and 14-days post-infection, bacteria were enumerated from fleas in the same fashion to
determine if the mutants had a fitness defect compared to KIM6+ bacteria, which would be indicated
by an increase in the percentage of recovered KIM6+ bacteria (Fig. 2-2). During co-infections with
Y. pestis KIM6+ and either the znuBC or ybtX mutants, no fitness advantage was observed in the
parental strain (Fig. 2-3A and 2-3B). However, when fleas were co-infected with Y. pestis KIM6+
and the znuA ybtX double mutant, significantly more KIM6+ bacteria were isolated from the fleas
than mutant bacteria at both 7- and 14-days post-infection compared to day 0 post-infection (Fig.
2-3C; p<0.01 and p<0.001, respectively). Together, these data indicate that Zn availability is limited
within the midgut of the flea, and similar to infection of the mammalian host, Y. pestis uses the

ZnuABC and Ybt systems to overcome Zn limitation to colonize the insect host.

Y. pestis induces host calprotectin expression during infection.

The inability of the znuBC irp2 and znuA ybtX mutants to infect Swiss-Webster (197, 209) and
Hjv- (Fig. 2-1) mice indicates that Y. pestis encounters Zn restriction during infection. One of the

primary mechanisms used by the host to sequester Zn is through the release of calprotectin by
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neutrophils and other host cells at sites of infection (224). To determine if Y. pestis encounters
calprotectin during infection, C57BI/6J mice were subcutaneously infected with Y. pestis CO92 (a
fully virulent strain genetically similar to KIM5+ but in a different biovar) and the transcription of
several nutritional immunity proteins within the draining lymph nodes was measured (Fig. 2-4A).
Transcription of the siderophore binding protein lipocalin 2 and the Fe-binding proteins haptoglobin
and lactoferrin increased within 36 h post-infection. However, we did not observe increased
transcription of transferrin in the lymph nodes. Increased transcription of S100A8 and S100A9, the
two subunits of calprotectin, was observed by 48 h post-infection. To determine if calprotectin is
encountered by Y. pestis during pneumonic plague, C57BL/6J mice were infected intranasally with
Y. pestis CO92 Luxpeyszk (245) and extracellular calprotectin was measured in the bronchial alveolar
lavage fluid (BALF) over the first 48 h of infection (Fig. 2-4B). Compared to the mock-infected mice,
significantly more extracellular calprotectin was recovered in Y. pestis infected BALF at 24 and 48
h post-infection (p<0.01 and p<0.0001, respectively). Together, these data indicate that calprotectin

is present within Y. pestis infected tissues during both bubonic and pneumonic plague.

Zinc sequestration by calprotectin restricts the growth of Y. pestis.

Since our in vivo data indicated that Y. pestis encounters calprotectin during infection, we next
asked if calprotectin could restrict the growth of Y. pestis. Y. pestis KIM6+ carrying the pGEN-
luxCDABE Iluminescent bioreporter (245) was incubated with increasing concentrations of
recombinant calprotectin and bacterial growth as a function of bioluminescence was monitored for
8 h to calculate the concentration of calprotectin that inhibited bacterial growth by 50% (ICso). A
dose-dependent inhibition of Y. pestis growth was observed, revealing an ICso of ~91 pg/ml of
calprotectin for Y. pestis (Fig. 2-5A). To determine if calprotectin-mediated restriction of Y. pestis
growth is dependent on metal sequestration, KIM6+ pGEN-/luxCDABE was incubated with
recombinant calprotectin inactivated for metal binding. Calprotectin has two metal binding sites
designated Site 1 (S1; 6 His site) and Site 2 (S2; 3 His Asp site) (102, 228). S1 binds to Mn, Zn,
and Fe (228, 246), while S2 appears to be specific for Zn binding (247, 248). Inactivation of both

metal binding sites completely eliminated the ability of calprotectin to inhibit Y. pestis growth (Fig.
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Figure 2-3. Mutants deficient in Zn acquisition are less fit to colonize the flea vector.

Xenopsylla cheopis fleas were infected using an artificial feeder with a mixture of Y. pestis (WT)
and Zn acquisition mutants. At indicated time points, bacteria were enumerated, and the ratio of
WT to mutant bacteria was calculated for (A) WT vs. znuBC, (B) WT vs. ybtX, or (C and D) WT vs.
znuA ybtX. Greater recovery of WT at days 7 or 14 indicates that the mutant bacteria are less fit to
colonize the flea. Each point represents bacterial enumeration from an individual flea; fleas in which
infection was not established were excluded (n=15 to 20). One-way ANOVA with Dunnett’s
compared to day 0; ns=not significant, *p<0.05 and ***p<0.001. C and D represent biologically

independent replicate experiments.
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2-5B; ICs0 >480 ug/ml; p<0.0001), supporting that calprotectin restriction of Y. pestis growth is due
to metal sequestration. To determine the contribution of specific metal sequestration by calprotectin
on Y. pestis growth, KIM6+ pGEN-/luxCDABE was incubated with recombinant calprotectin mutated
in only one of the metal binding sites. Inactivation of only the S1 Mn/Zn/Fe binding site increased
the I1Cso of calprotectin by ~2-fold compared to WT calprotectin (Fig. 2-5B; ICs0 = 182 (£9) ug/ml;
p<0.05). A similar ~2-fold increase in the ICso was observed when the bacteria were incubated with
calprotectin mutated only for the S2 Zn only binding site (Fig. 2-5B; ICs0 = 190 (x9) pug/ml; p<0.05).
Moreover, the ICso between the individual metal binding site mutant proteins was not statistically
different. The similar ICsp for the S1 and S2 mutants indicate that calprotectin Zn sequestration is
sufficient to restrict Y. pestis growth under these conditions.

ZnuABC and Ybt improve the ability of Y. pestis to grow in the presence of calprotectin.

Since calprotectin Zn sequestration appears to restrict the growth of Y. pestis, we next
determined whether the ZnuABC and Ybt Zn acquisition systems improve the ability of Y. pestis to
grow in the presence of calprotectin. While inactivation of either Zn acquisition system in Y. pestis
decreased the ICso of calprotectin compared to KIM6+, inactivation of znuBC appeared to have a
greater effect on Y. pestis growth than inactivation of irp2 or ybtX (Fig. 2-5C; p=0.0053 and
p=0.0505, respectively). However, Y. pestis lacking both Zn acquisition systems (znuBC irp2 or
znuA ybtX) had significantly greater defects in growth in the presence of calprotectin than the single
mutants (Fig. 2-5C; p<0.0001). Complementation of the znuA ybtX mutant with ybtX restored the
ability of the double mutant to grow in the presence of calprotectin. As observed for KIM6+,
inactivation of either metal binding site in calprotectin resulted in an approximate 2-fold increase in
the ICso of calprotectin when incubated with the Y. pestis Zn acquisition mutants, but no significant
differences were observed in the ICso of the S1 and S2 mutant forms of calprotectin (Fig. 2-5D and
2-5E). Together, these data support that ZnuABC and Ybt are complementary Zn acquisition
systems that improve the ability of Y. pestis to evade Zn-mediated growth restriction by host

calprotectin.
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Figure 2-4. Y. pestis induces calprotectin expression during infection.

(A) C57BL/6J mice were infected subcutaneously with Y. pestis and draining lymph nodes were
harvested at indicated time points (n=5) for RNA isolation and transcription analysis by microarray.
Data is shown as transcriptional fold-change in infected tissues compared to lymph nodes from
uninfected mice. (B) C57BL/6J mice were instilled with Y. pestis or PBS by intranasal installation,
BALF was collected at 24 and 48 h, and extracellular calprotectin was measured. Each point
represents an individual mouse and bars represent the mean. One-way ANOVA with Dunnett's

compared to PBS control: **p<0.01; ****p<0.0001. For B, data is representative of two independent

experiments.
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Calprotectin is the primary Zn sequestration barrier to infection by Y. pestis.

Because Y. pestis appears to encounter calprotectin during infection and the znuA ybtX mutant
is attenuated for both growth in the presence calprotectin in vifro and in Swiss Webster (197) and
Hjv'- mice (Fig. 2-1), we hypothesized that calprotectin is a barrier to Zn acquisition by Y. pestis in
vivo. To test this hypothesis, C57BL/6J or S100A97- mice, which lack one of the subunits that
compose calprotectin (249), were infected intranasally with 105 CFU of the KIM5+ znuA ybtX mutant
and monitored for survival for 14 days (Fig. 2-6A). As previously shown for Swiss Webster (197)
and Hjv’- mice (Fig. 2-6B), C57BL/6J mice were completely resistant to infection. However,
S100A9-- mice were susceptible to infection by znuA ybtX, and the kinetics of survival mirrored that
of KIM5+ infection. Similarly, S100A9" mice infected subcutaneously with 103 CFU of the znuA
ybtX mutant to mimic bubonic plague were also susceptible to lethal infection, succumbing to
infection at the same rate as mice infected with KIM5+ (Fig. 2-6B). Together, these data indicate
that calprotectin represents a nutritional barrier to Y. pestis during both pneumonic and bubonic
plague, and the ZnuABC and Ybt systems allow Y. pestis to overcome Zn sequestration by

calprotectin to cause lethal infection.

DISCUSSION

Siderophores are essential for the virulence of a variety of pathogens (232, 250). Because of their
high affinity for Fe, their role in virulence has been primarily linked to improved competition for Fe
with host nutritional immunity mechanisms. However, while in vitro data indicates that siderophores
can also bind metals other than Fe, the contribution of alternative metal binding by siderophores to
virulence has been largely overlooked. In the case of Ybt, several independent groups have shown
recently that Ybt can bind to Ga, Ni, Cu, Cr, and Zn, and to a lesser degree, Co, Pd, Mg, and Al, in
addition to Fe (179, 180, 251). Moreover, Ybt has been shown to improve in vitro growth of E. coli
in Cu-, Ni-, or Zn-limited media (69, 179, 180), and of Y. pestis in Zn-limited medium (197).
However, direct evidence for a role of alternative metal binding by Ybt in virulence has been difficult
to demonstrate for two reasons. First, many pathogens encode redundant metal acquisition

systems that can mask the contribution of Ybt to metal acquisition. For example, several pathogens
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Figure 2-5. ZnuABC and Ybt both contribute to overcoming Zn sequestration by
calprotectin.

(A) WT Y. pestis was incubated with increasing concentrations of calprotectin (CP), up to 480 ug/ml,
and percent growth vs. untreated was determined at 8 h to calculate the ICso. (B) ICso of calprotectin
containing mutations in metal binding Site 1 (S1), metal binding Site 2 (S2), or both metal binding
sites (S1S2) when incubated with WT Y. pestis. (C) ICso of calprotectin when incubated with
indicated Y. pestis mutants. Complete statistical comparisons between all bacteria for 4C is in
Supplementary Table 2. ICso of calprotectin containing mutations in metal binding Site 1 (S1), metal
binding Site 2 (S2), or both metal binding sites (S1S2) when incubated with (D) znuBC irp2 or (E)
znuA ybtX mutants. For B, D, and E the S1S2 mutant was unable to inhibit Y. pestis growth at the
highest concentration tested (480 pg/ml). Each point represents the mean ICso of a biologically
independent experiment (n=3) and the bar represents the mean of the three independent
experiments. One-way ANOVA with Tukey’s comparison: ns= not significant; *p<0.05; ***p<0.001;

**xx0<0.0001.
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that encode Ybt also encode the high affinity ZnuABC Zn transporter, which has been shown to at
least partially compensate for growth defects under Zn limitation in the absence of Ybt in both Y.
pestis and E. coli Nissle 1917 (69, 197). Second, for those pathogens that express Ybt, Ybt is the
primary Fe acquisition system during infection, which makes it difficult to separate Fe-dependent
contributions from other metal-dependent contributions to overall virulence. To overcome these
hurdles, we used a combination of Y. pestis Ybt mutants lacking the ZnuABC Zn acquisition system
and the Hjv’- mouse strain defective in Fe-mediated nutritional immunity to clearly demonstrate for
the first time in vivo that Ybt contributes to the virulence of Y. pestis independent of Fe acquisition.
These data build upon the in vitro data by others described above and support the concept that Ybt
should be considered more than a siderophore, and likely better described as a metallophore that
can contribute to the acquisition of multiple metals during Y. pestis infection. Moreover, because
Ybt and the Ybt transporter YbtX are conserved in other pathogenic bacteria, these data suggest
that Ybt likely contributes to pathogenic potential for a variety of bacteria through an increased
ability to compete with the host for not only Fe but other metals. This hypothesis is further supported
by the improved competition of E. coli Nissle 1917 expressing Ybt over S. Typhimurium in the Zn-
limited environment of the inflamed gut recently reported by Behnsen et. Al (69). Furthermore, the
potential to increase the ability of bacterial pathogens to compete against multiple arms of the host
nutritional immunity response during infection may also help to explain the hypervirulent
phenotypes associated with K. pneumoniae clinical isolates that harbor the Ybt genetic loci (252—
255). The application of similar strategies described here for Y. pestis in these other bacteria could
be used to determine the contribution of alternative metal acquisition by Ybt to hypervirulence
observed in certain clinical isolates that has been associated with the presence of the Ybt genetic

loci.

While metal restriction has been established as an important barrier to bacterial infection in the
mammalian host, a role for metal sequestration in restricting bacterial colonization of insect vectors
has not been established. However, homologs of mammalian Fe-binding transferrins have been

identified in several insects (256), and in a Drosophila melanogaster model system, transferrin 1
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Figure 2-6. Calprotectin is the primary barrier to infection by the znuA ybtX mutant.

(A) C57BL/6J or S100A97 mice were infected intranasally with 105 CFU of WT Y. pestis or the
znuA ybtX mutant. (B) C57BL/6J or S100A97- mice were infected subcutaneously with 103 CFU of
WT Y. pestis or the znuA ybtX mutant. Results are combined data from 2 independent experiments
(n=10 total). Log Rank Test revealed no significant differences in survival kinetics between S100A9-
- mice infected with WT Y. pestis or the znuA ybtX mutant, or C57BL/6J and S100A9" infected

with WT Y. pestis.
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sequesters iron and facilitates nutritional immunity to Pseudomonas aeruginosa (257), suggesting
possible conservation of metal nutritional immunity in insects. Previous studies have shown that
Ybt is not required for flea colonization by Y. pestis (25) and that Fe is not limited in the flea midgut
(75). In contrast, we show here that the znuA ybtX mutant, which can acquire Fe but not Zn, is
significantly attenuated in flea colonization compared to KIM6+ (Fig. 2-3). These data support that
bacterial access to Zn is limited within the flea midgut but requires future biochemical analysis to
directly measure metal concentrations within flea tissues to confirm limited Zn levels. Whether the
flea is actively restricting Zn is not known. However, the first flea genome was recently published
(258) and provides a new resource that may lead to the identification of potential nutritional
immunity genes that could contribute to Zn-limitation based on homology with mammalian genes.
Alternatively, Y. pestis may need high affinity Zn acquisition systems to compete for Zn with
members of the microbiota of the flea digestive tract. How the microbiota of the flea effects
transmission of Y. pestis has not been investigated, but similar to the mammalian host, it is likely
the microbiota imposes selective pressures on pathogens that use these insects for transmission.
Regardless of the mechanism for Zn limitation, these data are the first to demonstrate a role for Zn
acquisition systems as transmission factors for Y. pestis and justify future studies to better
understand metal restriction within fleas and other insects, and the potential impact of these

systems on pathogen transmission.

The mammalian host produces a variety of proteins that can sequester Zn from invading
pathogens (68, 220). In the mouse, calprotectin expression and release by host cells has been
shown to occur during a variety of bacterial infections (108, 109, 111), and we observed evidence
of increased calprotectin levels in Y. pestis-infected tissues during plague (Fig. 2-4). These data
suggest that Y. pestis needs to overcome calprotectin-mediated nutritional immunity to proliferate
in these tissues. This hypothesis is independently supported by observations published by other
laboratories. Comer et al. reported a similar increase in S100A8 and S100A9 in the lymph nodes
of rats infected with Y. pestis (259), and Nuss et al. reported increased transcription of these genes

in the Peyer's patches during infection of the closely related enteric pathogen Y.
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pseudotuberculosis (260). Despite these previous observations, the role of calprotectin in
restricting Yersinia infections has not been previously tested directly. Interestingly, the kinetics of
lethal infection of S100A9- mice with WT Y. pestis did not appear to differ from that of C57BL/6J
or BALB/c mice that we have previously reported (245, 261, 262). This phenotype differs from what
has been reported for other pathogens, in which S100A9- mice are more susceptible to infection
than mice that produce functional calprotectin (107—109, 111). These data suggest that Y. pestis
has evolved very effective mechanisms to overcome calprotectin mediated nutritional immunity, to
which the ZnuABC and Ybt Zn acquisition systems appear to be major contributors. Future studies
using the znuA ybtX mutant to identify the impact of calprotectin beyond overall host survival, such
as monitoring of bacterial dissemination to and proliferation in different tissues, will allow us to
specifically determine when Y. pestis encounters calprotectin-mediated Zn restriction during the

progression of plague.

Calprotectin has been shown to sequester Mn, Zn, and Fe from bacterial and fungal pathogens
(102, 108, 109, 228, 230). Using recombinant forms of calprotectin with different metal-binding
abilities suggests that calprotectin-mediated sequestration of Zn is a barrier for Y. pestis, at least
under the in vitro conditions in which we tested here. This is supported by the observation that
inactivation of the S1 metal binding site, which binds Mn, Zn, and Fe, did not eliminate the ability
of calprotectin to inhibit Y. pestis growth (Fig. 2-5B). Studies with other pathogens, such as S.
aureus, have shown that Mn sequestration by calprotectin is necessary for maximal antimicrobial
activity (108, 228), highlighting that the evolution of calprotectin to sequester multiple metals has
resulted in a broad-spectrum antimicrobial protein that can restrict the growth of variety of
pathogens that vary in their ability to acquire different metals. Like we have shown for Zn, Y. pestis
also encodes multiple Mn acquisition systems, including the Yfe and MntH systems (193). In the
absence of these Mn transporters, Mn binding via the S1 metal binding site might have a greater
impact on growth restriction than observed here. However, an yfe mntH mutant is only partially
attenuated during bubonic plague and does not appear to be attenuated during pneumonic plague

(193), indicating that additional Mn acquisition mechanisms may be active during infection to
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overcome calprotectin-mediated Mn sequestration. Alternatively, Y. pestis may be able to use other
metals such as Fe to compensate for Mn restriction during infection as reported for Streptococcus

pneumoniae (263).

