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Abstract Plague is a fatal disease caused by Yersinia pestis
and is initiated with the introduction of the bacteria into the
skin by the bite of an infected flea. In the dermis, Y. pestis can
evade the innate immune response of the host and then dis-
seminate to the draining lymph node, where it replicates lead-
ing to formation of the pathognomonic bubo of bubonic
plague. However, the early events that occur immediately after
Y. pestis entrance until it infects deeper tissues remain poorly
understood. Recently, advanced microscopy techniques have
been useful to follow bacterial dissemination during plague
infections and to characterize Yersinia-host interactions. This
review focuses on the major events that occur early after dif-
ferent routes of Y. pestis infection, as well as the role of the
host’s innate immune cells in Y. pestis dissemination.

Keywords Yersinia - Dermis - Neutrophils - Macrophages -
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Introduction
Plague Is a Historic Disease that is Re-emerging

Plague, caused by the bacterium Yersinia pestis (Y. pestis), is a
severe zoonotic disease with a remarkable place in history as it
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is infamous for having caused 100 to 200 million of deaths in
the course of three pandemics during the last 15 centuries,
making it one of the leading infectious disease killers of
humans [1]. Although plague is often classified as an eradi-
cated disease which was only present during ancient ages, the
truth is that it is still present in endemic regions of the modern
world. Plague is characterized by occasional outbreaks or epi-
zootics following periods of low prevalence, sometimes span-
ning ~30-50 years. Around 1000 to 2000 cases of plague are
reported each year, though the true number is likely much
higher. Plague epidemics have been reported in the USA in
the 1920s, India during the 1950s and 1960s, and in Vietnam
during the Vietnam War of the 1960s and 1970s. Since the
1990s, more than 40,000 cases have been recorded; most hu-
man cases in 2000s have occurred in Africa, where plague has
been reported in 6 countries (Congo, Madagascar, Malawi,
Mozambique, Uganda and Tanzania). Plague cases in these
areas now account for over 95 % of world reported cases
[2-8]. A steady incidence of plague is maintained in Asia,
where the disease is present in China, India, Kazakhstan,
Mongolia and Vietnam, representing 1 to 5 % of total world
cases. In the Americas, Peru and the USA are the countries
that have reported plague cases. It is for these reasons that
plague has been classified by the Centers for Disease
Control (CDC) as a re-emerging disease and is still a matter
of study. In fact, between 1900 and 2012, 1006 confirmed or
probable human plague cases have been reported by CDC to
have occurred in the US states of New Mexico, Arizona,
Colorado, California, Georgia, Oregon, and Nevada.

Plague: the Disease
Among the 17 species included in the genus Yersinia, three are

important pathogens of humans and other mammals: Yersinia
pseudotuberculosis, Yersinia enterocolitica, and Y. pestis.
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Interestingly, the former two are enteric pathogens that are trans-
mitted by a fecal-oral route and cause an intestinal infection,
called yersiniosis, whereas Y. pestis is a vector-borne pathogen
that produces the fatal disease plague. The clinical presentation
of plague in its hosts differs considerably from yersiniosis, al-
though Y. pestis diverged from Y. pseudotuberculosis and main-
tains a great genetic relatedness to its clonal ancestor [9].