While we observed an additive effect on the growth of Y. pestis in the presence of calprotectin
when we inactivated both the Znu and Ybt Zn acquisition systems, the data from the single mutants
suggest that the integral membrane ZnuABC transporter may be more effective at competing for
Zn with calprotectin than secreted Ybt (Fig. 2-5C; irp2 and ybtX mutants vs. the znuBC mutant).
These data were unexpected, as previous studies with S. aureus have shown that staphylopine, a
secreted Zn-binding metallophore, is more important for competition against calprotectin metal
sequestration than AdaABC, a membrane bound Zn transporter (264). However, these results may
be a reflection of Ybt expression by Y. pestis in these assays. For these studies, Y. pestis was
cultured under metal replete conditions prior to incubation with calprotectin. Under these growth
conditions, Ybt synthesis is minimal (146, 241). A greater contribution of Ybt may be observed if
the bacteria are pre-grown under metal deplete conditions to increase the expression of Ybt in the
znuBC mutant. Alternatively, while ZnuABC is a dedicated Zn transporter, Ybt also binds to Fe, and
thus competition between different metals by Ybt may result in the appearance of a decreased
contribution for Zn acquisition in these experiments. Importantly, we have previously shown that
absence of the ZnuABC system does not impact virulence (148, 209), demonstrating that in vivo,

Ybt is sufficient to compete for Zn with calprotectin.

Because the znuA ybtX mutant is not defective in Fe acquisition, this mutant provided us a
powerful tool to directly test for the first time the role of calprotectin-mediated Zn restriction during
plague. Inactivation of calprotectin by deletion of S100A9 in the host completely restored the
virulence of this double mutant (Fig. 2-6). Moreover, we did not observe a significant difference
between the kinetics of the infection with WT or znuA ybtX bacteria, indicating that calprotectin is
the main barrier to Zn acquisition in mice during bubonic and pneumonic plague. These data also
support that calprotectin is a potent barrier to bacteria attempting to colonize the host via

intradermal or pulmonary routes. Because S100A8 and S100A9 comprise upwards of 40% of the
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total cytosolic proteins in neutrophils (105, 265), and neutrophil-mediated calprotectin release has
been linked to growth restriction of several pathogens (224, 231, 266), neutrophils tend to be
considered the primary cells responsible for the release of calprotectin during infection. However,
neutrophil inflammation in response to Y. pestis differs dramatically within the initial tissues
colonized by Y. pestis during bubonic and pneumonic plague. During intradermal infection (bubonic
plague), a rapid recruitment of neutrophils is observed to the infection site (267, 268). However,
during pulmonary infection (pneumonic plague), infiltration of neutrophils is delayed (216, 269).
These differences in neutrophil recruitment raise the possibility that calprotectin-dependent
restriction may be mediated by different cells within different tissues. The role of cells other than
neutrophils in mediating calprotectin restriction has been reported in the gut for S.Typhimurium and
in the dermis for Borrelia burgdorferi, another vector-borne bacterium (106, 270), and our future
goals are to use the znuA ybtX mutant to dissect the contribution of different cell types to the

calprotectin response in specific tissues during bubonic and pneumonic plague.

In conclusion, we have directly demonstrated for the first time an Fe-independent role of the
siderophore Ybt in Y. pestis virulence and colonization of both the mammalian and insect hosts.
Because of the conservation of YbtX in enteric pathogens that produce Ybt, we expect that Ybt
also contributes to Zn acquisition in other pathogens encoding the Ybt genetic loci, justifying that
the concept of Ybt as merely a siderophore should be expanded to include a broader role for Ybt
in the acquisition of other metals during infection (i.e., that Ybt should be considered a metallophore
that binds and improves acquisition of at least two, and possibly multiple, metals). Furthermore,
these data open the possibility that as a field, we need to examine whether other siderophores may

also contribute to overall virulence through the acquisition of metals other than Fe.

METHODS

Ethics statement

Hjv'- 129 (86) and C57BL/6J were originally purchased from The Jackson Laboratories and
bred within the barrier facility at the Clinical and Translational Research Building at the University

of Louisville, and C57BL/6 S100a9" mice (249) were bred at the University of lllinois at Urbana-

43



Champaign prior to transfer to the University of Louisville for infection. Groups contained both male
and female mice, and no sex bias was observed during these studies. Animals were housed in
accordance with NIH guidelines and all procedures were approved by the University of Louisville
IACUC and the University of lllinois IACUC. Three days prior to challenge with Y. pestis, animals
were transferred to University of Louisville’s Center for Predictive Medicine Regional
Biocontainment Laboratory ABSL-3 facilities to acclimate to the facility. Mice were maintained

within ABSL-3 for up to 14 days post-challenge.

Bacterial strains and plasmids

The bacterial strains used in this study are listed in Table 2-3. Y. pestis was routinely grown for
15to 18 h at 26 °C in Difco brain heart infusion (BHI) broth (BD Biosciences) with aeration. Strains
transformed with the pGEN-/uxCDABE plasmid (245) were grown in the presence of carbenicillin
(50 pg/ml). Prior to pneumonic infection, Y. pestis grown at 26 °C was diluted to 0.05 ODeoo in BHI
broth with 2.5 mM CaCl: and grown at 37°C with aeration for 16 to 18 h (216). Bacterial
concentrations were determined using a spectrophotometer and diluted to desired concentrations
in 1x PBS for mouse infections or fresh medium for in vitro studies. Concentrations of bacterial

inoculums for mouse studies were confirmed by serial dilution and enumeration on agar plates.

Inductively coupled plasma mass spectrometry (ICP-MS)

To determine the Fe concentrations in mice, livers were harvested from 8-week-old mice, and
10-20 mg of liver tissue was incubated at 65 °C in 70% nitric acid for 4 h, and then diluted 35-fold
in Milli-Q purified, metal-free water. The solution was passed through a 100 pm filter, and Fe levels
were measured by ICP-MS (Thermo Fisher Scientific X-Series Il, Waltham, MA, USA) at the
University of Louisville’s Center for Integrative Environmental Health Science Toxicomics &
Environmental Measurement Facility Core. Fe levels were calculated based on a standard curve

and presented as ng/mg wet tissue.

Animal infections with Y. pestis
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Mice were challenged with Y. pestis as previously described (245, 261, 262). Briefly, for
intranasal challenge, mice were anesthetized with ketamine/xylazene and administered 20 pl of
bacteria suspended in 1X PBS to the left nare. For subcutaneous challenge, mice were
anesthetized with isoflurane and administered 20 pl of bacteria suspended in 1x PBS via
subcutaneous injection at the base of the tail. Infected mice were monitored for the development
of disease symptoms twice daily for 14 days. Moribund animals meeting predefined endpoint
criteria were humanely euthanized by CO: asphyxiation and scored as succumbing to infection 12

h later.

Flea infections with Y. pestis

For flea infections, separate cohorts of Xenopyslla cheopis fleas were allowed to blood feed on
infected sodium heparinized CD-1 mouse blood (BiolVT, New York, USA) using a previously
described artificial feeding apparatus (243, 244). The bloodmeal was seeded with a 1:1 ratio of the
Y. pestis KIM6+ gimS-pstS::kanR strain, and either the ybtX, znuBC, or znuA ybtX mutants to
achieve a final concentration of 1.08 x 10° to 1.82 x 10° colony forming units (CFU)/ml blood. Only
fleas that fed to repletion were selected. At 0-, 7-, and 14-days post-infection, co-infected fleas
were processed to enumerate bacterial colonization (Fig. 2-2). To ensure optimal growth of the Zn
acquisition mutants, agar plates were additionally supplemented with 10 uM ZnCl2. Guidelines set
forth by the U.S. National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and approved by the Washington State University IACUC were strictly applied when using

mice in flea infection experiments.

Measurement of calprotectin during Y. pestis infection

To determine the expression of calprotectin during bubonic plague, C57BL/6J mice were
infected subcutaneously with ~200 CFU Y. pestis CO92. At 24, 36, 48 and 60 h post-infection, the
draining lymph nodes were harvested from five mice. Lymph nodes from each time point were
combined, total RNA was extracted, and host transcriptional profiles were determined as previously
described and compared to lymph nodes from uninfected mice (271). To determine extracellular

levels of calprotectin within the lungs during pneumonic plague, mice were infected intranasally
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with ~10* CFU of Y. pestis CO92 Luxreszx and at 24 and 48 h post-infection, groups of mice were
euthanized, and bronchial alveolar lavage fluid (BALF) was collected as previously described (272).
Host cells and Y. pestis were removed from the samples using a 0.45 ym syringe filter and total
extracellular concentrations of calprotectin were determined using the Mouse Calprotectin

SimpleStep ELISA Kit as described by the manufacturer (abcam, ab263885).

Determination of calprotectin inhibitory concentrations

Recombinant forms of calprotectin were produced in E. coli and purified as previously
described (102, 228). To determine the concentrations of calprotectin to inhibit 50% growth of Y.
pestis, bacteria were incubated with increasing concentrations of CP as previously described with
modifications (102, 270). Briefly, overnight cultures of Y. pestis carrying the pGEN-/uxCDABE
plasmid grown in BHI at 26°C were diluted 1:50 in fresh BHI and grown for 4 h at 37 °C. 1x10°CFU
were transferred to individual wells of a white 96-well plate (Greiner Bio-One) containing
calprotectin in 38% BHI, 62% calprotectin buffer (20 mM Tris, pH 7.5, 100 mM NacCl, 3 mM CaClz>).
Plates were incubated at 37 °C and bacterial growth was measured after 8 h as a function of
bioluminescence using a Biotek Synergy HT plate reader (0.5 s read, sensitivity of 135) as

previously described (245).
Statistics

All animal experiments were repeated twice, and in vitro experiments were repeated three
times to confirm reproducibility. Data are shown as the means * standard deviations (SDs) from
three independent experiments, unless otherwise noted. P values were calculated using Student’s
t test, one-way analysis of variance (ANOVA), or two-way ANOVA with appropriate posthoc testing

as indicated. All statistics were completed using GraphPad Prism software.
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Table 2-1. Concentration of metals in mouse livers (ng metal/mg tissue).

Metal

9Be
23Na
24Mg
27Al
39K
44Ca
51V
52Cr
55Mn
57Fe
59Co
60Ni
65Cu
66Zn
75As
82Se
95Mo

107Ag

111Cd

121Sb

137Ba

208Pb

Mean
0.00
1325.98
247.30
2.98
3884.08
256.87
0.06
0.16
1.71
86.13
0.03
0.07
7.16
41.98
0.12
215
0.83
0.01

0.01

0.43

0.68

0.09

Wild-type
SD
0.00
662.18
52.34
2.24
1208.97
108.90
0.04
0.00
0.94
16.04
0.02
0.03
0.68
19.63
0.04
0.68
0.06
0.00

0.01

0.18

0.13

0.02

Hjv *-

Mean
0.00
649.16
200.35
2.87
2587.88
239.64
0.01
0.08
1.19
97.63
0.02
0.12
6.47
28.40
0.08
1.27
0.91
0.01

0.01

0.39

0.58

0.08
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SD
0.00
253.36
89.85
1.19
1299.61
42.96
0.01
0.05
0.78
46.12
0.02
0.07
1.37
11.84
0.04
0.79
0.53
0.00

0.01

0.18

0.12

0.02

Hjv 7
Mean
0.00
762.00
175.26
2.62
4151.59
95.02
0.11
0.44
2.28
926.52
0.04
0.06
3.12
22.62
3.08
1.60
2.67
0.12

0.09
0.76
0.02

0.68

SD
0.00
151.64
43.05
1.04
790.63
71.73
0.03
0.11
0.33
158.31
0.01
0.03
0.70
11.71
7.40
0.26
1.49

0.07

0.13

0.24

0.32

0.89
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Table 2-3. Bacterial strains used in these studies.
Descriptive Name Genotype

Strains used for Hjv’- and S100A9- mouse infections.

KIM5+ (pCD1Ap)+, pgm+, pMT+, pst+

irp2 X17 Airp2

znuBC irp2 X43 AznuBC

znuA ybtX X17 AznuA, AybtX

znuA ybtX (+ybtX) X103 complemented with ybtXin
native site

Strains used for flea infections.

KIM6+ gImS- pCD1-, pgm+, pMT+, pst+ with kanR

pstS::kanR cassette inserted into the attTn7

KIM6+ ybtX pCD1-, pgm+, pMT+, pst+, AybtX

KIM6+ znuBC pCD1-, pgm+, pMT+, pst+, AznuBC

KIM6+ znuA ybtX pCD1-, pgm+, pMT+, pst+, AznuA,
ybtX

Strains used for calprotectin measurements in mice.
C092 pCD1+, pgm+, pMT+, pst+

CO092 Luxpcyszk YP003-1 with LuxCDABEpcyszx
inserted into attTn7
Strains used in in vitro calprotectin assays.

KIM6+ znuBC YPA154 with bioluminescent reporter
pPGEN-luxCDABE
KIM6+ irp2 pCD1-, pgm+, pMT+, pst+, Airp2 with

PGEN-/luxCDABE
KIM6+ irp2 znuBC
PGEN-/luxCDABE
KIM6+ ybtX
pGEN-luxCDABE
KIM6+ znuA ybtX
PGEN-/luxCDABE
KIM6+ znuA ybtX
(+ybtX) pGEN-
luxCDABE

bioluminescent reporter

pCD1-, pgm+, pMT+, pst+, Airp2,
AznuBC with bioluminescent reporter
YPA262 with bioluminescent reporter

YPA177 with bioluminescent reporter

YPA261 complemented with ybtX in
native site
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Identification
Number

X17
X43

X90

X103

X105

VV670

YPA262
YPA154
YPA177

YP003-1
MBLYP-043

YPA258

YPA259

YPA260

YPA265

YPA261

YPA290

Source

(155)
(151)

(209)
(197)

(197)

(244)

(176)
(273)
(197)

(274)
(245)

This work
This work
This work
This work
This work

This work



CHAPTER 3

DROPLET TN-SEQ IDENITIFIES THE PRIMARY SECRETION MECHANISM FOR

YERSINIABACTIN IN YERSINIA PESTIS

SUMMARY

Nutritional immunity is the process used by eukaryotic hosts to sequester transition metals
such as iron, zinc, or manganese from invading bacterial pathogens. To overcome nutritional
immunity, bacteria have evolved dedicated metal acquisition systems. Yersinia pestis, a Gram-
negative bacterium that is the causative agent of plague, acquires iron and zinc by secreting the
metallophore yersiniabactin (Ybt). Because Ybt is required for Y. pestis pathogenesis, defining the
molecular mechanisms for the synthesis and transport of Ybt are essential to understanding this
key virulence factor. The genes required for Ybt synthesis and import are well-defined, yet the
genes required for secretion of Ybt have eluded identification. This mechanism has been difficult
to identify because conventional pooled screening approaches are unable to connect genes
involved in secretion with their function due to trans-complementation between mutants. To
overcome this obstacle, we utilized a technique called droplet Tn-seq (dTn-seq). dTn-seq uses
microfluidics to isolate individual transposon mutants in oil droplets, eliminating the potential for
trans-complementation of secreted factors between bacteria, but still allowing for fithess
comparisons of large transposon libraries. Using this approach, we demonstrated the applicability

of dTn-seq to identify genes involved in secreted functions of bacteria. We then applied dTn-seq to
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identify an AcrAB efflux system as required for growth in metal-limited conditions and demonstrated
that this efflux system is the primary mechanism for Ybt secretion and required for virulence in the
mouse model of plague. Together, these studies have finally revealed the secretion mechanism for
Ybt that has eluded researchers for over thirty years and a potential anti-therapeutic target to

combat plague and other infections by bacteria that rely on Ybt for metal acquisition.

INTRODUCTION

Plague is a disease that has impacted humankind through three major pandemics and remains
a major public health concern (4, 213). The Gram-negative bacterial pathogen, Yersinia pestis, is
the etiological agent of plague. The disease can manifest in three forms, which are highlighted by
bacterial colonization of the lymph nodes during bubonic plague, the bloodstream during septicemic
plague, and the lungs during pneumonic plague (215, 216). Without immediate antibiotic treatment,
all forms of the disease can be fatal. Due to the ease of direct transmission between individuals in
a population, potential for weaponization, and the lack of an approved vaccine, Y. pestis is
categorized as a Tier 1 select agent (275). As a potential bioterrorism agent, understanding Y.

pestis pathogenesis and discovering new therapeutic targets is a valuable research area.

Y. pestis requires transition metals to carry out proper cell function and metabolism. However,
eukaryotic hosts use mechanisms referred to as nutritional immunity to restrict bacterial access to
these metals to inhibit infection (68, 71, 220, 276). Consequently, Y. pestis has developed highly
efficient systems to acquire iron (Fe), zinc (Zn), and manganese (Mn) to overcome the nutritional
immunity (148, 151-153, 193, 197, 277). The most well-studied metal acquisition system utilized
by Y. pestis is the secreted metallophore yersiniabactin (Ybt), which is essential for iron acquisition
and contributes to zinc acquisition during infection (209, 278). The mechanisms involved in the
synthesis and import of Ybt have been extensively studied (63, 171, 176, 197). The genes involved
in these processes are all located in two operons within the pigmentation (pgm) locus, which is part
of the high pathogenicity island on the chromosome of Y. pestis (Fig. 3-1A) (63). YbtA regulates
the expression of the genes that comprise the Ybt enzyme complex responsible for the synthesis

of Ybt (irp1, irp2, ybtE, ybtS, ybtT, ybtU) and the genes that encode the transporters involved in the
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import of Ybt bound to iron (psn, ybtP, ybtQ) or Ybt bound to zinc (ybtX) (168, 176, 279). These
operons are conserved in other species that synthesize Ybt, including pathogenic Escherichia coll,
Klebsiella pneumoniae, and Proteus mirabilis (164—167, 280). Despite our extensive knowledge of
this system, the molecular mechanism(s) responsible for the export of Ybt by bacteria has yet to
be identified. Because Ybt is an essential virulence factor in all bacteria which synthesize it (277),
identifying the Ybt export mechanism could reveal a therapeutic target for the development of anti-

virulence-based therapeultics.