Plague is mainly transmitted by fleas but also by consump-
tion or handling of infectious host tissues or through inhala-
tion of respiratory droplets or aerosols. Man is an accidental
host for Y. pestis, and although domestic and urban rats were
the initial animal reservoirs, nowadays wild animal reservoirs
such as prairie dogs, squirrels, marmots, and infected larger
mammals like cats and coyotes are the cause of cross-
infections responsible of the majority of human plague cases
[1, 10]. Plague can present in three forms: bubonic, septice-
mic, and pneumonic. Bubonic plague is the predominant form
(90 % of suspected cases), with mortality around 15 or 50 % if
untreated [3, 10]. This form arises following transmission by
flea bite. Fleas acquire the bacteria by feeding on a highly
bacteremic host. Approximately 80 species of fleas have been
found to be infected with Y. pestis in nature or to be susceptible
to experimental infection, although they vary in their ability to
transmit the bacteria. The rat flea Xenopsylla cheopis is iden-
tified as the most efficient vector [11]. Inside the flea, the
bacteria first have to adapt to the temperature downshift from
37 °C (in the mammal host) to 26 °C, as well as to the many
natural physicochemical properties of the flea gut environ-
ment. Y. pestis colonizes the flea gut and replicates within
the flea midgut and proventriculus (a valve connecting the flea
esophagus and the midgut), forming a thick coherent biofilm
that may eventually occlude (block) the foregut proventriculus
and esophagus [12]. Although blockage formation is typically
observed at 2-3 weeks post-infection, it can occur as early as
5 days post-infection [13, 14]. This occlusion impedes the
fresh blood meal ingestion, and the so-called blocked fleas
become starved. Desperate starving fleas increase their at-
tempts to acquire a blood meal by biting new hosts. These
fleas are however unable to satisfy its hunger because the fresh
blood cannot pass to the midgut due to the blockage. Instead,
this results in reflux of the blood meal together with dislodged
bacteria from the blocked foregut into the bite site of a naive
host [12, 14-16]. This is the biological mechanism of trans-
mission [15]. An alternate mechanism of transmission from
fleas occurs when the flea feeds on a new host shortly after
taking a blood meal from a highly septicemic host. This is
predicted to be a mechanical transmission occurring through
inoculation of residual bacteria from the flea mouth parts that
remains shortly after infectious blood feeding [16, 17].

After the flea bite, Y. pestis colonizes the host intradermally
and then migrates to the regional lymph node (LN), causing
the swelling of LN in the victim, typically in the axillae or
groin with the resulting inflammation and formation of the
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classic lesions known as “buboes” [18]. Diarrhea, nausea,
and vomiting are frequent manifestations at this stage.
Bacteria can spread systemically through the blood [18], liver,
spleen, and other organs then causing the septicemic plague,
which has 30 to 50 % mortality rate, even with antibiotic
administration [19]. Disseminated intravascular coagulopathy,
meningitis, and multiorgan failure are common signs in this
plague form. Occasionally, fleas can also deposit bacteria di-
rectly into the bloodstream of a mammalian host resulting in
primary septicemic plague infection which occurs without the
appearance of buboes and is observed in a small proportion of
patients (15 %) [20, 21, 22¢°]. The fact that bacteria can be
detected sometimes in spleens 1 h after the flea feeding sup-
ports the idea that they can be introduced directly into the
bloodstream during flea feeding [22¢¢]. Bacteria can then also
reach the lungs, causing secondary pneumonic plague, which
can be transmitted directly from person to person, through
infectious aerosols. Pneumonic plague can then be developed
by people as primary infection by direct inhalation of infec-
tious droplets or aerosols from pneumonic plague sufferers
that have developed the disease from either primary or sec-
ondary infections [23]. Primary pneumonic plague is the rarest
form of the disease but has the highest mortality rate, which
can reach 100 % if untreated or >50 % even with antimicrobial
treatment [3, 20, 24]. The initial symptoms are flu-like, which
rapidly progress to pneumonia with bloody and watery spu-
tum production.

Successful colonization of the host depends on the expres-
sion of bacterial virulence factors such as a type III secretion
system (T3SS), pH 6 antigen, F1 antigen, and pgm locus.
These are upregulated at 37 °C and prevent phagocytosis [3,
25] and are minimally expressed in the flea midgut [26, 27]. Y.
pestis maintains a virulence plasmid termed pCD1 (or pYV in
enteropathogenic Yersinia) that encodes a T3SS and effector
proteins called Yops (for Yersinia outer proteins), which are
injected into host innate immune cells via the T3SS [28] and
confer resistance to phagocytosis by neutrophils and macro-
phages, reduction in proinflammatory cytokine production,
and triggering apoptosis in host cells [22¢, 29, 30].