One of the reasons the Ybt export mechanism has eluded researchers for the last 30 years is
that the mechanism is not encoded within the operons that encode the rest of the Ybt genes.
Therefore, high-throughput genome screening techniques like transposon insertion sequencing
(Tn-seq) are needed to identify these essentially unknown genes. Traditional Tn-seq uses a
transposon to generate libraries of random mutants that include the inactivation of every non-
essential gene in the genome (281). These libraries are then grown under selective conditions, for
example metal limitation, and the fitness of individual transposon mutants can be calculated by
quantifying their abundance within the population by deep sequencing (281). Transposon insertions
into genes required to grow under the selective condition will be less fit and make up a smaller
portion of the population after selection. While Tn-seq has proven to be a powerful discovery tool,
conventional Tn-seq has a limitation that it is unable to identify genes for secreted factors. This is
because all the mutants in a transposon library are grown together in one large pool. Within this
pool, mutants in secreted factors required for growth under the specific selective conditions, for
example Ybt needed by Y. pestis to grow under metal-deplete conditions, can “cheat” and use the
secreted factors produced by their neighbors (also referred to as trans-complementation). Cheating
allows these mutants to still grow under selective conditions, hiding their true phenotype, and
eliminates the possibility of identifying genes of secreted factors via conventional Tn-seq. To
overcome this limitation, we applied a recently described modified Tn-seq application called droplet
Tn-seq (dTn-seq) (282) to identify mutants deficient in Ybt secretion. dTn-seq uses microfluidics to

encapsulate individual transposon mutants inside a medium droplet surrounded by an oil layer
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(282). The oil layer inhibits diffusion of Ybt, and other secreted factors, between droplets, allowing
for the screening of a large library of mutants for growth defects under metal-limited conditions
unaffected by neighboring bacterial cells. Using dTn-seq, we identified a role for an AcrAB-TolC
efflux system for growth of Y. pestis in metal-limited conditions. Furthermore, by using a
combination of in vitro and in vivo methods, we finally identified this AcrAB-TolC system as the

primary export system for Ybt and show it is required for Y. pestis virulence.
RESULTS

dTn-seq can overcome trans-complementation and identify factors involved in yersiniabactin

synthesis.

We have previously demonstrated that Y. pestis can grow within the microenvironment of the
droplets needed for dTn-seq (282). For the Tn-seq library, we generated ~50,000 mutants using
the HIMAR transposon as previously described (283) in a Y. pestis pCD1¢) znuBC background
(representing >10x coverage of the genome). This background was chosen for two reasons. First,
because the pCD1 plasmid is required for virulence but not for Ybt export, we can perform dTn-seq
in this background at BSL-2. Second, while a znuBC mutant can grow in metal-limited conditions,
a znuBC irp2 mutant is extremely attenuated for growth in the same medium (209). Therefore,
transposon mutants in genes required for the synthesis, import, or export of Ybt in a znuBC
background should have significant fithess defects that can be easily differentiate from the znuBC
mutant in droplets containing Zn-limited medium. The library was grown in BHI, passaged in metal-
chelated PMH2 medium (cPMH2) to deplete intracellular stores of Zn, and then grown as a batch
culture in cPMH2 or encapsulated into droplets of cPMH2 by microfluidics (Fig. 3-1B) (279).
Genomic DNA was isolated from each culture condition, sequenced, and individual transposon
mutant fitness was calculated as previously described (282). To validate that droplet encapsulation
can overcome trans-complementation, we first determined fitness phenotypes for the known
components of Ybt synthesis and import. Mutants with transposon insertions in ybtA, the master

regulator of the Ybt system (168), or in ybtX, required for Ybt-Zn import (197), had significant fitness
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¥bt synthesis

YDIE, YBIS, YbtU,
YbIT, Irp1, Irp2

dTn-Seq can identify genes required for Ybt synthesis and transport.

Gene Batch Droplet p-value Description
¥2395 (ybtX) 0.53 0.00 8.49€-02 Ybt-Zn importer
¥2400 (irp1) 1.01 0.89 1.336-05 Ybt biosynthesis
¥2399 (irp2) 1.00 0.86 4,03€-05 Ybt biosynthesis
y2403 (ybtE) 0.98 0.79 1.48E-04 Ybt biosynthesis
¥2401 (ybtT) 1.05 0.81 6.38-02 Ybt biosynthesis
dTn-Seq can identify genes required for Ybt secretion.
Gene Batch Droplet p-value Description
y0704 (tolC) 1.01 0.86 4.84E-06 RND efflux (TolC protein)
y0703 (acrB) 1.00 0.88 1.87€-05 RND efflux (permease)

D
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Figure 3-1. Ybt loci and droplet Tn-seq experimental design to identify Ybt secretion system.
(A) The Ybt operon contains genes for Ybt synthesis, import of Ybt bound to iron and import of Ybt
bound to zinc. Synthesized Ybt is secreted through an unknown mechanism. (B) Experimental
design for the dTn-seq experiment. The Y. pestis transposon mutant library was grown in batch
culture and droplet culture in cPMH2 for 24 h. (C) Table of Ybt genes and genes in efflux systems
identified as important for growth in metal limited conditions in the droplet environment by dTn-seq.
(D) The AcrAB-TolC efflux system operon consists of three genes, y0702 (acrA), y0703 (acrB), and

y0704 (tolC). Schematic view of the AcrAB-TolC efflux system.
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defects in batch culture (Fig. 3-1C). This was expected because these mutants do not express
YbtX, and thus, are not able to import Zn even in the presence of Ybt (168, 197). In contrast,
transposon insertions into the Ybt synthesis genes irp1, irp2, ybtE, or ybtS had no fitness defect in
the batch culture, because despite not being able to synthesize Ybt, these mutants can still acquire
Zn using Ybt synthesized from neighboring bacteria. However, in the droplets, both the import and
synthesis mutants show significant fitness defects (Fig. 3-1C). These data validate that
encapsulation of individual mutants prevents trans-complementation of Ybt between bacteria and

support the use of dTn-seq to screen for genes involved in Ybt secretion.

dTn-seq revealed that y0703 and y0704 are required for Y. pestis growth in zinc-limited medium.

In total, 72 transposon mutants had statistically significant fitness phenotypes within the
droplets (Table 3-1). We expect that mutations in the Ybt export system should have fitness
phenotypes similar to the Ybt synthesis mutants - no fitness defect in the batch culture due to trans-
complementation but a fitness defect in the droplets. From this list, two genes, y0703 and y0704
showed a fithess attenuation in the droplet and have homology to components of efflux pumps.
Furthermore, closer analysis revealed that y0703 and y0704 are in an operon with y0702, and
based on homology, are related to AcrAB-TolC efflux systems (Fig. 3-1D). Because similar efflux
systems have been implicated in the export of siderophores in Vibrio cholerae and E. coli (183,
185), we prioritized our subsequent efforts to determine if these genes contribute to Ybt export in

Y. pestis.

y0702-y0704 contributes to growth in metal limitation.

To validate our dTn-seq data, we generated an in-frame deletion of the entire y0702, y0703,
and y0704 operon in the Y. pestis pCD1¢) znuBC background. The mutant was grown in Zn-limited
cPMH2 and compared to a znuBC mutant. The znuBC y0702-y0704 mutant was significantly
attenuated for growth compared to the znuBC mutant (Fig. 3-2A; p = 0.01) but was not as
attenuated as a znuBC irp2 mutant, which cannot synthesize Ybt. Growth was restored to znuBC
levels by genetically complementing back y0702-y0704 into the native site on the chromosome

(Fig. 3-2A) or by supplementation with excess Zn (Fig. 3-2B). Because Ybt is also involved in iron
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Figure 3-2. y0702-y0704 contributes to growth during metal limitation.
The ability of Y. pestis KIM6+ znuBC y0702-y0704 to grow in (A) zinc-limited medium (cPMH2) or
(B) zinc-replete medium (cPMH2 + 10uM ZnClz2). (C) ODeoo of the Y. pestis KIM6+ znuBC y0702-
y0704 mutant at 24 h in iron-limited (cPMH2 + OuM FeCl2) or iron-replete (cPMH2 + 10uM FeClz2)
media. (D) The ability of Y. pestis KIM6+ znuBC y0702-y0703 or Y. pestis KIM6+ znuBC y0704 to
grow in zinc-limited medium (cPMH2). For C, One-way ANOVA with Sidak’s multiple comparison,
*p<0.05. Data represents the mean +SD of three independent biological experiments. For some

points, error bars are too small to visualize on the graph.
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acquisition, we generated a y0702-y0704 mutant in the Y. pestis pCD1¢) background to
independently evaluate growth during iron limitation. Under these conditions the y0702-y0704
mutant was significantly attenuated for growth in Fe limited conditions (Fig. 3-2C; p=0.0034) and
had the same phenotype as the irp2 mutant in both limited and excess Fe conditions. Together,
these data support that the Y0702-Y0704 RND efflux system contributes to growth during both Zn

and Fe limitation.

The y0702-y0704 RND efflux system consists of an AcrAB inner membrane transporter
(Y0702-Y0703) and TolC outer membrane transporter (Y0704) (Fig. 3-1D). To confirm that both
components are required for growth under Zn limitation, single mutants were generated in each
system in the znuBC background. Both mutants grew at the same rate as the znuBC y0702-y0704
mutant, supporting that both components are required for growth under Zn limitation (Fig. 3-2D).
However, due to the structure of the y0702-y0704 operon (Fig. 3-1D), there was a chance that the
deletion of y0702-y0703 could have a polar effect on y0704 and that only y0704 was required. To
eliminate this possibility, we trans-complemented the znuBC y0702-y0703 mutant with y0702-
y0703 expressed on a plasmid. If there was a polar effect on y0704, then y0702-y0703 expression
from the plasmid would not be able to restore growth to the znuBC levels. However, genetic
complementation on the plasmid was able to restore growth (Fig. 3-2D), demonstrating there was
not a polar effect on y0704 and that both the AcrAB and TolC components contribute to growth in

metal-limited conditions.

The Y0702-Y0704 efflux system is required for yersiniabactin secretion.

Due to the decreased growth of a znuBC y0702-y0704 mutant in Zn-limited media, we next
tested if y0702-y0704 is required for Ybt secretion. Since Ybt is secreted into the growth medium,
strains secreting Ybt can trans-complement the growth of a znuBC irp2 mutant during co-culture in
metal-limited medium (279). Therefore, to determine if a y0702-y0704 mutant secretes Ybt, we co-
cultured a bioluminescent znuBC irp2 mutant with either wild-type Y. pestis, an irp2 mutant, or a
y0702-y0704 mutant and measured growth as a function of bioluminescence. If a strain secretes

Ybt, then the znuBC irp2 mutant will grow and bioluminescence will increase (Fig. 3-3A). As
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expected, wild-type Y. pestis secretes enough Ybt to support the growth of the znuBC irp2 mutant
in Zn-limited medium (Fig. 3-3B). However, an irp2 mutant, which cannot synthesize Ybt, did not
support growth. Likewise, co-culture with the y0702-y0704 mutant was unable to trans-complement
the growth of the znuBC irp2 mutant (Fig. 3-3B), supporting that the y0702-y0704 mutant is
deficient in Ybt secretion. Complementation of the y0702-y0704 system restored the ability of the

strain to support growth of a znuBC irp2 mutant (Fig. 3-3B).

Because Ybt binds to Zn (69), we can also indirectly measure Ybt levels in the bacterial
supernatant by measuring Ybt competition of Zn-binding with 4-(2-pyridylazol)resorcinol (PAR) as
previously described (284). PAR changes color when bound to Zn (absorbs light at 410 nm when
unbound and 500 nm when bound to Zn), and therefore, the amount of free Zn within a sample can
be measured by the change in the PAR absorbance. If a Zn-binding competitor is present, less Zn
is available to bind to PAR, resulting in a decreased absorbance at 500 nm. For example, EDTA,
a zinc chelator, can outcompete PAR for Zn binding, resulting in a significantly lower absorbance
of PAR at 500 nm compared to PAR alone (Fig. 3-3C; p<0.0001). To test whether the supernatant
from various Y. pestis strains could compete for Zn binding with PAR, bacteria were grown under
metal-limited conditions and equal volumes of culture supernatant were harvested and filtered to
remove bacteria. When compared to supernatant from wild-type Y. pestis, there was significantly
higher PAR absorbance at 500nm in supernatants from the irp2 and y0702-y0704 mutants (Fig. 3-

3C. p<0.01), further supporting that the y0702-y0704 mutant is deficient in Ybt secretion.

Finally, to directly measure the amount of Ybt secreted by the y0702-y0704 mutant, we used
liquid chromatography mass spectrometry (LC-MS). Bacteria were grown in metal-limited medium
for 8h, the ODeoo of the cultures were measured (Fig. 3-3D), and Ybt was extracted with ethyl
acetate from 10 ODeoo equivalents of cell-free supernatant and analyzed by LC-MS as previously
described (285) (Fig. 3-3E). Significantly less Ybt was present in the supernatant of the y0702-
y0704 mutant compared to wild-type Y. pestis (Fig. 3-3F; p<0.001). However, there appeared to be
residual Ybt detected in the supernatant of the y0702-y0704 mutant above that of the irp2 mutant

(Fig. 3-3F). To determine if the y0702-y0704 mutant was undergoing increased lysis due to Ybt
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Figure 3-3. The AcrAB-TolC efflux system y0702-y0704 is important for yersiniabactin
secretion.

(A) Bioluminescent co-culture experimental design. (B) Growth of znuBC irp2 pGENI/ux in co-culture
with another Y. pestis strain in chelex-treated PMH2 supplemented with 0.6uM ZnCl2 at 37 °C
measured every 2 h for 10 h. Relative luminescent units (RLU) was plotted as the mean +SD of
three independent biological replicates. For some points, error bars are too small to visualize on
the graph. (C) Absorbance at 500nm of PAR in the presence of Y. pestis supernatant. (D) Growth
at 8 h in chelex-treated PMH2 supplemented with 0.6uM ZnCl2 at 37 °C. (E) LC-MS spectra of the
two peaks of Ybt in the supernatant of Y. pestis. (F) Concentration of Ybt in the supernatant of Y.
pestis quantified by LC-MS. (G) Growth of strains expressing GFP at 8 h in chelex-treated PMH2
supplemented with 0.6uM ZnClz at 37 °C. (H) Quantification of GFP protein in supernatant and cell
lysates of Y. pestis strains. One-way ANOVA with Tukey test, **p<0.01, ***p=<0.001,

and***p<0.0001. Mean £SD of three independent biological replicates.
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toxicity, which could result in release of Ybt, we transformed wild-type Y. pestis and a y0702-y0704
mutant with a plasmid expressing GFP and measured the concentration of GFP in the culture
supernatants by western blot. We observed no difference in the amounts of GFP between the
supernatants (Fig. 3-3G and 3-3H), supporting that lysis of the y0702-y0704 mutant did not occur
at a higher rate than seen in wild-type bacteria. However, these data do not eliminate the possibility
that the residual Ybt in the medium is not a result of release from normal bacterial lysis. Together,
these data demonstrate that the y0702-y0704 mutant is deficient in Ybt secretion and support that

the Y0702-Y0703 RND efflux system contributes to Ybt export.

The Y0702-Y0704 AcrAB-TolC efflux system is required for Y. pestis virulence.

Ybt is required for Fe acquisition and contributes to the ability of Y. pestis to compete for Zn
with the host protein calprotectin, and is thus essential for the development of lethal bubonic and
pneumonic plague (64, 278). If the Y0702-Y0704 AcrAB-TolC system exports Ybt, then we expect
it to be required for competition for metals with calprotectin and virulence. To determine if YO0702-
Y0704 contributes to fithess in the presence of calprotectin, the concentration of calprotectin to
inhibit 50% bacterial growth (ICso) was determined for Y. pestis, irp2, znuBC irp2, or znuBC y0702-
y0704. The ICso of calprotectin was significantly lower for the znuBC y0702-y0704 mutant
compared to Y. pestis (Fig. 3-4A; p<0.01), demonstrating that the mutant is less fit in the presence
of metal restriction by calprotectin. Genetic complementation with y0702-y0704 restored the ability
of the mutant to grow in the presence of calprotectin. To determine if y0702-y0704 is required for
Y. pestis virulence, mice were infected with Y. pestis strains via either subcutaneous injection or
intranasal instillation to mimic bubonic and pneumonic plague, respectively. As expected, all mice
succumbed to infection with wild-type Y. pestis or the znuBC mutant but survived infection with the
znuBC irp2 mutant (Fig. 3-4B and 3-4C). Mice infected with the znuBC y0702-y0704 mutant were
more resistant to lethal infection, with a 50% survival rate in the bubonic plague model (Fig. 3-4B;
p<0.001) and 20% survival rate in the pneumonic model (Fig. 3-4C; p<0.0001). Moreover, there
was a significant delay in the mean time to death in the pneumonic plague model for the znuBC

y0702-y0704 infected mice (3.75 days) compared to those infected with wild-type or (2.5 days;
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Figure 3-4. The AcrAB-TolC efflux system y0702-y0704 contributes to Y. pestis virulence
during plague.

(A) IC50 of calprotectin when incubated with Y. pestis strains. Each point represents the mean IC50
of a biologically independent experiment (n=3) and the bar represents the mean of the three
independent experiments. One-way ANOVA with Tukey’s comparison: ns= not significant,
**p<0.01, ***p=0.001, and ****p<0.0001. (B) C57BL/6J mice were challenged subcutaneously with
an inoculum of 102 CFU Y. pestis (WT; black), znuBC mutant (gray), znuBC irp2 mutant (teal),
znuBC y0702-y0704 mutant (purple), and znuBC y0702-y0704 (cy0702-y0704) (pink) and
monitored every 12 h or the development of moribund disease for 14 days. (C) C57BL/6J mice
were challenged intranasally with an inoculum of 104 CFU Y. pestis (WT; black), znuBC mutant
(gray), znuBC irp2 mutant (teal), znuBC y0702-y0704 mutant (purple), and znuBC y0702-y0704
(cy0702-y0704) (pink) and monitored every 12 h or the development of moribund disease for 14
days. (D) Bioluminescence measured every 12 h in the lungs of mice infected via pneumonic
challenge with an inoculum of 104 CFU. Dashed line represents background relative luminescent
units (RLU). (E) A representative mouse showing dissemination by bioluminescence after
pneumonic challenge. Scale shows average radiance. Survival statistics were calculated by log
rank test. For B, znuBC y0702-y0704 vs. WT or znuBC, ***p<0.001. For C, znuBC y0702-y0704
vs. WT, ****p<0.0001 and znuBC y0702-y0704 vs. znuBC, **p=0.0022. Results are combined data

from 2 independent experiments (n=10 total).
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p<0.0001) or the znuBC mutant (3 days; p=0.0022). Genetic complementation with y0702-y0704
restored virulence in both models (Fig. 3-4B and 3-4C). Together, these data show that y0702-

y0704 contribute to virulence during bubonic and pneumonic plague.

Previous studies have shown that Y. pestis is unable to synthesize Ybt administered
intranasally and does not proliferate within the lungs; however, a Ybt synthesis mutant can cause
lethal infection via dissemination to the blood where metal availability is greater (63). Therefore, we
next investigated whether the znuBC y0702-y0704 mutant was defective in lung proliferation during
pneumonic plague using a bioluminescent reporter and optical imaging to monitor znuBC y0702-
y0704 proliferation during infection (245). Similar to the wild-type Y. pestis, the znuBC y0702-y0704
mutant was able to replicate efficiently in the lungs of mice that developed lethal disease (Fig. 3-

4D and 3-4E), indicating that mice that succumbed to infection were developing pneumonic plague.

Other AcrAB systems in Y. pestis do not contribute to yersiniabactin secretion.

These data support that the Y0702-Y0704 AcrAB-TolC efflux system exports Ybt in Y. pestis,
but the residual Ybt in culture supernatants and increased virulence of the znuBC y0702-0704
mutant compared to the znuBC irp2 mutant also indicates the presence of a secondary system for
Ybt export. Genome analysis revealed Y. pestis has three other AcrAB systems, y1049-1050,
y3760-3759, and y3392-3393 (286). To determine if these systems are capable to export Ybt, we
generated in-frame deletions in all three AcrAB transporters in the znuBC or znuBC y0702-0704
backgrounds and determined the growth of the mutants in a Zn-limited medium. Deletion of all three
AcrAB systems had no significant impact on the growth of either background (Fig. 3-5), indicating

that Y0702-Y0703 is the only AcrAB efflux system capably of exporting Ybt in Y. pestis.
DISCUSSION

Thirty years after the first reports of Ybt as a siderophore produced by Y. enterocolitica (161),
we have finally identified an AcrAB-TolC efflux system as the primary Ybt export mechanism in Y.
pestis. We were able to accomplish this through the application of dTn-seq, which is uniquely suited

to screen for mutations in secretion systems or factors that cannot be investigated with conventional
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Figure 3-5. Other AcrAB transporters in Y. pestis do not contribute to yersiniabactin

secretion.

Growth of other AcrAB transporter mutants in metal-depleted defined medium (chelex-treated
PMH2) supplemented with 0.6uM ZnCl2 at 37 °C measured every 2 h for 10 h. Optical density at
600 nm (ODe0o) was plotted as the mean +SD of three independent biological replicates. For some

points, error bars are too small to visualize on the graph.
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Tn-seq approaches that suffer from trans-complementation hurdles. The successful application of
dTn-seq in the identification of the Y0702-Y0704 Ybt export system establishes the utility of this
system to be used by others to identify export systems or secreted factors produced by a variety of
bacteria. However, some considerations need to be made when establishing the experimental
design for dTn-seq. First, care needs to be taken to ensure a high frequency of the droplets
produced contain single bacteria. This frequency can be influenced by the aggregative nature of
the bacteria, the concentration of the culture used during the droplet formation, and the flow rate of
the microfluidics system. Even under the best optimized parameters, a certain population of
droplets will contain more than one bacterium, which can diminish absolute fitness phenotypes in
mutants that can cheat. This is likely the reason that we still recovered some Ybt biosynthesis
mutants in the droplets in our screen (Fig. 3-1C). However, despite these artifacts, the fitness
defects of these mutants and y0703 and y0704 still rose to the top of our list of statistically
significant hits, demonstrating that even these limitations can be overcome by the application of
proper selective conditions and screen optimization. Second, the need to maximize single bacteria
encapsulation will also influence the size of the libraries that can be generated by dTn-seq. While
conventional Tn-seq often employs large transposon libraries (approaching 108 mutants or greater)
to ensure genome saturation, current microfluidics technology needed to provide an appropriate
frequency of droplets with individual bacteria limits individual libraries to approximately 5-7x104
mutants. Again, even at this library size, which represents approximately 10-fold coverage for Y.
pestis, we were able to successfully identify y0703 and y0704, but increasing the library size should
improve confidence that all potential hits are represented in the screening process. While size of
the individual pool cannot currently be increased, an alternative approach is to repeat the screen
with multiple pools. Finally, the microenvironment of the droplet can affect bacteria differently than
similar large volume culture conditions. Therefore, optimization of growth conditions in the droplets
needs to be performed for each bacterial species prior to performing screens and may need to be
further optimized if medium or selective conditions are changed. Despite these limitations, dTn-seq
still represents a powerful new technique to identify secreted factors or systems that cannot be

identified by conventional transposon mutagenesis strategies.
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These studies demonstrated that the Y0702-Y0704 AcrAB-TolC efflux pump is required for
growth in metal-limited media and Ybt secretion by Y. pestis. However, the znuBC y0702-y0704
mutant was not as attenuated as the znuBC irp2 mutant in Zn-limited medium and we were still
able to recover Ybt from the y0702-y0704 mutant cultures. While these concentrations were not
sufficient for optimal growth during metal limitation or to trans-complement the growth of a znuBC
irp2 mutant in co-culture, it does indicate that some amount of extracellular Ybt is available for the
bacteria. One possible source of Ybt in y0702-0704 cultures could be Ybt released from dying
bacteria. In E. coli and V. cholerae, inhibition of siderophore efflux leads to growth restriction,
envelope stress, and induction of the Cpx stress response system but increased cell lysis was not
reported (183, 287). It is likely that inhibition of Ybt secretion under conditions of increased Ybt
synthesis (e.g., during metal limitation) would induce similar stresses in Y. pestis as the
metallophore accumulates and sequesters metals within the bacterial cytoplasm. However, we tried
to indirectly compare bacterial lysis between a y0702-y0704 mutant and wild type Y. pestis by
measuring the release of cytoplasmic expressed GFP but did not observe increased concentrations
that would indicate elevated bacterial lysis of the mutant (Fig. 3-4). While this does not rule out the
possibility that normal rates of bacterial death could be responsible for the residual Ybt recovered
in in vitro culture, the znuBC y0702-y0704 mutant is still partially virulent in the animal model, where
bacterial lysis seems less likely to be sufficient to sustain bacterial colonization of a small population
of bacteria. Therefore, it seems more likely that a secondary export system is responsible for the
residual extracellular Ybt sufficient to support the intermediate virulence in the mouse model. We
also eliminated the possibility that the secondary system is one of the other AcrAB homologs within
the Y. pestis genome (y1049-1050, y3760-3759, or y3392-3393) but other RND efflux family
members have been implicated in the efflux of other siderophores in E. coli and Pseudomonas
putida (182, 185), and multiple RND efflux homologs and two additional TolC homologs are present
in the Y. pestis genome that are viable candidates for a secondary system (286). Importantly, while
none of these genes had fithess defects in the dTn-seq screen, this is likely because the Y0702-
Y0704 system is the primary export system and masked any fitness defects in other systems.

Moving forward, we will continue to search for this secondary export system by specifically targeting
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these other RND/TolC homologs for inactivation or performing a second round of dTn-seq

screening in the znuBC y0702-y0704 mutant background.

The Ybt operon is not only found in the pathogenic Yersinia species but also in more clinically
prevalent clinical isolates of E. coli, K. pneumoniae, P. mirabilis, and S. enterica serovars (164—
167, 280). Our discovery that an AcrAB-TolC system is the primary exporter of Ybt in Yersinia and
data from other laboratories showing RND efflux systems contribute to siderophore efflux (183,
185), strongly indicate that AcrAB-TolC efflux systems are the primary mechanisms for the export
of Ybt in these other species. Because Ybt provides an important virulence advantage for these
pathogens (164, 167, 235, 252, 288), a conserved export system makes for an attractive broad
spectrum anti-virulence drug target, especially since many of these bacteria are also rapidly
developing resistance to conventual antibiotics. Importantly, AcrAB and other RND efflux systems
are also effective mediators of antibiotic resistance (289-294) and have previously been targeted
to develop drugs that inhibit antibiotic efflux and increase the efficacy of current antibiotics (295—
300). Thus, there are already several classes of drugs developed as antibiotic efflux inhibitors that
might be repurposed as anti-virulence drugs that can be used as adjunct therapy to improve
outcomes in the clinic for infections by bacteria that use Ybt to acquire metals. We are currently

investigating the efficacy of different classes of RND efflux inhibitors on Ybt secretion.

In conclusion, using dTn-seq in Y. pestis, we have identified the AcrAB-TolC RND efflux pump
Y0702-Y0704 as the primary secretion mechanism for Ybt. This successful utilization of dTn-seq
brings a new technique to the field to identify unknown secreted factors in bacteria. Importantly,
these data support previous studies that implicate efflux pumps as important metallophore export
for other bacteria (182, 183, 185) and suggest a larger role for these pumps in bacterial

pathogenesis and as potential drug targets.

METHODS

Ethics statement
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C57BL/6J mice were purchased from The Jackson Laboratory and bred within the barrier
facility at the Clinical and Translational Research Building at the University of Louisville. Groups
contained both male and female mice and we observed no differences in outcomes based on sex
during these studies. Animals were housed in accordance with NIH guidelines and all procedures
were approved by the University of Louisville IACUC. Three days prior to challenge with Y. pestis,
animals were transferred to the University of Louisville’s Center for Predictive Medicine Regional
Biocontainment Laboratory ABSL-3 facilities for acclimation. After infection, mice were observed
for up to 14 days for the development of moribund disease and humanely euthanized if they met

predefined endpoints.

Bacterial strains

The bacterial strains used in this study are listed in Table 3-2. Y. pestis was routinely grown in
Difco brain heart infusion (BHI) broth (BD Biosciences) or under metal-deplete conditions in chelex-
treated PMH2 supplemented with 1.0 uM FeClz, 1.0 mM MgClz, and 0.6 pM ZnClz (cPMH2) (148).
For metal-replete experiments, cPMH2 was supplemented with either 10 uM ZnCl20or 10 uM FeCl2
as needed. Strains transformed with the pGEN-luxCDABE plasmid (245) were grown with
carbenicillin (50 yg/ml) prior to co-culture. For infection, bacteria were grown overnight at 26 °C in
BHI broth prior to subcutaneous challenge for the bubonic plague model. Prior to intranasal
instillation, Y. pestis was diluted to 0.05 ODsoo in BHI broth with 2.5 mM CaClz and grown at 37 °C
with aeration for 16 to 18 h (245). Bacterial concentrations were determined using a
spectrophotometer and diluted to desired concentrations in 1x PBS for mouse infections.
Concentrations of bacterial inoculums for mouse studies were confirmed by serial dilution and

enumeration on agar plates.

Generation of transposon mutant library and site directed mutants

A transposon mutant library was generated in Y. pestis KIM6+ znuBC with the transposon
delivery vector pSAM-DKm encoding the mariner-family transposon, Himar1 C9 transposase, as
previously described (283). Briefly, Y. pestis was transformed with pSAM-DKm by conjugation and

transposon mutants were selected for on BHI agar plates with 50 mg/ml kanamycin and 2 mg/mi
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irgasan and grown at 26 °C for two days. Colonies were enumerated and combined from multiple
plates to generate a library containing approximately 50,000 mutants. The library was
cryopreserved after growing in BHI broth with 50 mg/ml kanamycin, 2 mg/ml irgasan, and 1 yM
ZnCl2 shaking at 26 °C for two days. Random distribution of transposon insertions was confirmed
by selecting 20 colonies before cryopreservation and comparing PCR products generated using
nested PCR with transposon specific and random primers (283). Site specific and complemented
mutants were generated using pSR47s and homologous recombination as previously described
(301, 302). For trans-complementation, y0702-y0703 was ligated into pBC-SK*, as previously

described (303). Deletions were confirmed by PCR and sequencing.

Microfluidic device production for dTn-seq

Microfluidic devices were produced following the protocol described by Thibault et al. (2019)
(282). Briefly, a microfluidic device mask with a single aqueous inlet and a 40 x 40 ym channel at
the flow-focus junction was designed using AutoCad 2016 software. Glass photomasks were
ordered from CAD/Art Services, Inc. (Bandon, OR). These masks were used to generate silicon
molds by soft lithography that were used for the final microfluidic fabrication using
polydimethylsiloxane (PDMS). The silicon mold and final microfluidic chip fabrication (including
PDMS-glass plasma bonding) were performed at the Integrated Sciences Cleanroom and

Nanofabrication Facility at Boston College.

Droplet production and culturing in droplets

The agarose droplets were produced following the protocol described by Thibault et al. (2019)
(282). Briefly, 1% Seaplaque agarose (Lonza — 50101) was heated until dissolved in cPMH2 (148).
The agarose solution was filtered (0.45 pm) and incubated at 37 °C. Transposon libraries were
added at a suspension of 7.2 x 10% cell/ml and thoroughly vortexed. Syringe pump systems were
incubated in a 37 °C for 2 h to prewarm them prior to droplet production. For oil and aqueous
phases, a syringe pump rate of 500 pl/h was used, and the droplets were collected at 30 min.

Before culturing, agarose droplets were gelled at 4 °C for 12 min with occasional shaking.
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Sample preparation, sequencing, and fithess calculations

Genomic DNA (gDNA) was extracted from Y. pestis using the DNeasy Blood & Tissue Kit
according to the manufacturer’s guidelines (Qiagen). lllumina DNA sample preparation for Tn-Seq
was performed as previously described (282). For cleanup, droplet DNA was cleaned using 10 pl
of magnetic beads mixed with 20 ul PEG solution per sample followed by elution in 14.3 pl of dH20.
Batch samples were cleaned and precipitated with phenol/chloroform method and resuspend in 26
pl H20. The ligation of DNA adapter barcodes was performed using T4 DNA ligase (NEB M0202L).
The mix was combined with 13.12 yl DNA (droplet DNA) or 25 (batch DNA) to 1 ul of 1:5 diluted
adapter, 1x T4 DNA Ligase Reaction Buffer, and 400 units T4 DNA ligase, followed by incubation
at 16 °C for 16 h, 65 °C for 10 min, and held at 10 °C. In the droplet DNA sample, 10 pyl magnetic
beads were mixed with 20 uyl PEG solution followed by elution in 36 pl of dH20. Batch sample was
used directly. Ligated DNA was PCR amplified using Q5 high-fidelity DNA polymerase (NEB —
MO0491L) using 34 pl of DNA (droplet DNA) or 1 pl of ligation mix added to 1X Q5 reaction buffer,
10 mM dNTPs, 0.45 uM of each primer (P1-M6-GAT-Mmel; P2-ADPT-Tnseq-primer), and one unit
Q5 DNA polymerase (282). The samples were incubated at 98 °C for 30 s, then followed by 21
cycles of 98 °C for 10 s, 62 °C for 30 s, 72 °C for 15 s, followed by 72 °C for 2 min, and hold at 10
°C. According to the manufacturer's protocol, PCR products were gel purified and sequenced on
an lllumina NextSeq 500. Sequence analysis was performed as previously described (281, 282,

304, 305).

PAR Assay

To test for competition for zinc binding with 4-(2-pyridylazo)resorcinol (PAR), bacteria were
grown at 26 °C in BHI broth for 15 h, diluted to 0.1 ODeoo in cPMHZ2, and grown with aeration at
37°C for 8 h. Each culture was passaged once more in cPMH2 for 15 h at 37°C. Cell free
supernatant was isolated by filtration through a 0.02 pM filter to remove Y. pestis and incubated
with 50 yM ZnClz for 15 min. PAR was added at 200 yM and incubated for 5 min. Absorbance was

read on a Biotek Synergy HT plate reader using a spectral read from 350-550 nm.

Co-culture trans-complementation to measure rescue of Y. pestis znuBC irp2 growth
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Bacteria were grown at 26 °C in BHI broth for 15 h, diluted to 0.1 ODesoo in cPMH2, and grown
with aeration at 37°C for 8 h. Each culture was passaged once more in cPMH2 for 15 h at 37 °C.
Bacteria were resuspended into fresh cPMH2 at a final concentration of 1x10% CFU/ml. 100 uL of
Y. pestis znuBC irp2 carrying the pGEN-/uxCDABE bioluminescent reporter were aliquoted in to
each well of a white 96-well plate (Greiner Bio-One). 100 pl of Y. pestis, irp2, or y0702-y0704 were
added to individual wells (n=3) and the plates were incubated at 37 °C. Growth of Y. pestis znuBC
irp2 as a function of increased bioluminescence was measured every 2 h for 8 h using a Biotek

Synergy HT plate reader (0.5 s read, sensitivity of 135) as previously described (245).

Measurement of Ybt concentrations by LC/MS

Bacteria were grown at 26 °C in BHI broth for 15 h, diluted to 0.1 ODsoo in cPMH2, and grown
with aeration at 37°C for 8 h. Each culture was passaged once more in cPMH2 for 15 h at 37 °C.
Bacteria were diluted to 0.1 ODsoo in cPMH2 and grown for 8 h at 37 °C. 10 ml of cell-free
supernatants were collected by centrifugation and filtration and mixed at a 1:1 ratio with ethyl
acetate for extraction as previously described (285). The extract was dissolved in methanol and

diluted in water for HPLC analysis as previously described (285).