Despite the extensive study of the pathogenesis of plague,
very little is still known about the major events occurring early
during infection, this is, immediately after inoculation of Y.
pestis into the skin. How Y. pestis moves from the initial site
of contact in the dermis into deeper tissues and how these
events affect bacterial dissemination are largely speculative.
Being the host and pathogen interactions crucial events during
dissemination, early events are key to understand the disease
and to design strategies to control plague, especially in those
areas where the disease is endemic. This review focuses on
recent findings about the bacterium-host interactions during
early dissemination from the inoculation site to the LN, with
special emphasis on the intradermal models of infection,
which have been greatly improved thanks to advances in in



Curr Trop Med Rep (2016) 3:51-59

53

vivo microscopy techniques. Important events cited through-
out the text are summarized in Fig. 1.

Bubonic Plague Progression: What We Have Learnt
About Infection Routes Using Recent In Vivo
Imaging Techniques

Until recent years, the conventional method to follow plague
disease progression in animal models was to experimentally
infect mice with Y. pestis WT or mutant strains, sacrifice
groups of animals at various time intervals, and determine
bacterial counts in their tissues. Although this method has
provided very useful information about the pathogenesis in
Y. pestis, it remains laborious and time consuming. In the past
5 years, new imaging techniques using fluorescence or lumi-
nescence have been explored and used for the deeper under-
standing of Y. pestis-host interactions and bacterial dissemina-
tion during progression of bubonic plague.

Bioluminescence imaging (BLI) allows for the in vivo vi-
sualization of a pathogen in a host through the course of in-
fection. This technique uses Y. pestis strains transformed with
a plasmid containing the /uxCDABE genes, which encode a
bacterial luciferase and other enzymes that are necessary to
generate the substrate for luciferase [31, 32]. In the presence of
its substrate, luciferase catalyzes a reaction generating biolu-
minescent light. The light emitted by the recombinant micro-
organism is measured and imaged using an in vivo BLI sys-
tem that uses a high-sensitivity camera that detects very small
amounts of light. This system has been successfully used to
follow Yersinia dissemination over time after mice are infect-
ed subcutaneously (SC), intradermally (ID), and intranasally
(IN) [33e, 34, 35]. It was also demonstrated to be useful at
detecting mutants with defects in colonization or dissemina-
tion during infection.

Intravital microscopy (IVM) enables the study of cellular
and molecular events in living organisms. This technique uses
genetically encoded fluorescent protein (FP) tags, live cell
dyes, and other methods to fluorescently label proteins that
are imaged using confocal microscopy [36]. In recent years,
intravital confocal microscopy has been used to study the
bacterium-immune cells dynamic interactions in the dermis.
For this, green fluorescent protein (gfp-) or red fluorescent
protein (rfp-) expressing Y. pestis have been used to inoculate
mice and immune cells have been stained by using fluores-
cently labeled antibodies [37¢e, 38e¢]. In addition, transgenic
mice expressing different fluorescent proteins in each immune
cells like macrophages, neutrophils, and dendritic cells have
been used to track those cells recruited to the dermis in re-
sponse to bacteria inoculation [22e, 39+¢]. These methods
have allowed the revelation of which factors play a major role
in the early events that defines a Y. pestis infection.

SC model of infection has been most commonly used to
study plague in vivo. Mice models of Y. pestis SC experimen-
tal infection using BLI have shown that Y. pestis can remained
confined at the site of injection during the course of infection,
up to 6 days [33e, 34¢], as reported also for ear intradermal
infection [40]. It has suggested that the main targets of Y. pestis
multiplication are the lymph nodes, spleen, and liver. LN are
the first organs to be colonized [33+, 34¢], in agreement with
the notion that during bubonic plague Y. pestis travels from the
inoculation site (IS) to the proximal LN prior to dissemination
[18]. The bacteria reach the proximal and distal LN from the
inoculation site within the first 3 days, apparently via the lym-
phatic stream. Spleen and liver are colonized almost simulta-
neously at day 4, after a slight and transient bacteremia
(Fig. 1). Colonization of other organs in live animals is not
significant until the terminal stage of the infectious process,
after septicemic phase. But once the bacteria reaches the LN,
the disease progresses rapidly leading to the invasion of the
entire body (septicemia) within 2 days (at day 5) and the death
at day 6 [33°] (Fig. 1).