Cell Lysis Measurement

Y. pestis strains expressing pGEN222gfp were grown at 26 °C in BHI broth for 15 h. Bacteria
were diluted to 0.1 ODeoo in cPMH2 and grown at 37 °C for 8 h. The culture was passaged once
more in cPMH2 and grown for 15 h at 37 °C. 4 ODeoo equivalents of cell pellets and cell free
supernatants were collected. For supernatants, proteins were concentrated by trichloroacetic acid
(TCA) precipitation (10% final concentration). Samples were incubated for 20 min on ice and
proteins were pelleted at 13,000 RPM for 10 min. The proteins were washed with acetone, pelleted
at 13,000 RPM for 2 min, and dried prior to resuspending directly in loading buffer. GFP was

detected by slot blot using an anti-GFP antibody (Sigma No. G1544; 1:5,000).

Determination of calprotectin inhibitory concentrations
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Recombinant forms of calprotectin were produced in E. coli and purified as previously
described (102, 228). To determine the concentrations of calprotectin to inhibit 50% growth of Y.
pestis, bacteria were incubated with increasing concentrations of calprotectin and bacterial growth

was determined as previously described (278).

Animal infections with Y. pestis

Mice were challenged with Y. pestis as previously described (261, 262, 306). For intranasal
challenge, mice were anesthetized with ketamine/xylazene and administered 20 pl of bacteria
suspended in 1X PBS to the left nare. For subcutaneous challenge, mice were anesthetized with
isoflurane and administered 20 pl of bacteria suspended in 1x PBS via subcutaneous injection at
the base of the tail. Infected mice were monitored for the development of disease symptoms twice
daily for 14 days. Moribund animals meeting predefined endpoint criteria were humanely

euthanized by CO2 asphyxiation and scored as succumbing to infection 12 h later.

Statistics

All in vitro experiments were repeated three times and data are shown as the means * standard
deviations (SDs) from the three independent experiments, unless otherwise noted. Animal
experiments were repeated twice to confirm reproducibility and the data is represented as the
combination of the two independent experiments. P values were calculated using Student’s t test,
one-way analysis of variance (ANOVA), or two-way ANOVA with appropriate posthoc testing as

indicated. All statistics were completed using GraphPad Prism software.
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Table 3-1. Genes with significant difference in fitness between batch and droplet.

Fitness Fitness Gene
Droplet

Protein

WP_071882759.1
WP_002231925.1
WP_002210857.1

WP_002214945.1

WP_002211252.1

WP_002212885.1

WP_002209711.1
WP_002209121.1

WP_002214742.1

WP_002209268.1
WP_002227857.1

WP_002212777.1

WP_002209267.1

WP_002209491.1

WP_002210856.1

WP_002212775.1

WP_002208911.1

WP_002215759.1
WP_002211559.1
WP_002208981.1

Batch
1.01

1.03

1.01

1.02

1.01

0.98

0.78

0.98

1.02

1.01

1.00

1.01

1.00

1.05

1.02

1.00

0.96

1.03
1.03
1.01

0.89

0.90

0.87

0.92

0.82

0.59

0.28

0.86

0.89

0.86

0.90

0.89

0.88

0.91

0.89

0.86

0.71

0.92
0.88
0.86
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y0410
(zntA)
y1858

y2306

y2404
(psn)

dipZ
y3669

y0704
(tolC)

y2400
(irp1)

y0703
(acrB)

y1859

y2399
(irp2)

y3919

Function

LysM peptidoglycan-binding
domain-containing protein
zinc/cadmium/mercury/lead-
transporting ATPase
fimbrial biogenesis outer
membrane usher protein
filamentous hemagglutinin
N-terminal domain-
containing protein
MULTISPECIES:
alpha/beta hydrolase
MULTISPECIES: TonB-
dependent siderophore
receptor
MULTISPECIES:
chorismate synthase
thiol:disulfide interchange
protein DsbD
MULTISPECIES: type VI
secretion system ATPase
TssH

TolC family protein

phosphate ABC transporter
permease
MULTISPECIES:
yersiniabactin polyketide
synthase HMWP1
MULTISPECIES:
multidrug efflux RND
transporter permease
subunit
phosphoenolpyruvate
carboxylase
MULTISPECIES: molecular
chaperone
MULTISPECIES:
yersiniabactin non-
ribosomal peptide
synthetase HMWP2
MULTISPECIES: redox-
regulated molecular
chaperone Hsp33
maltoporin

hypothetical protein

L-threonine 3-
dehydrogenase

P-value

2.16E-16

1.88E-12

4.83E-11

2.02E-09

1.35E-08

1.84E-08

3.62E-06

4.16E-06

4.79E-06

4.84E-06

1.29E-05

1.33E-05

1.87E-05

2.06E-05

2.97E-05

4.03E-05

4.23E-05

5.19E-05
5.87E-05
6.32E-05



WP_002211844.1
WP_002209138.1

WP_001088826.1

WP_002361295.1
WP_002210924.1

WP_002430108.1
WP_002209795.1

WP_002210228.1

WP_002210231.1
WP_002211845.1
WP_002209278.1

WP_002212016.1

WP_002209471.1

WP_002216613.1

WP_002209358.1

WP_002211556.1

WP_002227896.1

WP_002209701.1

WP_002215144.1
WP_002213192.1
WP_002209833.1
WP_002208976.1

WP_002209272.1

0.93

1.02

0.98

1.01

0.86

0.96
1.01

1.01

1.05

0.97

1.01

1.03

1.03

0.97

1.01

1.02

0.95

0.48

0.96

1.03

1.04

0.81

1.05

0.72

0.76

0.79

0.89

0.65

0.57
0.89

0.82

0.87

0.74

0.86

0.92

0.90

0.80

0.90

0.85

0.81

0.09

0.76

0.81

0.82

0.58

0.81
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y2403
(ybtE)

y1897
(yfeA)

y3281

hscB

y0707

metal ABC transporter
permease
MULTISPECIES:
hypothetical protein
MULTISPECIES:
yersiniabactin
biosynthesis salycil-AMP
ligase YbtE
two-component sensor
histidine kinase
transcription-repair coupling
factor

hypothetical protein

MULTISPECIES: MFS
transporter
MULTISPECIES: cation
diffusion facilitator family
transporter
MULTISPECIES: N-
acetyltransferase
MULTISPECIES: metal
ABC transporter permease
MULTISPECIES: sugar
ABC transporter permease
MULTISPECIES:
acetolactate synthase 2
small subunit
peptidoglycan editing factor
PgeF

MULTISPECIES: spore
coat U domain-containing
protein

bifunctional glycosyl
transferase/transpeptidase
MULTISPECIES: two-
component system
response regulator GIrR
MULTISPECIES: metal
ABC transporter substrate-
binding protein
MULTISPECIES:
phospholipid-binding
lipoprotein MlaA
MULTISPECIES:
membrane protein
gfo/ldh/MocA family
oxidoreductase
MULTISPECIES: co-
chaperone protein HscB
MULTISPECIES: protein-
export protein SecB
MULTISPECIES: SCP2
domain-containing protein

1.00E-04

1.21E-04

1.48E-04

1.75E-04

1.80E-04

2.15E-04
2.21E-04

3.07E-04

3.26E-04

3.51E-04

5.88E-04

5.97E-04

7.76E-04

7.85E-04

8.50E-04

9.52E-04

9.55E-04

9.97E-04

3.56E-03

5.83E-03

6.56E-03

8.94E-03

9.45E-03



WP_002215049.1
WP_002210747.1
WP_002210935.1

WP_002210121.1

WP_002214710.1
WP_002208509.1
WP_002210093.1
WP_002228074.1

WP_002210918.1

WP_002228199.1
WP_002228136.1

WP_002210145.1

WP_002212799.1

WP_002208738.1

WP_002208887.1

WP_002210135.1
WP_002228733.1
WP_002210938.1

WP_001286280.1

WP_002208599.1

WP_000140406.1

WP_002214684.1

1.00

1.00

0.95

0.55

1.04

0.54

0.96

0.94

0.70

1.03
0.93

0.47

1.05

1.05

0.93

0.79

1.00

1.04

0.53

0.90

0.63

0.93

0.44

0.59

0.57

0.00

0.70

0.15

0.65

0.57

0.43

0.73
0.55

0.81

0.81

0.73

0.61

0.36

0.70

0.75

0.00

0.64

0.00

0.51

y0544
(hemP)
YPO1134

fabG

y2716

y0179
(aaeX)
YPOO0788

y1793
(phoQ)

YPO3540

YP00205
(bfd)

y2401
(ybtT)
y0929

y3944
(nirD)

sspA

y2395
(ybtX)

y1066
(hemH)
y2398
(ybtA)
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MULTISPECIES: hemin
uptake protein HemP
phosphate starvation-
inducible protein PsiF
MULTISPECIES: 3-oxoacyl-
ACP reductase FabG
MULTISPECIES:
phospholipid ABC
transporter ATP-binding
protein MlaF
MULTISPECIES:
hypothetical protein
sulfate/thiosulfate import
ATP-binding protein CysA
MULTISPECIES: DUF1656
domain-containing protein
MULTISPECIES:
hypothetical protein
MULTISPECIES: two-
component system sensor
histidine kinase PhoQ
hypothetical protein

MULTISPECIES:
bacterioferritin-associated
ferredoxin
osmotically-inducible
protein OsmY
MULTISPECIES:
yersiniabactin
biosynthesis thioesterase
YbtT

MULTISPECIES: oxalurate
catabolism protein HpxX
MULTISPECIES: nitrite
reductase small subunit
NirD

MULTISPECIES: stringent
starvation protein A
MULTISPECIES:
hypothetical protein
MULTISPECIES:
hypothetical protein
MULTISPECIES:
yersiniabactin-associated
zinc MFS transporter YbtX
MULTISPECIES:
ferrochelatase
MULTISPECIES:
yersiniabactin
transcriptional regulator
YbtA

MULTISPECIES: (Na+)-
NQR maturation NqrM

1.11E-02

1.16E-02

1.17E-02

1.44E-02

1.80E-02

1.95E-02

2.47E-02

3.51E-02

3.75E-02

3.89E-02
4.96E-02

5.82E-02

6.38E-02

6.47E-02

6.89E-02

7.05E-02

7.91E-02

8.03E-02

8.49E-02

8.61E-02

8.97E-02

9.91E-02



WP_002210723.1

WP_002210123.1

WP_002216002.1
WP_071526452.1

WP_002211242.1

WP_000098391.1

WP_002210122.1

0.42

0.55

1.04
1.06

1.06

0.49

0.34

0.00

0.00

0.73
0.75

0.73

0.13

0.00
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y1139

y2296

y2397
(ybtP)

mlaE

MULTISPECIES: succinate
dehydrogenase membrane
anchor subunit

outer membrane lipid
asymmetry maintenance
protein MlaD

hypothetical protein

coproporphyrinogen lli
oxidase

MULTISPECIES: DUF2583
domain-containing protein
MULTISPECIES:
yersiniabactin ABC
transporter ATP-
binding/permease protein
YbtP

MULTISPECIES: lipid
asymmetry maintenance
ABC transporter permease
subunit MlaE

1.22E-01

1.38E-01

1.72E-01
1.76E-01

1.81E-01

1.82E-01

3.11E-01



Table 3-2. Bacterial strains used in these studies.

Descriptive Name

Genotype

Strains used for in vitro assays.

Y. pestis
irp2
znuBC
znuBC irp2
y0702-y0704
y0702-y0704 (cy0702-y0704)
znuBC y0702-y0704

znuBC y0702-y0704 (cy0702-
y0704)
znuBC y0702-y0703

znuBC y0704

znuBC y0702-y0703
pBCSK+::y0702-y0703
znuBC y0702-y0704 y1049-
y1050 y3760-y3759 y3392-
y3393
znuBC y1049-y1050 y3760-
y3759 y3392-y3393
Y. pestis
pGEN-/uxCDABE
znuBC
pGEN-/luxCDABE
irp2
pGEN-/uxCDABE
irp2 znuBC
pGEN-/luxCDABE
znuBC y0702-y0704
pGEN-/uxCDABE
znuBC y0702-y0704
(cy0702-y0704)
pGEN-/luxCDABE

pCD1-, pgm+, pMT+, pst+
YPA152 Airp2
YPA152 AznuBC
YPA154 Airp2
YPA152 Ay0702-y0704
YPA279 ++y0702-y0704
YPA154 Ay0702-y0704
YPA281 +y0702-y0704

YPA154 Ay0702-y0703
YPA154 Ay0704

YPA302 pBCSK+::y0702-
y0703
YPA281 Ay1049-y1050
Ay3760-y3759 Ay3392-y3393

YPA154 Ay1049-y1050
Ay3760-y3759 Ay3392-y3393
YPA152 with bioluminescent
reporter
YPA154 with bioluminescent
reporter
YPA153 with bioluminescent
reporter
YPA157 with bioluminescent
reporter
YPA281 with bioluminescent
reporter
YPA292 with bioluminescent
reporter

Strains used for mouse infections.

Y. pestis
znuBC
znuBC irp2
znuBC y0702-y0704

znuBC y0702-y0704
(cy0702-y0704)

pCD1+, pgm+, pMT+, pst+
YPA154 +pCD1
X17 AznuBC Airp2
YPA281 +pCD1
YPA292 +pCD1
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Identification
Number

YPA152
YPA153
YPA154
YPA157
YPA279
YPA291
YPA281
YPA292

YPA302
YPA301
YPA320

YPA317

YPA313

YPA257

YPA258

YPA259

YPA260

YPA296

YPA294

X17
MBLYP-074
X90
MBLYP-063
MBLYP-070

Source

(307)
(63)
(148)
(209)
This work
This work
This work
This work

This work
This work
This work

This work

This work
(278)
(278)
(278)
(278)

This work

This work

(242)
This work
(209)
This work
This work



CHAPTER 4

MICRONEEDLE ARRAY DELIVERY OF YERSINIA PESTIS RECAPITULATES BUBONIC

PLAGUE

SUMMARY

Yersinia pestis, a Gram-negative bacterium, is transmitted through an enzootic cycle from a
flea insect vector to a mammalian host. The flea deposits Y. pestis within the intradermal layer of
the skin, which is colonized by the bacterium, leading to dissemination to the draining lymph node
and the development of bubonic plague. Inoculation with a small gauge syringe needle can be used
to recapitulate bubonic plague and study Y. pestis pathogenesis in the laboratory setting. However,
the process to specifically target the dermis is tedious, error prone, and poses a safety risk for this
highly pathogenic organism. Microneedle arrays (MNAs) are micron-scale polymeric structures that
can disrupt the skin barrier and directly deliver materials to the dermis. MNAs have been used to
deliver a variety of materials, including live bacteria and vaccine components to the dermis.
However, MNAs are unable to span the thickness of standard nitrile/latex gloves, greatly reducing
the risk of accidental exposure to the user. Our goal here was to determine if MNAs are a valid
alternative to syringe-based inoculation strategies for Y. pestis to recapitulate bubonic plague and
study bacterial virulence. To this end, we established the parameters required to establish a lethal
inoculum of Y. pestis in a mouse model using MNAs. We also used whole-animal optical imaging

to monitor bacterial proliferation and dissemination after inoculation with MNAs. Finally, using
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MNAs to deliver Y. pestis zinc acquisition mutants, we demonstrated that calprotectin is an
important nutritional immunity barrier encountered by Y. pestis within the dermis during bubonic
plague. Together, these data demonstrate the utility of MNAs to safely inoculate mice with Y. pestis

to recapitulate bubonic plague and study Y. pestis pathogenesis in the laboratory.

INTRODUCTION

The Gram-negative bacterium Yersinia pestis causes the disease bubonic plague, which is
responsible for the most fatal pandemic in history known as the Black Death (4, 10, 308). Currently,
bubonic plague cases still occur in areas in which the bacterium is endemic in animal populations,
including the southwestern United States (5, 9). Within these environments, Y. pestis is maintained
within an enzootic cycle in which the bacterium is transmitted between mammalian hosts by a flea
vector. During the feeding process, infected fleas deposit Y. pestis directly into the intradermal skin
layer (13, 309). These bacteria directly interact with host immune cells and rapidly disseminate
from the skin to the draining lymph nodes (310, 311). Migration to the lymph nodes occurs minutes
after infection and appears to be independent of intracellular trafficking by phagocytic cells (310,
311). Upon reaching the lymph nodes, Y. pestis evades clearance by resident immune cells and
can replicate to high numbers. Eventually the bacteria breach the lymph node to disseminate into
the bloodstream (312), which is an important step in the transmission of Y. pestis to a new flea
vector and continuing the enzootic cycle. Spillover into human populations occurs when individuals
come into contact with these infected fleas (28, 29). Despite the persistence of Y. pestis in many
countries and potential for human spillover infections, no vaccine exists to prevent plague. A greater
understanding of bacterial transmission and dissemination would significantly affect strategies for

preventing and controlling the spread of Y. pestis.

In the past, subcutaneous injection of Y. pestis has been routinely used to model bubonic plague.
While this approach has revealed many aspects of Y. pestis pathogenesis, growing evidence
suggests that subcutaneous injection of Y. pestis does not completely recapitulate the disease
kinetics of bubonic plague and lacks the ability to study important pathogen interactions at the initial

site of infection in the dermis (310, 313). Therefore, investigators have started to employ
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intradermal injection models that have proven to be more biologically reminiscent of flea
transmission (18, 312, 313). Intradermal administration into the dermis of the ear has revealed that
Y. pestis dissemination and kinetics of lethal infection is much quicker than rates observed from
subcutaneous injection (310, 312). These studies highlight that upon Y. pestis intradermal infection,
a few bacteria travel rapidly to the draining lymph node, where they replicate to high numbers
forming a bubo (310, 312, 314). At the site of inoculation within the dermis, Y. pestis encounters
neutrophils but the bacteria overcome the immune system to avoid clearance and eventually
replicate at the infection site (268, 310, 311). Neutrophils have important roles in nutritional
immunity through the release of proteins that restrict bacterial access to metals, including
calprotectin that specifically sequesters zinc, manganese, and iron (108, 109, 111, 224, 231, 315,
316). Using subcutaneous administration of Y. pestis, we have previously shown that calprotectin
is the primary zinc acquisition barrier for Y. pestis during bubonic plague (278). We also showed
that he bacterium overcomes calprotectin metal restriction via the expression of two zinc acquisition
systems, ZnuABC and yersiniabactin (278). However, the tissue in which Y. pestis encounters
calprotectin restriction during bubonic plague remains to be determined and application of model
that more closely mimics natural flea transmission, such as intradermal inoculation, will be

informative.