Although SC model has certainly shed light around the
host-pathogen interaction, in recent years, the ID route has
been gaining impact as a model of infection, which is un-
derstandable as this is the biologically relevant route for
the entry of Yersinia into the host. Being a flea-borne path-
ogen, Y. pestis has to surpass the skin epithelium as the first
barrier to penetrate into deeper tissues and then dissemi-
nate systemically. In the skin, the dermis layer is the first
tissue where initial interactions between host and Yersinia
occur, because the first layer, the epidermis, is crossed
through the mechanical action of the fleas’ mouth parts
and it has been shown that fleas do not deliver Y. pestis
into the subcutaneous space either [11, 21, 41].

Little is known about aspects of the natural infection
that affect disease progression. These imaging methods
have clearly shown differences between in vivo and in
vitro approaches to study host-pathogen interactions.
Even more, they allowed comparisons between different
routes of inoculation and highlight the importance of using
a biologically relevant model when studying host-pathogen
interactions in vivo. Comparisons of ID and SC models of
infection have shown there are differences in the progres-
sion of the disease depending on the route used to inject Y.
pestis. When inoculated intradermally, bacteria colonize
the host faster than via the SC route of infection, as they
are detected as early as 6 hpi in the draining LN, despite
most mice did not have detectable lymph node coloniza-
tion only by 12 hpi [38<, 42¢]. Bacteria were first detect-
ed in the spleen at 24 hpi, and in comparison with the
SC route, much higher numbers of bacteria are found in
LN and spleen 48 hpi [38ee, 42¢] (Fig. 1); however, the
SC route produces higher mortality regardless of the
inoculated dose [38e].
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Fig. 1 Schematic representation of the Y. pestis-host interactions at early
events during infection by different routes. There are differences in the
progression of bubonic plague depending on the route of infection.
Subcutaneously (SC) inoculated bacteria can remain up to 6 days in the
inoculation site and reach lymph node (LN) (apparently via lymphatic
stream) and systemic organs days after infection (dpi), while the ID-
inoculated bacteria reach LN and systemic organs some hours after infec-
tion (Api). There are differences even between the two intradermal (/D)
routes of infection, as the injected bacteria disseminate slower than those
that are inoculated by the natural vector, the flea. In the ID flea bite
inoculation route, bacteria can be seen in the spleen 1 h after flea bite,
suggesting bacteria can be introduced directly into the bloodstream. Flea-
transmitted Y. pestis is more likely associated with macrophages (M),
whereas those needle-inoculated recruit more neutrophils (V) and are
more likely associated with these cells. Bacteria can be phagocytosed
and destroyed by neutrophils, which suffer apoptosis (4) and the rests

The ID needle inoculation model has been widely used
previously to mimic the natural route of transmission, that of
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are then cleared by macrophages. Bacteria can also survive inside neu-
trophils which are recognized by macrophages, then internalized and
partially degraded. This process is called efferocytosis () (indicated with
the red arrows and magnified in the right upper box). Cytokine response
is importantly influenced during Y. pestis infection. Direct contact of
bacteria with macrophages induces secretion of TNFx and IL-6, but
when macrophages are in contact with neutrophil-associated bacteria,
there is an increase in secretion of IL-1ra instead. The Y. pestis T3SS-
encoded effector YopJ suppresses IL-8 secretion by neutrophils. There is
minimal recruitment of dendritic cells (DC), and they show minimal
interaction with bacteria. Some not cell-associated bacteria can enter lym-
phatic vessels, suggesting a phagocyte-independent route of dissemina-
tion. Two bottlenecks seem to be defining the bacterial population that
reaches the LN and deeper organs, as the number of bacteria that initially
infect decreases throughout the dissemination. See text for details

the bite of an infected flea. However, flea saliva also contains
molecules that could be influencing the host innate immune
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response [43]. Forthwith, it was hypothesized then that the
course of the plague disease transmitted by the natural plague
vector might differ from the needle inoculation model. To
evaluate this, Shannon et al. developed tools for [IVM to image
Y. pestis deposited in the dermis of an infected mouse by flea
bite. They first identified the exact areas at which fleas have
fed on the mouse dermis using a fluorescent DNA marker that
stains damaged cells at the flea bite site caused by fleas
inserting their mouth parts into the skin. A strain of transgenic
mouse, the LysM-eGFP mice that expresses eGFP in neutro-
phils, was used for these experiments. This allowed character-
ization of the neutrophil migration to these sites [22¢¢]. In this
model, dissemination of bacteria from the dermis to the LN
can occur within the first 5 h after flea feeding, although small
numbers of bacteria were also found in the LN approximately
1 h post-feeding (Fig. 1). This suggests very rapid Y. pestis
dissemination to the spleen and LN and indicates that migra-
tion from inoculation site to the LN is more rapid than previ-
ously thought [22¢]. Sometimes bacteria could be detected in
the spleen 1 h after flea bite, suggesting that bacteria can be
introduced directly into the bloodstream during flea feeding
and that very rapid dissemination to the spleen and LN is
common after flea transmission of Y. pestis.

How Does Y. pestis Traffic to Reach the Lymph
Node?

Very little is known about the events that follow inoculation
and how pathogens move from the initial site of contact into
deeper tissues. Since some patients develop systemic plague
without prior history of buboes, it has been proposed that Y.
pestis is able to use both lymphatic drainage and the blood-
stream to establish itself in the host [44]. Although initial
immune events in the dermis have not been well elucidated,
so far, it is well accepted that after the entry into the host, Y.
pestis first disseminates from the inoculation site in the skin
into the draining LN [18, 34¢] and then moves to the blood-
stream causing the septicemic process [45]. In vivo image
analyses have supported this notion as it has been shown that
at 612 hpi bacteria began to disseminate from the dermis to
LN [39+], and within about 12 to 24 h, Y. pestis has colonized
the draining LN. From there, the pathogen disseminates to
other target organs in the host, such as the spleen and liver
[42¢] (Fig. 1). Henceforth, efforts have been directed at eluci-
dating how Y. pestis disseminates from the skin to the LN.

In a natural plague infection, the flea deposits Y. pestis into
the dermis layer. In contrast to the epidermis and the subcuta-
neous space, the dermis is rich in terminal lymphatic vessels
[46], which are more permeable and subjected to high pres-
sure, anatomical characteristics that enable it to readily take up
an antigen. So, Y. pestis inoculation into the dermis could
contribute to its efficient movement to the LN through these

vessels, which would be in agreement with the suggestion that
Y. pestis could travel freely in the lymph fluid [37¢]. Gonzalez
et al. used an intradermal model of infection inoculating a
small dose and volume of Y. pestis (200 CFU in 2 pl) that
closely mimics that deposited during natural flea bite trans-
mission [38e¢]. They found that Y. pestis does not replicate in
the skin, but larger numbers of bacteria in the skin are detected
at later stages of infection and are likely derived from system-
ically circulating Y. pestis [38+]. Bacteria were seen within
lymphatic vessels attached to the LN after 24 hpi [37¢°].
Interestingly, within the first 12 hpi appears to be a bottleneck
that defines the population that will reach the LN and then
disseminate systemically. This was concluded from a dissem-
ination assay that used bacteria that were chromosomally bar-
tagged with different oligonucleotide sequences as the ID in-
oculums. At different time points post-inoculation, the bacte-
rial population was recovered and sequenced to identify which
strains disseminated from the IS [37¢¢]. After 12 hpi, they
recovered from LN only a small fraction of the population
they inoculated intradermally. Furthermore, they recovered
from the spleens, only those bacteria that were also recovered
from LN, implying that after the ID inoculation Y. pestis has to
pass through the LN before disseminating throughout body,
and that this LN bacterial population is defined by the initial
bottleneck. This bottleneck effect was only notable for the ID
inoculation route, impressing that inherent skin factors delimit
bacterial numbers that reach the LN and then spread system-
ically [37¢]. Using the same dissemination assay and tagged
strains, in a SC infection model, a second bottleneck affecting
the bacterial dissemination from LN to deeper organs was
suggested, as many tagged strains present in the LN were later
absent in the spleen [37¢°].