While intradermal injection has proven to be a valuable tool to study plague, the application of
intradermal injections presents a difficult challenge within the BSL-3 laboratory. The accurate
application of a standard syringe needle to precisely infect the dermal layer of the skin while wearing
appropriate personal protective equipment proves to be tedious and difficult. Moreover, these
needles are significant potential safety hazards for laboratorians. Moreover, common
administration volumes needed to ensure reproducible inoculations (>20 pl) can cause tissue
damage within the intradermal space that may stimulate an immune response unrelated to bacterial
infection (313). Therefore, a more efficient and safer technique to perform biologically relevant
intradermal infections would significantly impact the adoption of the intradermal model for plague

researchers. Microneedle arrays (MNAs) are micron-scale polymeric structures designed as
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platforms for intradermal delivery for biological substrates (317). MNAs have been used extensively
for vaccine and drug delivery, and more recently, have been adapted to specifically administer
bacteria to the intradermal space (317-320). For drug delivery, MNAs have been utilized to study
mechanisms to combat methicillin-resistant Staphylococcus aureus (MRSA) and distribute
antibiotic vancomycin directly to the infected skin area (321). MNAs have been used for a variety
of vaccine studies from immunizing with influenza antigen to stabilized dengue virus (319, 322,
323). Outside of studying infectious diseases, delivery by MNAs has shown an improvement for
distribution of cancer vaccines and immunotherapies (317). Finally, MNAs have been adapted to
mimic intradermal tick transmission inoculation of Francisella tularensis (320). The successful and
reproducible intradermal delivery achieved in these studies suggest that MNAs may provide a
useful tool to mimic flea transmission for the study bubonic plague pathogenesis in the BSL-3

laboratory.

Here we show that MNA administration of Y. pestis reproducible establishes intradermal
instillation of Y. pestis that leads to lethal bubonic plague that mimics disease kinetics previously
reported for intradermal needle and flea inoculation. Furthermore, we demonstrate the utility of
MNA administration as a tool to study Y. pestis virulence by using this model to establish that host
calprotectin effectively limits Y. pestis zinc acquisition within the dermis. Finally, using an
attenuated strain of Y. pestis, we show that MNA administration within the dermis has potential as

a vaccine delivery platform against pulmonary infection.
RESULTS

MNASs reproducibly deliver Y. pestis to the dermis.

Previous studies indicate that an infectious dose >200 colony forming units (CFU) of Y. pestis
delivered via syringe inoculation to the ear pinna results in a reproducible lethal infection (313, 324).
As such, our first step in adapting MNAs for Y. pestis inoculation was to establish conditions
required to achieve reproducible inoculums within this range. The MNAs designed for this study
were 650 um from the MNA base to the tip to achieve penetration of the dermal layer (325). Unlike

syringes, MNAs do not actively inject materials into the dermal layer. Instead, MNAs are coated
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with the transported substances or microorganisms and pressed onto the skin for delivery into the
puncture sites (320). Therefore, MNAs were incubated for 30 min with increasing bacterial
concentrations (from 3x103to 3x108 CFU/ml) to determine if an inoculum of 200-700 CFU could be
achieved. After incubation, the MNA was placed on the bolus of the ear (Fig. 4-1A), applied for 5
seconds, and then removed. 15 min later, ears were harvested, 70% ethanol was applied with a
sterile swab to remove external bacteria, and subsets of ears were either fixed in 10% formalin and
imaged by two-photon microscopy or homogenized using a tissue tearer and plated on selective
agar to enumerate CFU (the limit of detection was 100 CFU/tissue). Imaging of the ears revealed
uniform needle inoculations across the dermal layer (Fig. 4-1B) that appeared to travel
approximately 30 um into the tissue (Fig. 4-1C). We were unable to recover any bacteria from ears
inoculated with MNAs incubated with inoculums below 3x10% CFU/ml (Fig. 4-1D), indicating that
less than 100 bacteria were administrated by MNAs incubated at these concentrations. However,
bacteria were recovered from tissues inoculated with MNAs incubated with 3x10® CFU/ml and the
number of CFU recovered increased as the inoculum increased to 3x108 CFU/ml (Fig. 4-1D).
Furthermore, we could detect rod-shaped bacteria at the inoculation site within the dermis layer
(Fig. 4-1E). These data suggested that MNAs incubated with 3x107 CFU/ml should deliver a dose
within our desired range of ~500 CFU. To determine if these conditions yielded consistent
reproducible inoculums, 15 mouse ears were infected with MNAs incubated with 3x107 CFU/ml and
inoculums were calculated 15 min later. Bacterial enumeration showed a mean 624 + 129 CFU
recovered from the tissue (Fig. 4-1F). Together, these data indicate that MNAs can consistently

deliver Y. pestis into the dermis.

MNA inoculation results in a lethal Y. pestis infection that mimics flea inoculation.

Intradermal inoculation via flea bite or needle injection results in deposition of the Y. pestis into
the dermis and rapid dissemination of a small population of bacteria to the draining lymph node
(268, 310, 311). Despite recruitment of resident neutrophils, the bacteria that remain in the dermis
are able to survive and undergo limited proliferation (310, 313, 326). To determine if MNA

inoculation results in a similar disease manifestation, MNAs were used to inoculate mice with a Y.
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Figure 4-1. MNAs can reproducibly deliver Y. pestis to the dermis.

To determine inoculum by MNA infection, MNAs were incubated with increasing numbers of colony
forming units (CFU) of Y. pestis for 30min. (A) After incubation, mice are infected by applying the
MNA to the left ear and applying pressure for a few seconds. MNAs are removed with forceps after
infection. (B and C) Image of ear inoculated with MNA without bacteria. (D) To determine inoculum
CFU, ears were harvested at 15 min post-infection and bacteria were enumerated by serial dilution.
Dotted line indicates limit of detection. (E) Image of MNA inoculation site with bacteria (red). (F)
Inoculums for MNAs incubated with 3x107 CFU/ml was confirmed in two independent experiments
(n=15).
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pestis strain expressing a bioluminescent bioreporter (245). A subset of mice (n=3) was euthanized
at 15 mins to confirm the inoculum (723 + 384 CFU), and optical imaging was used to monitor
bacterial proliferation and dissemination as a function of bioluminescence in the remaining animals
(Fig. 4-2A-C). At 0.25 h, bioluminescent bacteria were detected in the ears but not the cervical
lymph nodes. By 12 h post-infection the signal in the ears decreased, most likely due to loss of
bacteria that were originally deposited on the ear surface, but we observed bioluminescent signal
in the cervical lymph nodes indicating lymph node colonization by this time point. Bioluminescence
in both tissues increased over the remaining course of the infection, with the signal from both
tissues peaking at 48 h post-infection (Fig. 4-2A-C). Conventional bacterial enumeration at 48 h
post-infection confirmed robust colonization of both tissues by Y. pestis (Fig. 4-2D). Furthermore,
by 48 h post-infection bioluminescent signal was starting to be detected in other tissues, indicating
that bacteria were beginning to disseminate into the bloodstream (Fig. 4-2C). Animals began to
succumb to the infection by 60 h post-infection, with all animals meeting end point criteria by 80 h
post-infection (Fig. 4-2E). The kinetics of the infection using MNAs for inoculation closely
recapitulates what has been reported for intradermal needle inoculation or flea transmission (310,
326), supporting that MNA inoculation is a viable mechanism to model intradermal infections by Y.

pestis.

MNA administration reveals the importance of calprotectin in restricting Y. pestis in the dermis.

Using a subcutaneous injection model, we have previously shown that calprotectin is the
primary zinc sequestration barrier that Y. pestis needs to overcome to cause a lethal infection in
mice (278). While these studies showed that calprotectin protects mice from lethal infection by Y.
pestis zinc acquisition mutants, the study design did not inform which tissues Y. pestis encounters
calprotectin-mediated zinc restriction during bubonic plague. Because neutrophils are a primary
source of calprotectin (327) and rapidly recruited to the dermis during flea transmission of Y. pestis
(326), we were curious if calprotectin restricts zinc availability for Y. pestis in the dermis. To test

this hypothesis, C57BL/6J and S100A9-- (deficient in calprotectin) mice were inoculated using the
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Figure 4-2. MNA inoculation results in a lethal Y. pestis infection that mimics flea
inoculation.

To determine if Y. pestis infection follows similar kinetics of dissemination as a needle inoculation,
Swiss Webster mice were infected intradermally with a bioluminescent strain of Y. pestis.
Replication and dissemination were measured by optical imaging of the (A) ear and (B) draining
LN at time of inoculation and every 12 h for 72 h. (C) Dissemination in representative mouse from
the left side and ventral view. (D) Measurement of CFU in the ear and LN at 48 hpi for individual
mice. Two-tailed t-test, p=0.0146.
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MNAs as described above with Y. pestis or a Y. pestis zinc acquisition mutant (Y. pestis znuA
ybtX) expressing a bioluminescent bioreporter (245). A subset of mice was euthanized at 15 min
post-infection to confirm that equivalent inoculums were delivered (750 £ 117 and 526 + 183,
respectively), and bacterial proliferation and dissemination were monitored in the remaining mice
by optical imaging. Greater bioluminescence was detected at each time point in the ears of S100A9-
~mice compared to C57BL/6J mice infected with Y. pestis (Fig. 4-3A), suggesting that calprotectin
restricts bacterial proliferation within the dermis. Calprotectin restriction was further supported by
infection with the znuA ybtX mutant, which was unable to replicate in the dermis of C57BL/6J mice
but robustly replicated in the dermis of S100A9-- mice (Fig. 4-3B and 4-3C). Y. pestis also appeared
to more rapidly disseminate to the draining lymph node and/or was less able to proliferate within
these tissues in S100A9"- mice than C57BL/6 mice (Fig. 4-3D, 4-3E, and 4-3F). Moreover, S100A9-
"~ mice succumbed to infection with Y. pestis in a shorter period of time than C57BL/6J mice (Fig.
4-3G; mean time to death of 72 h vs. 90 h, respectively; p=0.109). As we reported previously using
the subcutaneous injection model (278), S100A9-- mice were unable to survive challenge by the
znuA ybtX zinc acquisition mutant, while C57BL/6J mice survived (Fig. 4-3G; p<0.0001). Together,
these data using intradermal instillation by MNAs demonstrate that calprotectin is an obstacle to

infection of the dermis and a potent barrier to zinc acquisition within this tissue.

MNA delivery of attenuated Y. pestis increases survival to subsequent challenge.

MNA delivery of vaccine candidates to the dermis has been shown to effectively mount a robust
immune responses that can protect against pulmonary challenge with influenza A virus and F.
novicida (320, 322). Because the znuA ybtX mutant is severally attenuated for bubonic plague, we
were curious if the mice that survived MNA administration with the znuA ybtX mutant might
generate an immune response that would protect them from subsequent pulmonary infection with
Y. pestis. Therefore, C57BL/6J mice were inoculated with Y. pestis or Y. pestis znuA ybtX and
monitored for the development of moribund disease for 14 days. As expected, all mice challenged
with Y. pestis succumbed to infection while those challenged with the znuA ybtX mutant survived

the infection (Fig. 4-4A). Optical imaging showed a similar pattern of proliferation and dissemination
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Figure 4-3. MNA administration reveals the importance of calprotectin in restricting Y. pestis
in the dermis.

To determine the calprotectin barrier, C57BL/6J or calprotectin knockout (S100A9) mice (n=10)
were infected intradermally with bioluminescent strains of Y. pestis or a znuA ybtX mutant. (A)
Dissemination of bacteria was monitored and measured by bioluminescence via IVIS imaging in
infected ear. Representative (B) C57BL/6J and (C) S100A97 mouse from Y. pestis or znuA ybtX
mutant infections showing infected ear. (D) Dissemination of bacteria was monitored and measured
by bioluminescence via IVIS imaging in the draining LN. Representative (E) C57BL/6J and (F)
S100A9" mouse from Y. pestis or znuA ybtX mutant infections showing LN. (G) Survival was
monitored every 12 h for 14 days for C57BL/6J and S100A9--. Two-tailed t-test; *=p<0.042,
***=p<0.001, ****= p<0.0001. Log-rank test: C57BL/6J Y. pestis vs. C57BL/6J znuA ybtX p<0.001;

C57BL/6J znuA ybtX vs. ST00A9" znuA ybtX p<0.001.
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in the ears and draining lymph nodes as observed in Fig. 3 (Fig. 4-4B and 4-4C), and importantly,
no bioluminescence signal was detected in the tissues of znuA ybtX infected mice (Fig. 4-4B and
4-4C). On day 14, the mice that were infected with the znuA ybtX mutant by MNA inoculation and
a naive group of mice were infected with bioluminescent Y. pestis by intranasal administration and
monitored by optical imaging and for the development of lethal infection. Optical imaging of the
thoracic cavity indicated slower proliferation of Y. pestis in the lungs of animals that were previously
exposed to the znuA ybtX mutant, but ultimately the mice were not able to inhibit bacterial
proliferation (Fig. 4-4D). However, slower proliferation in the znuA ybtX exposed mice directly
correlated with a significant delay in lethality compared to naive infected mice (Fig. 4-4E; mean
time to death of 96 h vs 60 h, respectively; p=0.0002). Together, these data indicate that despite
the inability of the znuA ybtX mutant to proliferate and disseminate, mice were mounting a systemic
immune response to the bacteria, though a longer time or repeated MNA administration may be

required to generate a fully protective response.
DISCUSSION

While subcutaneous inoculation has been a valuable tool to study bubonic plague
pathogenesis, intradermal inoculation is more biologically relevant to natural flea transmission of
Y. pestis (328). Previously, MNAs have been used for mouse infections with F. novicida (320),
another bacterium transmitted by an insect vector. Building on these studies, we developed and
characterized a similar model for Y. pestis inoculation in the ear pinna using MNAs, which is a safer
and more efficient tool than typical needle inoculation (318). Our first goal was to ensure that
infection with MNAs would provide dissemination kinetics similar to those reported in studies of flea
or other intradermal infection models with Y. pestis (310-312). These previous studies suggest that
upon infection in the dermal layer, a few bacteria immediately travel via lymphatic vessels to the
draining lymph node and begin to replicate to establish infection (310-312). In a direct comparison
between intradermal and subcutaneous routes of infection, Gonzalez et al. demonstrated that
lymph node colonization occurred more rapidly with the intradermal infection route (313). Using

bioluminescent imaging, we recapitulated these results from Gonzalez et al. and observed lymph
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Figure 4-4. MNA delivery of attenuated Y. pestis increases survival to subsequent challenge.
To determine the potential for using MNA infection with the znuA ybtX mutant as a vaccine
platform, (A) C57BL/6J mice (n=10) were infected via MNAs with Y. pestis and znuA ybtX
(inoculum=1x102) and monitored for 14 days. (B and C) Bioluminescence was monitored every 12
h in the inoculated ear and draining LN. On day 14, mice were reinoculated with a bioluminescent
strain of Y. pestis via intranasal instillation and disease progression was compared to naive
C57BL/6J (n=10). (D) Replication of bacteria in the lungs was measured by bioluminescence via
optical imaging. Two-tailed t-test. (E) Representative mice from reinoculation with Y. pestis. (F)

Survival was monitored every 12 h for 14 days. Log-rank test: p=0.002.
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node colonization within 12 hours of inoculation, with the peak bioluminescence observed at 48 h
post-infection. Importantly, these data are also similar to infection with Y. pestis by flea inoculation
(311). Furthermore, our MNA infection model shows a rapid progression to lethality, which
correlates with previous needle intradermal infections for plague pathogenesis (313). It has been
speculated that lethality in the intradermal bubonic model is faster than subcutaneous injection
because of greater presence of, or access to, lymphatic vessels in the dermal layer of the skin
(313). It is also important to note that the volume administered by needle inoculation can also
influence the host response, with larger volumes (>2 pl) causing tissue damage and potential
administration beyond the intradermal space (313, 329, 330). Not only does a smaller inoculation
match more to a flea bite and cause less tissue damage, it also is less favorable to the bacteria
(313). Importantly, because the microneedles do not deposit large volumes into the tissue, the
bacteria are delivered directly within the intradermal space without similar concerns on mis
localization of bacteria due to changes in inoculum volumes (318). Overall, these data support that
the MNA infection model is biologically applicable to bubonic plague infection that is administered
through a flea bite.

Using MNAs, we recapitulated previous findings that calprotectin is the main obstacle for zinc
acquisition during Y. pestis infection (Fig. 4-3) (278). However, by combining MNA administration
with optical imaging of bacterial mutants, we were able to expand on these initial studies and show
that Y. pestis encounters calprotectin-mediated zinc sequestration within the dermis during bubonic
plague. These data indicate that Y. pestis needs to rapidly adjust to metal limitation upon flea
transmission, and that zinc acquisition is essential for the bacterium to colonization of the dermis.
Moreover, these data also demonstrate that we can use Y. pestis MNA administration to better
define host-pathogen interactions specifically within the dermis, which have different cell types and
responses than other tissues. For example, while neutrophils have been implicated as the primary
source for calprotectin during immune responses in the lungs and liver (102, 228, 266), a study
using skin biopsies of Lyme disease patients suggests that other cell types are the primary source

for calprotectin-mediated metal limitation in the dermis (106). With the establishment of this
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reproducible dermal model of infection, moving forward we will use Y. pestis as a tool to better
understand the mechanisms involved in nutritional immunity within the dermis.