There is also the perception that Y. pestis traffics from the
skin to the LN within phagocytic cells produced as part of the
early host innate immune response. Some studies have eluci-
dated this phenomenon using flow cytometry and fluorescent
microscopy. These studies have analyzed which host cell
types are recruited to the dermis early after ID infection of Y.
pestis. This has shed light on the response of the host innate
immune cells to bacteria early after ID infection of Y. pestis
and their role in bacterial dissemination to the LN.

The Role of Neutrophils and Macrophages in Y. pestis
Dissemination

Ever since Janssen and Surgalla first reported that Y. pestis
could be found inside both macrophages and neutrophils after
IP infection [47], there has been interest in intracellular path-
ogenesis of Y. pestis. Neutrophil recruitment following ID
inoculation along with induced expression of Y. pestis genes
essential for combating neutrophil-derived reactive nitrogen
species has been shown in rats [18, 21]. It is thought that after
SC infection, Y. pestis are phagocytosed and quickly killed by
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neutrophils, whereas those taken up by macrophages are able
to survive, replicate, and disseminate [48]. Despite these ob-
servations, the role of these cells during the initial phases of
bubonic plague pathogenesis and their requirement for Y.
pestis dissemination from the skin into the LN remains vague.

Immune cell kinetic studies using flow cytometry, immu-
nohistochemistry, and IVM have shown that neutrophils are
the predominant cell type recruited to the injection site
(Fig. 1). These cells arrive within minutes even in response
to a trauma or break in the skin [39+]. Irrespective of strain
virulence, large numbers of neutrophils are seen 4 h after ID
needle inoculation of Y. pestis followed by slower accumula-
tion of macrophages that peaks 6 hpi [39e+, 42¢]. Around 80 %
of bacteria were associated with neutrophils and many traf-
ficked Y. pestis away from the injection site, but a large pro-
portion of the remaining bacteria were associated with mac-
rophages. Decreased activation of neutrophils and macro-
phages was notable after infection with strains harboring the
pCD1 plasmid, indicating that pCD1 is important for the eva-
sion of neutrophil and macrophage response [39ee, 42¢].
However, notable differences in the inhibition of the neutro-
phil activation are still observed among attenuated strains har-
boring the pCD1 plasmid [39+¢], indicating that Y. pestis may
possess pCD1-independent mechanisms that can account for
the reduction in neutrophil activation in vivo. More than 95 %
of the neutrophil-associated bacteria were intracellular,
pointing to neutrophil interactions with Y. pestis being impor-
tant during early establishment of bubonic plague. However,
dissemination of virulent strains in neutrophil-depleted mice
was not affected, indicating that neutrophils are not essential
for dissemination from the dermis to the LN [39ee].

After the first bottleneck that defines the population that
will reach the LN, bacteria that did not pass to the LN remain
in the skin throughout the infection. Somehow these bacteria
activate the skin to be responsive to future inoculations
resulting in detrimental effects to bacteria. Neutrophil recruit-
ment is not responsible for activation either as although these
cells form clusters in the skin and are concentrated at the
injection site, when depletion of neutrophils was induced with
a specific depletion antibody, there was no impact on bacterial
trafficking to LN. However, although neutrophils are not able
to clear infection, they appear important for restricting bacte-
rial proliferation in the skin [37e¢].

One important role of the neutrophils is to act as interme-
diate hosts for subsequent non-inflammatory infection of mac-
rophages. In the ID injection model of infection, a portion of ¥.
pestis may be unable to survive phagocytosis by neutrophils,
but it has been also reported that up to 10 % of Y. pestis may
survive after phagocytosis by neutrophils [30, 49] and they
can replicate within neutrophils even after 10 h of incubation.
Previous studies demonstrated that neutrophils that contain Y.
pestis [50, 51] and Y. pseudotuberculosis [52] initiate apopto-
sis and present phosphatidylserine (PS), a marker of an early
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apoptosis, on their surfaces [53-55]. PS is then recognized by
macrophages, which results in the uptake and clearance of the
apoptotic infected neutrophils by macrophages within 1-2 h, a
process called efferocytosis [56-58] (Fig. 1). The neutrophils
so internalized are partially degraded by the macrophage.
Some Y. pestis are also killed, whereas some are able to sur-
vive and replicate within macrophages that become infected
by efferocytosis [59]. Normally, the contact of macrophages
with Y. pestis induces secretion of the inflammatory cytokines
TNF-a and IL-6 (Fig. 1), but addition of macrophages to
neutrophils containing Y. pestis resulted in decreased levels
of both cytokines [59]. Recently, the contribution of the
pCD1 plasmid-encoded effector Yops, in alteration of cyto-
kine production by human neutrophils, has been evaluated
and it has been reported that YopJ is the major effector protein
responsible for suppressing IL-8 production by neutrophils,
although other effector proteins could be potentiating YopJ-
mediated inhibition to aid disruption of PMN signaling path-
ways leading to IL-8 production [60+°] (Fig. 1). This suggests
that Y. pestis is able to inhibit secretion of anti-inflammatory
cytokines, not only by active pCD1-dependent inhibition but
also by infecting macrophages through non-inflammatory
efferocytosis. On the other hand, there is secretion of the
anti-inflammatory cytokine IL-1ra when macrophages take
up Y. pestis containing neutrophils (Fig. 1), which could most-
ly occur from macrophages, although both the neutrophils and
macrophages are able to secrete this cytokine [61-63]. It
seems therefore that phagocytosis by neutrophils prior to up-
take by macrophages may be an evasive strategy for Y. pestis
to infect macrophages, a strategy that subsequently prevents
immune response signaling from macrophages, thereby facil-
itating continued bacterial survival and dissemination. The
efferocytosis also prevents the release of the neutrophil’s mi-
crobicidal agents into the host tissues.

When using the flea bite inoculation, important differences
in the numbers or composition of innate immune cells recruit-
ed to the inoculation site are seen in comparison with the other
needle inoculation routes. Despite blocked fleas making re-
peated unsuccessful attempts to feed which results in more
damaged skin, neutrophil response was highly variable and
did not correspond with the amount of skin damage. Fleas
transmitted a highly variable number of bacteria into the skin,
and number of neutrophils recruited to bite sites was high and
correlated with bacteria numbers at the bite site. This shows
that any suppressive effect that flea saliva may have on neu-
trophil recruitment could not override the response to bacteria
in the dermis. In this model, macrophages also migrated to-
ward flea bite sites and interacted with small numbers of flea-
transmitted bacteria. In contrast to observations from using the
ID injection, very little translocation of bacteria was observed
inside the neutrophils, and instead the few observed to be
moving were frequently associated with macrophages [22¢¢]
(Fig. 1). This suggests that flea-transmitted Y. pestis may more
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likely associated with macrophages, whereas those needle in-
oculated are more likely associated with neutrophils. This
would have implications for Y. pestis pathogenesis as it has
been shown that macrophages are much more permissive for
Y. pestis survival and growth than neutrophils are [48]. Flea
saliva contains molecules homologous or analogous to sali-
vary proteins in other blood-feeding arthropods that are
known to be anti-inflammatory [43], which would explain that
the needle inoculated bacteria recruit more neutrophils due to
lack of accompanying anti-inflammatory effects.