With plague cases still to occurring worldwide, there remains a need for a vaccine. Due to
differences in lymphatic vascularization between the dermal layer and subcutaneous level in the
skin (331), intradermal and subcutaneous inoculations show differences in immune responses, with
intradermal vaccines generating a more robust mucosal immune response (313, 332-334). Recent
successes with MNA-delivered vaccines suggest a MNA platform can provide a strong mucosal
immune response (320, 322). While vaccination was not the primary goal of these studies, we were
able to show that intradermal delivery of an attenuated Y. pestis strain had any impact on
subsequent pulmonary challenge — slower replication and a delay in the development of lethal
infection. While a change in overall survival was not observed, likely because of the limited time
frame that mice were allowed to recover from challenge and generate a robust immune response,
these studies provide preliminary data that MNA delivery of a vaccine may result in effective
protection against pneumonic plague and justify future studies specifically designed for vaccination
(i.e., prime boost scenarios, measurements of immune responses, different vaccine formulation,

etc.).

METHODS

Ethics statement

C57BL/6J mice were purchased from The Jackson Laboratory and Swiss Webster were
purchased from Charles River. S100A9" mice were bred at the University of lllinois at Urbana-
Champaign prior to transfer to the University of Louisville for infection. Groups contained both male
and female mice, and no sex bias was observed during these studies. Animals were housed in
accordance with NIH guidelines and all procedures were approved by the University of Louisville
IACUC and the University of lllinois IACUC. Three days prior to challenge with Y. pestis, animals
were transferred to University of Louisville’s Center for Predictive Medicine Regional

Biocontainment Laboratory ABSL-3 facilities to acclimate to the facility. After infection, mice were
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observed for up to 14 days for the development of moribund disease and humanely euthanized if

they met predefined endpoints.

Bacterial strains

Y. pestis KIM6+ (63) and Y. pestis znuA ybtX strains (197) were routinely grown in Difco brain
heart infusion (BHI) broth (BD Biosciences). Strains transformed with the pGEN-/uxCDABE or
pGEN222-dsRed plasmids (245) were grown in the presence of kanamycin (50 pg/ml). For
infection, bacteria were grown overnight at 26 °C in BHI broth prior to intradermal challenge. Prior
to intranasal instillation, Y. pestis was grown over night at 26 °C, diluted to 0.05 ODsoo in BHI broth
with 2.5 mM CaClz, and grown at 37 °C with aeration for 16 to 18 h (261, 262). Bacterial
concentrations were determined using a spectrophotometer and diluted to desired concentrations
in 1x PBS for mouse infections. Concentrations of bacterial inoculums for mouse studies were

confirmed by serial dilution and enumeration on agar plates.

MNA Preparation

Microneedle arrays (MNAs) were prepared as previously described (320). Following

preparation, MNAs were sterilized with ethylene oxide before use in subsequent mouse studies.

MNA incubation with Y. pestis

Prior to infection, MNAs were incubated with Y. pestis for infection as previously described
(320). Briefly, Y. pestis was diluted to desired concentration (CFU/mI) in BHI. MNAs were fully
submerged in 1 ml of culture in a 24 well-plate and incubated for 30 min with rocking at room
temperature. Any bubbles from the culture were gently removed from the MNAs prior to incubation
using a pipet tip. Prior to infection, excess medium was removed from the MNAs using a sterile

cotton swab.

Animal infections with Y. pestis

Mice were challenged with Y. pestis as previously described (245, 261, 262). Briefly, for
intradermal challenge, mice were anesthetized with isoflurane and inoculated by MNA on the left

ear. MNA was pressed on the ear for 5 seconds and the removed with forceps. For intranasal
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challenge, mice were anesthetized with ketamine/xylazene and administered 20 pl of bacteria
suspended in 1X PBS to the left nare. For optical imaging, mice were anesthetized with isoflurane
and imaged using the IVIS Spectrum imaging system (Caliper Life Sciences, Hopkinton, MA).
Average radiance (photons/sec/cm2) was calculated for ear and lymph nodes as previously
described (245). Infected mice were monitored for the development of disease symptoms twice
daily for 14 days. Moribund animals meeting predefined endpoint criteria were humanely

euthanized by CO:2 asphyxiation and scored as succumbing to infection 12 h later.

Measurement of bacterial burden in the ear and lymph node

Bacterial numbers in the ear dermal layer and lymph nodes were determined by conventional
bacterial enumeration using serial dilutions. Ears were wiped with 70% ethanol wipe prior to
removal to eliminate viable skin-resident bacteria. All tissues were homogenized in sterile PBS
using a tissue homogenizer (Omni). Tenfold serial dilutions were made in PBS, and 10 ul were
plated in triplicate onto Difco BHI agar (BD Biosciences) plates. Colony forming units (CFU) were

counted after incubation at 26 °C for 48 h.

Imaging of ear with two-photon microscopy

Mouse ears were collected immediately upon infection with Y. pestis. Ears were placed into
tissue cassettes in 10% formalin for 24 h. Following fixation, tissue cassettes with ears were
washed once with PBS and stored in PBS. Ears were stained with anti-Y. pestis serum (1:1,000).
Y. pestis was visualized by ds-Red with mouse ear structures and immune cells visualized by

autofluorescence in GFP.

Statistics

Animal experiments were repeated twice to confirm reproducibility and the data is represented
as the combination of the two independent experiments. P values were calculated using Student’s
t test, one-way analysis of variance (ANOVA) with appropriate posthoc testing as indicated. All

statistics were completed using GraphPad Prism software.
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CHAPTER 5

GOT ZINC? A DISCUSSION OF A NOVEL ROLE FOR YERSINIABACTIN

5.1 Summary of major findings

In summary, my dissertation work demonstrates a role for Ybt during Y. pestis infection beyond
Fe acquisition. My work began by identifying the contribution of Ybt to Zn acquisition during Y.
pestis infection in the mammalian host and insect vector. During plague, Y. pestis encounters the
Zn-sequestering protein calprotectin and uses ZnuABC in tandem with Ybt to compete with
calprotectin for Zn. Notably, calprotectin restriction represents the main Zn barrier to plague
infection, and during plague, calprotectin sequestration occurs at the site of infection. Additionally,
my work focusing on the Ybt system identified the secretion mechanism of Ybt as a RND efflux
pump, Y0702-Y0704. While this pump is the primary mechanism, my data indicates that a
secondary mechanism may also contribute to Ybt export, as a y0702-y0704 mutant does have
some residual Ybt secretion. Together my findings have significantly furthered the knowledge of
how bacteria compete with nutritional immunity to acquire Zn and how the Ybt system functions in

Y. pestis and other bacteria.
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Figure 5-1. Y. pestis has two redundant Zn acquisition systems, ZnuABC and Ybt.

During bubonic and pneumonic plague, ZnuABC and Ybt work together to compete with
calprotectin to acquire Zn. For Zn and Fe acquisition, Ybt is secreted out of the cell by Y0702-
Y0704, an AcrAB-TolC RND efflux pump. An unknown secondary exporter supports Ybt secretion.
Outside the cell, Ybt can bind to Fe or Zn. For Ybt-dependent Fe acquisition, the Ybt-Fe complex
binds to the Psn receptor to cross the outer membrane and is transported across the inner
membrane by YbtPQ. For Ybt-dependent Zn acquisition, the Ybt-Zn complex is imported across
the outer membrane by an unknown receptor. Inside the periplasm, the Ybt-Zn complex is imported

into the cytoplasm by YbtX.
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5.2 Significance and implications

The study of nutritional immunity has mostly focused on the restriction of Fe from bacteria by
the host. More recently, restriction of other metals has been recognized as essential in preventing
infection by bacteria. My studies are the first to describe an Fe-independent role for Ybt during
virulence and define a conceptually innovative mechanism in Y. pestis to overcome Zn nutritional
immunity. Moreover, | used a novel application of a hemochromatosis animal model that allowed
us to specifically define the role of Zn acquisition during Y. pestis virulence. The data | have
generated is a significant improvement in understanding Y. pestis Zn acquisition during infection.
Importantly, the Ybt system is a conserved virulence factor in other Gram-negative pathogens,
including multidrug resistant strains of Klebsiella pneumoniae and uropathogenic E. coli. Since
YbtX is conserved across bacterial genomes, Ybt most likely contributes to Zn acquisition in other
bacterial pathogens as well, which is further supported by data from E. coli Nissle (69). Therefore,
these findings concerning Ybt-dependent Zn acquisition contribute to a better understanding of Zn
import by this system and virulence in other pathogens. Now that Ybt has been shown to contribute
to the acquisition of metals besides Fe, there is a possibility that other siderophores can binds to
more metals, but this has been masked by a strong Fe phenotype. Thus, these systems could play

a role in the acquisition of other metals during infection.

In addition to identifying the role for Ybt in Zn acquisition, | also sought to identify genes
involved in the secretion of Ybt. Unfortunately, conventional Tn-seq methods performed in batch
cultures cannot be used to identify genes involved in the production of secreted molecules due to
trans-complementation by neighboring cells. To overcome this hurdle, | employed a technically
innovative approach called droplet Tn-seq, which isolates individual bacteria to eliminate trans-
complementation, but still allows for high throughput competition-type screening. With this system,
| was able to use a non-bias transposon mutagenesis approach to identify novel genes involved in
Ybt secretion that has evaded researchers for over 30 years. This research demonstrates that
similar approaches can be applied to identify genes involved in other secreted factors for variety of

bacteria. Moreover, because Ybt is an essential conserved virulence factor found in several Gram-
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negative bacteria with high clinical relevance, knowledge of the secretion system for Ybt opens up
targeting this secretion system for the development of efflux inhibitors that can serve as anti-

virulence therapeutics to combat these infections.

Finally, | have also demonstrated that MNAs are a new tool to study intradermal infections by
Y. pestis, which provide a more biologically relevant look at how Y. pestis infects the mammalian
host through a flea bite. Specifically, | showed that the calprotectin barrier to Zn acquisition during
Y. pestis intradermal infection occurs at the site of inoculation in the dermis. This opens
opportunities for future researchers to study immune responses to Y. pestis and direct interactions

between Y. pestis and immune cells safely, and more effectively in the dermal layer upon infection.

Overall, this work has not only improved our understanding of Y. pestis virulence but
contributed beyond the Yersinia field to provide insight into how bacterial pathogens can utilize
multifunctional metal acquisition systems to compete with host nutritional immunity to cause

infection.

5.3 Future directions

Why are two unigue import systems required for yersiniabactin transport into the cell?

Several studies have indicated that Ybt is a diastereomer that can isomerize into a racemic
mixture (69, 197). Despite the previous evidence that Ybt cannot bind to Zn (178, 197), Zn-binding
by Ybt was tested with a new method. Native spray metal metabolomics and Zn titration with proton
nuclear magnetic resonance (Fig. 5-2) characterized that Ybt does bind to Zn (69). Importantly, one
of the identified diastereomers is found to preferentially bind to Zn over Fe (69), which is known to
occur for some siderophores. In Pyochelin, a siderophore produced by Burkholderia and
Pseudomonas with a similar structure to Ybt exists as two diastereomers and only one can bind to
Fe (335). Importantly, Fe import by Ybt is fully understood, yet the outer membrane receptor for Zn
import remains undefined. The Ybt-dependent Fe import consists of the Psn outer membrane
receptor and YbtPQ (64, 176). The system for Ybt-dependent Zn import includes the inner
membrane protein YbtX, but what receptor Ybt-Zn interacts with to reach the periplasmic space is

unknown (197). | hypothesize that the presence of two diastereomers could be the reason that Y.
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Figure 5-2. NMR confirms that Ybt can bind to Zn.
NMR spectra of Ybt in the presence of 0 equivalents of Zn or 5 equivalents of Zn. As increasing Zn
is titrated into the solution, the signals that shift across the spectra correspond with protons that
have electronic changes due to Zn?* binding. The resulting NMR spectras lead to the predicted

structures of apo-Ybt in the presence of no Zn and Ybt bound to Zn in the presence of 5 equivalents

of Zn. Adapted from Behnsen, et al. (69).
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pestis requires two distinctive metal import systems for Ybt, especially if the different diastereomers
bind different metals, because the Ybt-Fe complex binds to the Psn outer membrane receptor for
import into the cell. Hence, a change in structure of the molecule, whether it is a different
diastereomer or altered structure due to Zn binding, may not be able to bind to Psn to be imported.
Furthermore, the structure of Psn has been crystallized, therefore Psn can be co-crystallized with

the Ybt-Fe complex and then docked to Ybt-Zn to determine why it cannot bind for import.

What is the receptor for yersiniabactin bound to zinc?

Our initial dTn-seq experiment only used one transposon library in the znuBC background,
therefore we have five other libraries that can be used to increase our coverage in the genome and
identify potential receptors for Ybt-Zn. | have established that dTn-seq can identify genes involved
in Ybt synthesis and transport, dTn-seq can be used to determine the receptor for the Ybt-Zn
complex, because while the psn receptor gene is encoded in the ybt locus, there is not a potential
gene for a receptor for the Ybt-Zn complex. Based on the phenotype for the YbtX importer in the
screen, this mutant would have a similar growth defect in the batch and in the droplet, since import
mutants cannot be trans-complemented by neighboring cells. We can evaluate proteins not only
by this importer phenotype but also by using bioinformatics to determine putative function of a
transporter and outer membrane location. Genes with the importer phenotype can be validated by
generating mutants in the znuBC background, then testing for growth in Zn-limited media and Zn
uptake by ICPMS. Ybt-Zn outer membrane receptor mutants should show attenuated growth
compared to znuBC and similar growth to znuBC ybtX in Zn-limited media. Regarding Zn uptake,
mutants will have decreased Zn uptake compared to a znuBC mutant and show similar uptake
levels as a znuBC ybtX mutant. Additionally, the potential receptor protein can be crystallized and

tested for binding to the Ybt-Zn complex.

How is metal removed from yersiniabactin?

Although Ybt has been studied for over 30 years, the mechanism that removes metal from the
metallophore remains unknown. There are three potential ways that metal is removed from Ybt.

First, since metal binds to Ybt with a high affinity, an enzymatic reaction could occur to strip the
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metal off or degrade Ybt to release the metal. Next, low pH has been shown to remove metal from
Ybt, so an acidic environment could pull the metal off, but the likelihood of this environment inside
a prokaryotic cell is low. Last, there is evidence that the inner membrane transporters, YbtPQ or
YbtX, could remove the metal before Ybt reaches the cytoplasm, the metal is sent in the cytoplasm,
and that Ybt is recycled back out from the periplasmic space (177) (Fig. 1-1C). Currently, there is
no evidence of a specific mechanism to detach metal from any siderophore, thus identifying this

mechanism will have a broad implication on understanding how many bacteria acquire metals.

If an enzyme removes the metal or degrades Ybt, our dTn-seq screen could be applied to
identify this gene. Again, transposon mutants in genes involved in removing metal would show the
same phenotype as an importer (ybtX) mutant, as they cannot be trans-complemented by cells in
the batch culture. Therefore, when trying to identify the receptor for the Ybt-Zn complex, the screen
can also be used to identify genes involved in this system. Further, the location of metal removal is
not clear, yet some evidence shows metal is removed in the periplasm where Ybt can be sent back
out of the cell before entering the cytoplasm (177). By determining what removes the metal off Ybt,

we can further define this mechanism and the location that it occurs in the cell.

What is the secondary secretion mechanism for yersiniabactin?

Based on my data, the AcrAB-TolC efflux system Y0702-Y0704 is the primary Ybt secretion
mechanism but a secondary system exists. | considered that other AcrAB systems in Y. pestis may
be playing this supporting role, but the three other AcrAB homologs encoded in the Y. pestis
genome are not attenuated in Zn-limited media (Fig. 2-5), demonstrating that the secondary system
is not any of the AcrAB systems found in Y. pestis. Additionally, these data demonstrate that
secretion of Ybt by Y0702-Y0704 does have specificity and cannot be done by any AcrAB homolog.
Furthermore, inactivation of the two additional TolC homologs, Y3560 and Y3516 also did not show
a Zn-phenotype in metal limitation (data not shown; work completed by Taylor Garrison). These
data suggest another system is contributing to Ybt secretion. Efflux pumps are categorized by
energy source and structure into more than 250 protein families (336). There are two main groups

of efflux pumps by structure: three component assemblies that span from the cytoplasm to the
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extracellular space (RND and ABC efflux pumps) and single-component inner membrane
transporters (MFS, the small multidrug resistance family (SMR), the aromatic acid exporter family
(ArAE), and the multi-antimicrobial extrusion (MATE) pumps) (286, 336, 337) (Fig. 5-3). Efflux
pumps have been linked to the secretion of siderophores in several Gram-negative bacteria. The
efflux of enterobactin had been well-established in E. coli to involve multiple efflux pumps. First, an
MFS efflux pump, EntS, sends enterobactin across the inner membrane to the periplasm (338),
where several RND efflux pumps (AcrAB, AcrAD, MdtABC, MdtEF, and AcrEF) can efflux the
siderophore across the outer membrane (339, 340). In V. cholerae, six different system for RND
efflux pumps were deleted to inhibit the secretion of vibriobactin and show decreased growth in
iron limitation (183). In both E. coli and V. cholerae, these systems show functional redundancy for
exporting siderophores, and multiple systems must be eliminated to inhibit secretion. Overall, Y.
pestis has 34 efflux pump homologs, including RND, ABC, MATE, ArAE, and MFS, that have been
identified in E. coli (286) that could be candidates for the secondary secretion system. Deletion of
these systems would be a large undertaking, but luckily, efflux pumps are a mechanism for
antibiotic resistance, so there are many therapeutics that have been classified to block the action
of efflux pumps to allow for better antibiotic treatment. Thus, an efflux pump inhibitor can be used
to attempt to block Ybt secretion. If Ybt secretion is blocked by an efflux inhibitor, this would indicate
another efflux system is contribubting to Ybt secretion. Moreover, efflux inhibitors have broad
spectrum and more specific activity for the variety of efflux pumps, therefore application of these
different inhibitory levels can help distinguish which specific systems are playing a role in Ybt

secretion.

A secondary approach to identify specific genes of the secondary system is altering our dTn-
seq screen. By changing the background of our library to znuBC y0702-y0704, we can try to
decrease these significant gene hits to a smaller pool and home in specifically on genes involved
in secretion of Ybt. However, there is a possibility that more than one other system is contributing,
like for the secretion of vibriobactin in V. chlorerae (183). In this instance, we may not be able to

identify all potential systems in the screen and would need to take another approach. Since Fe
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Figure 5-3. Schematic of the two families of efflux pumps by structure, three-component and
single-component.

Three-component efflux pumps span from the cytoplasm to outside the cell and have been show
to export pyoverdine and Ybt. Single-component efflux pumps transport across the inner membrane
from the cytoplasm to the periplasm and have been implicated in the export of enterobactin. In
some cases, like with enterobactin, compounds can be sent out from the periplasm with three-

component pumps.
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uptake by Ybt is a requirement for virulence, it is not a surprise that more than one system would

contribute to Ybt secretion.

Further, the Ybt import system, YbtPQ, could play a role in Ybt export (341). In E. coli, YbtPQ
can adopt the structure of a type IV ABC exporter that has been identified in multidrug ABC
transporters (341, 342). There is substantial evidence in both Y. pestis and E. coli that the YbtPQ
transporter imports the Ybt-Fe or Ybt-Cu complex (176, 177, 341, 343), however, the role of YbtPQ
as a Ybt exporter has not been well-studied. To determine if YbtPQ play a role in Ybt secretion, an
ybtPQ y0702-y0704 mutant could be tested for measurement of Ybt secretion by LC/MS and
growth in Zn-limited media. Although Wang et al. showed conformational changes as YbtPQ binds
to Ybt for import (341), further structural analysis needs to be done to show the complete transport
cycle YbtPQ, which may include export of Ybt. Because of YbtPQ'’s potential as an exporter, YbtX
should undergo further analysis for a role in Ybt export. If YbtPQ or YbtX play a role in secretion of

Ybt, another transporter would be required to export Ybt from the periplasm to the cytosol.

How is the secretion of yersiniabactin requlated?

Identification of the mechanism to induce Ybt is important to further understand how Y. pestis
overcomes metal limitation. Further, defining how y0702-y0704 is regulated could help identify the
other secretion system(s), since they are likely controlled under the same mechanism. Y. pestis
has two well-described systems to regulate expression of metal transporters, Fur and Zur. The ybt
locus is regulated by Fur. Potentially, Zur and/or Fur could regulate the expression of Y0702-Y0704
to secrete Ybt out of the bacterial cell. However, y0702-y0704 lacks a Fur box upstream of the
operon, indicating that Fur likely cannot bind for repression and did not appear in the Li et al. that
shows all genes from a microarray analysis impacted by Zur regulation (196). In other Gram-
negative bacteria, the repressor AcrR negatively regulates acrAB and global transcriptional
activators MarA and SoxS positively regulate the system (344, 345). These are likely candidates in

Y. pestis but it's unclear how metal limitation would impact these regulators.

What is the importance of yersiniabactin-dependent zinc acquisition to other pathogens?
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In 1987, Ybt was identified in Y. enterocolitica and Y. pseudotuberculosis (162). Y.
enterocolitica and Y. pseudotuberculosis are not alone among gastrointestinal derived
Enterobacteriaceae that encode for the Ybt system, and the pathogens Klebsiella pneumoniae and
E. coli also synthesize Ybt. In fact, the high pathogenicity island that Ybt is located on is conserved
across many bacteria in Enterobacteriaceae. Clinical studies have shown hypervirulent Klebsiella
isolates produce Ybt (253—-255, 346). In the lab setting, Ybt has been shown to evade lipocalin and
support virulence of K. pneumoniae during pulmonary infection (235, 252). Ybt production by K.
pneumoniae can also induce a change in nutritional immunity as ferroportin is unregulated in cells
infected by K. pneumoniae (347). These data support that Fe acquisition by Ybt is important for

Klebsiella pathogenesis but Zn acquisition by Ybt for Klebsiella remains undefined.

Ybt is part of the Y. pestis genome that descended from Y. pseudotuberculosis, which is a
gastrointestinal pathogen, like E. coli and K. pneumoniae. Thus, Y. pseudotuberculosis survival
throughout the gastrointestinal tract relies of adapting to pH changes in the gut and competing for
nutrients against other bacteria of the microbiome. Suitably, Ybt preferentially binds Zn at high pH
(pH 10) and binds Fe at low pH (pH 4) (69). The pH-dependent metal selectivity of Ybt may allow
Y. pestis and other bacteria that use Ybt to adapt under various physiological conditions or different
colonization niches during infection. Based on Behnsen et al., E. coli Nissile uses the ability of Ybt
to bind to Zn to outcompete S. Typhimurium for Zn in the gut in the midst of inflammation and
calprotectin secretion from the host (69). Although E. coli Nissile is not a pathogenic bacterium, |
suspect this is a mechanism used by many gut pathogens to outcompete the host microbiota and
to find a nutritional niche. Moreover, the Ybt system is conserved in Klebsiella and E. coli and the
YbtX protein remains in the locus. This indicates that Ybt is likely to be used for Zn acquisition in
Klebsiella similar to Y. pestis and E. coli. Future studies with Klebsiella will help determine if Ybt

plays a role in zinc acquisition for infection.

Additionally, other bacteria potentially will utilize a similar secretion mechanism for Ybt to
Y0702-YQ704 since it remains undefined in these bacteria, and especially because these bacteria

encode for homologs to RND efflux pumps. Therefore, the identification of the secretion mechanism
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of Ybt in Y. pestis has directly impacted our understanding of virulence determinants in more

clinically relevant bacteria, such as K. pneumoniae.

How do ZnuABC and yersiniabactin work together to compete with zinc nutritional immunity?

My work and previous studies support the redundancy of ZnuABC and Ybt for Zn acquisition.
This raises the question of how these systems work together to acquire Zn during infection. Overall,
these two Zn acquisition systems are unique in the functionality. ZnuABC is a stationary membrane
bound system that works for a single bacterium to acquire Zn. On the other hand, Ybt is a secreted
molecule that is a common good shared amongst a bacterial population and even with other
bacteria that can use Ybt. | hypothesize that early during infection, ZnuABC plays an early role in
Zn uptake, but as the infection progresses and a larger population of bacteria are present, Ybt

begins to contribute to Zn acquisition.

| believe Ybt plays a greater role in the presence of a dense community of Y. pestis bacteria
for a couple of reasons. First, if we imagine a single Y. pestis bacterium in the host secreting Ybt,
that singular secreted Ybt is most likely not going to reach that bacterium that secreted it. For the
Ybt system to be upregulated, the regulator YbtA must bind to Ybt (168). Thus, if there are only a
few bacteria secreting Ybt, the likelihood of YbtA inducing the system is low. Alternatively, with
more bacteria present, there would be a domino effect leading to an increase in Ybt to positively
regulate Ybt synthesis. Second, there is evidence that Ybt can play a role as a quorum sensing
molecule and that the system is upregulated at higher cell densities (348). This leds to the concept
that Ybt positively regulates the ybt locus and Ybt is needed in the environment to induce the
system. Regardless of when Ybt and ZnuABC are used during the timeline of infection, the

presence of these two redundant systems solidifies how important Zn acquisition is for Y. pestis.

What immune mechanism does Y. pestis encounter at the site of infection in the dermis for

bubonic infection that inhibits replication?

Based on my data using an intradermal infection model, Y. pestis is repressed at the site of

infection in the skin. A few bacteria can disseminate from the skin through the lymphatics to reach
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the draining lymph node, to replicate to high numbers. This dissemination pattern and bottleneck
have been reported previously and are supported by my data (268, 311). Further, | would like to
define what host mechanisms are specifically preventing Y. pestis replication at the site of infection

or if this is a bacteria driven mechanism to further evade the host immune system.

My data completed with S100A9-- (deficient in calprotectin) mice indicates that calprotectin is
the main zinc barrier to Y. pestis infection (Fig. 2-6). Additionally, my data from our intradermal
model confirmed that the calprotectin barrier is present at the site of infection (Fig. 4-3). Therefore,
| hypothesize that nutritional restriction inhibits Y. pestis replication in the dermis, because metal
acquisition is not established entering the infection. To test my hypothesis, Y. pestis could be
passed through metal limitation before incubation with MNAs for intradermal infection. Zn and Fe
limitation have been shown to activate ZnuABC and Ybt, respectively (148, 239). Thus, the systems
will be primed for metal acquisition and if immediate activity of metal acquisition can challenge the
calprotectin nutritional barrier, Y. pestis will be able to replicate more efficiently in the dermis of the
ear. The replication events should take place earlier than what has previously been reported and

may recapitulate the findings in S100A9-- mice, that lack the calprotectin barrier.

Furthermore, it is expected that the neutrophil influx is the main source of calprotectin secretion.
However, other cells types, such as the epithelium and macrophages, can secrete calprotectin
(104, 106) and could be the source of calprotectin restricting infection. To determine if neutrophils
are secreting calprotectin at the site of infection, mice could be infected with Y. pestis intradermally
in the ear. Then at early timepoints (2-4 h post infection), ears could be collected and evaluated for
neutrophil influx and calprotectin secretion by microscopy. Mice lacking neutrophils could be used
to compare calprotectin secretion with and without neutrophils present. Although these experiments
can confirm whether neutrophils are the main source of calprotectin, | believe neutrophils are the

main contributors, based on the data | have collected and data from other studies.

What role do other components of nutritional immunity play in preventing Y. pestis infection?
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Although my work indicates that calprotectin is the main Zn barrier to Y. pestis infection, other
facets of nutritional immunity may play a role in inhibiting pathogenesis. From our screen of
nutritional immunity transcripts during bubonic plague, we know that lipocalin, haptoglobin,
lactoferrin, and the two subunits of calprotectin are upregulated in the lymph nodes (Fig. 2-4). This
supports data from Comer et al. that there is an increase in both calprotectin subunits in the in the
lymph nodes of rats infected with Y. pestis (259). In an infection with Y. pestis’ close relative the
enteric pathogen Y. pseudotuberculosis, Nuss et al. reported increased transcription of these genes
in the Peyer’s patches (260). We chose to focus on calprotectin because of its Zn-restrictive
properties, but Y. pestis must face these other secreted components of nutritional immunity during
infection. Since Y. pestis must compete with these factors, it would be interesting to determine if
lipocalin, haptoglobin, and lactoferrin impact Y. pestis growth. Lipocalin does not bind to Ybt, like it
does other siderophores, (252) therefore it is unlikely to attenuate growth. Lactoferrin is secreted
by neutrophils during infection and considering the interactions that occur between Y. pestis and
neutrophils, | would expect that lactoferrin does play a role in inhibiting infection. Additionally,

secretion of these proteins could be evaluated during pneumonic plague.

Moreover, on the cellular level, it would be interesting to define metal restrictive mechanisms
that Y. pestis encounters during intracellular infection. For survival in the host, Y. pestis uses
virulence mechanisms to invade host immune cells and hijacks normal phagolysosome functions.
Based on studies with other bacteria, nutritional immunity mechanisms, such as Nramp1 and ZIP,
will sequester Fe, Mn, and Zn to inhibit growth (93, 116, 117). The impact of Nramp1 or ZIP on Y.
pestis during growth in the phagolysosome in macrophages has not been identified. By determining
these interactions, it will further define how Y. pestis interacts and competes with nutritional

immunity in the mammalian host.

What is the zinc availability inside the flea for Y. pestis colonization?

Metal homeostasis is better understood in vertebrates than insects, thus interpreting what
nutrient barriers Y. pestis encounters during flea colonization is difficult. Insect cells do have ferritin

and transferrin to transport and store Fe (256, 349). In a Drosophila melanogaster model system,
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it has been shown that Pseudomonas aeruginosa must compete with transferrin 1 for Fe (257).
There is also evidence that some insects have ZIP transporters for Zn influx and efflux in cells
(350). These data suggest that insects could have some conserved aspects of mammalian
nutritional immunity. More specifically to Y. pestis, in the flea midgut, some studies have shown
how metal concentrations change after a blood meal (30), but the availability of these metals to Y.
pestis for uptake has not been studied. Notably, fleas have hemolymph which is a nutrient rich fluid
found throughout their whole body that would be available to Y. pestis, (351, 352) as well as
mammalian blood in the midgut brought in through the blood meal. Although there are nutrients
present, specific mechanisms for nutrient sequestration in the flea are unresolved. A study
completed by Driscoll, et al. has the first sequence of the flea genome (258) and by using this
resource genes with homology to nutritional immunity genes in the mammalian host could be

identified.

Our studies using zinc acquisition mutants have probed the flea midgut to suggest that there is
Zn limitation in the flea (Fig. 2-3). To further identify what nutrients are restricted in the flea host, a
transcriptional analysis of Y. pestis during flea infection could be completed, analyzed, and
compared to Y. pestis grown under metal-limitation (Fe, Zn, or Mn). Vadyvaloo et al. did identify
genes involved in adapting to the environment inside the flea, but they focused on PhoPQ regulated
genes (353). Development of a greater understanding of the flea midgut environment is important
to evaluating how Y. pestis colonizes the insect vector that is a key component to the bacteria’s

enzootic cycle.

Application of nutritional immunity and yersiniabactin for vaccine design to combat plague

Currently, Y. pestis does not have an FDA-approved vaccine to prevent disease. Since Y.
pestis is a reemerging, deadly pathogen, identifying a vaccine to treat susceptible populations that
do not have prompt access to antibiotics is of high importance. Research has been completed to
use different attenuated strains of Y. pestis or antigens for plague vaccine design (261, 262, 354—
356) and previous studies have used administrations of live EV76-based vaccines to protect

against plague (354). This vaccine is designed based on deletion of the pigmentation locus (pgm),
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which results in iron acquisition deficiency due to elimination of Ybt, and elicits a strong adaptive
protective immune response (174, 354). In Zauberman et al., protective antibodies were recognized
against this vaccine at 24 h post inoculation, thus to understand what anti-microbial activity was
occurring so early after vaccination, they used mass spectrometry to identify the proteins (354).
Surprisingly, two nutritional immunity proteins, hemopexin and transferrin were eluted in the
antibacterial active fractions (354). This vaccination provided protection against disease in the
mouse model and this rapid nutritional immunity response was followed by the development of
innate and adaptive immune responses later in the infection (354). Further, co-administration of the
vaccine and virulent Y. pestis subcutaneously showed that this early innate response by nutritional
immunity inhibited dissemination of virulent Y. pestis by IVIS-imaging (354). Thus, protection by a

live attenuated vaccine against plague can be attributed to a nutritional immunity response.

In my work, | attempted to use an avirulent strain znuA ybtX delivered by intradermal
vaccination to prevent pneumonic plague and | was able to see a slight delay in disease
progression. However, further work needs to be completed to alter our vaccine strategy with this
model. For instance, based on Zauberman et al., administration of the vaccine strain and lethal
strain via the same route of inoculation may show more protection against disease. Moreover, we
did not test for antibodies or a nutritional immune response to the vaccination strain. Additional time
between the vaccination and infection or a boost immunization could help support more antibody
responses. To improve this vaccine strategy, understanding the initial immune response to the

inoculation in the dermis would also be helpful.

A different strategy to combatting bacterial infections is administration of siderophores as a
potential treatment and vaccine against Gram-negative pathogens. Siderophores have been
conjugated with a variety of antimicrobial agents, often call the trojan-horse strategy, to improve
uptake of antibiotics in Pseudomonas aeruginosa and Acenitobacter baumannii (357, 358).
Additionally, synthesized conjugates of siderophores and microbial proteins have been used as an
immunization strategy against future infections for pathogens like Salmonella (359). In this study,

enterobactin was conjugated with immunogenic carrier protein cholera toxin subunit B, because
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this toxin induces a strong immune response (359). This strategy elicited a mucosal immune
response with antibodies against enterobactin and another siderophore salmochelin that reduced
gut colonization from Salmonella infection (359). A similar strategy could be attempted with Ybt to
protect against plague infections. Psn, the receptor for the Ybt-Fe, has been shown to induce an
immune response against plague so this could be conjugated to Ybt for delivery (355, 356). It
should be noted that lipocalin 2 was produced as a response to the enterobactin vaccination and
may have played a role in protection against the future infection (359). Since Ybt is not impacted
by lipocalin 2, it is unclear how this response may differ. Although, we have shown that lipocalin is

secreted at high concentrations during bubonic infection in the lymph nodes (Fig. 2-4).
5.4 Conclusions

My work and proposed future directions will further enhance our knowledge of how the Ybt
system functions to not only allow Y. pestis to acquire Fe, but also Zn. Based on my work and
collaborations, we have shown that Ybt is able to bind to Zn. Ybt has two diastereomers and they
each prefer Zn or Fe binding. Although the mechanisms for the Ybt-Zn complex uptake and metal
removal from Ybt remain poorly understood, we now have the tools with dTn-seq to define these
essential functions. Importantly, dTn-seq allowed me to define the primary mechanism for Ybt
secretion as an RND efflux pump but we know a secondary system(s) is also supporting Ybt
secretion. Likely, the secondary system is also another efflux pump since redundancy for these

systems has been shown in other bacteria for siderophore export.

Alongside Ybt, ZnuABC functions to support Zn acquisition during infection to compete with
calprotectin. Y. pestis encounters calprotectin at the site of infection and this prevents rapid
replication. It is unclear where calprotectin comes from and if nutrient restriction from calprotectin
is responsible for inhibiting replication at the site of infection. Other nutritional immunity
mechanisms in vertebrates that may challenge Y. pestis virulence remain undefined and an area
of new research. Moreover, our data suggests a Zn nutritional barrier in the flea midgut that Y.

pestis overcomes by using ZnuABC and Ybt to acquire Zn. However, nutrient availability in the flea
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midgut is an understudied area but an important research space for us to understand how Y. pestis

colonizes the flea.

Importantly, my research has led to future proposed tools to combat plague infections. My
application of an intradermal vaccine with an attenuated Zn acquisition strain to prevent pneumonic
plague infection shows potential and can be altered to test for an innate nutritional immune
response that can protect against future infections. Furthermore, utilizing Ybt as a vaccine remains
a promising area of research. Since the main mechanism for Ybt secretion is an RND efflux pump,
my research indicates that Ybt export can potentially serve as anti-virulence drug target, since
therapeutics can block the action of efflux pumps. Notably, my work reaches across many other

bacterial pathogens that use the conserved Ybt system.
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