The Role of Dendritic Cells in ¥, pestis Dissemination

Dendritic cells (DC) are phagocytic antigen-presenting cells
that reside in peripheral tissues such as the dermis when they
are immature, but in response to antigens or tissue damage
recognition, they undergo maturation, engulf antigens, and
carry them to the lymphoid tissue to initiate an adaptive im-
mune response [64]. Although ID DC numbers are very low
compared with neutrophils, their migration has led to specu-
lation that DC could play a role in the dissemination of Y.
pestis from the dermis to the LN. However, studies demon-
strate that irrespective of the virulence strain, DC are not re-
cruited to the injection site and there is minimal interaction
between Y. pestis and DC in the dermis in vivo (Fig. 1).
Further, similarly to what is known for neutrophils, dissemi-
nation of Y. pestis from dermis to the LN is not dependent of
dendritic cells [39¢]. By flea bite, although DC appear to
migrate towards flea bite sites that contained bacteria, they
also showed minimal interaction with the flea-transmitted bac-
teria. However, as there is greater displacement of DC when
flea bite-transmitted bacteria are present at the bite site but not
to uninfected flea bites, it cannot be discarded that they can
associate with bacteria later during the infection [22¢¢].

Does Y. pestis Really Need an Intracellular Stage
for Dissemination?

Y. pestis has some antiphagocytic factors such as T3SS, pH 6
antigen, and F1 antigen that are upregulated at 37 °C and are
weakly expressed at 26 °C, then making it less susceptible to
phagocytosis by macrophages inside the host. These
antiphagocytic factors are predicted to be expressed at low
levels during the first hours of infection. This gave rise to
the hypothesis that an intracellular stage facilitates trafficking
from skin to LN, and it was suggested that Y. pestis could
traffic from the skin to LN inside macrophages and was sup-
ported by reports of intra-macrophage survival of Y. pestis
[48]. However, bacteria grown at either 26 or 37 °C, i.e., not
expressing or expressing antiphagocytic factors, respectively,
are both efficient at reaching the LN [37¢¢], implying that
association with phagocytes is not necessary for dissemina-
tion. Moreover, those bacteria that are not cell-associated can

enter lymphatic vessels like through a phagocyte-independent
way, without the requirement for an intracellular stage (Fig. 1).
In agreement with this, flea-transmitted bacteria have been
found in the LN 1 h post-infection [22¢¢] and needle injected
Y. pestis could be found in the LN of some mice as early as
10 min post-infection [37¢¢]. The implication is thus that bac-
teria may move so rapidly into the lymphatics that they bypass
any significant interaction with phagocytes at the bite site.

Conclusions

There is little information available on the kinetics of bacterial
dissemination from the inoculation site to the lymph node
during the bubonic plague development. Here, we reviewed
recent findings that shed light on the major events during the
early stage of Y. pestis infections. The use of in vivo micros-
copy techniques allows following of the events that take place
after the bacterial entrance into the body in order to accom-
plish dissemination. These strategies have demonstrated that
there are important differences about the time it takes Y. pestis
to reach the LN as well as the interactions with the host im-
mune response cells, depending on which route of entry is
evaluated (SC or ID) and even among different inoculation
techniques using the same route of entry (needle-inoculated
bacteria or flea-inoculated bacteria). The study of Y. pestis-
host interactions at cellular level has led to determine that
neutrophils and macrophages are the first line of innate im-
mune host defense that Y. pestis contacts and evades in the
skin in order to reach the draining LN. Current data suggest
that phagocytosis by neutrophils can provide a host reservoir
and a mechanism for non-inflammatory infection of macro-
phages via efferocytosis. Flea-transmitted Y. pestis is more
likely associated with macrophages, whereas those needle-
inoculated are more likely associated with neutrophils.
Although both neutrophils and macrophages seem to be im-
portant to restrict bacterial proliferation in the skin, they do not
seem to have impact on bacterial trafficking to LN. As bacteria
have been found not cell-associated inside lymphatic vessels
and inside systemic organs very shortly after inoculation, a
possible phagocyte-independent way to reach the LN and sub-
sequent dissemination have been suggested. The role of plas-
mid pCD1-encoded factors in altering anti-inflammatory cy-
tokine production by phagocytes is important to suppress the
activation of immune cells and therefore for Y. pestis
virulence.

All these data contribute to a better understanding of the
early events during Y. pestis-host cells interactions. They also
emphasize the importance of using a biologically relevant
route of infection that mimics better what occurs in a natural
infection, when studying the pathogenesis of Y. pestis.
Advances in this field could potentially result in strategies to
control or prevent the plague bubonic plague.
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