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Abstract

The human pathogenic Yersinia species cause diseases that represent a significant source of 

morbidity and mortality. Despite this, specific mechanisms underlying Yersinia pathogenesis and 

protective host responses remain poorly understood. Recent studies have shown that Yersinia 

disrupt cell death pathways, perturb inflammatory processes and exploit immune cells to promote 

disease. The ensuing host responses following Yersinia infection include coordination of innate 

and adaptive immune responses in an attempt to control bacterial replication. Here, we highlight 

current advances in our understanding of the interactions between the pathogenic yersiniae and 

host cells, as well as the protective host responses mobilized to counteract these pathogens. 

Together, these studies enhance our understanding of Yersinia pathogenesis and highlight the 

ongoing battle between host and microbe.

Introduction

Recognition of bacterial pathogens is fundamental for the mammalian immune system to 

mount a protective response. Consequently, pathogens must employ a variety of measures to 

counteract these host defenses and facilitate infection. This ever-changing interplay between 

host and microbe can be illustrated by the interactions of yersiniae and host cells.

Three species within the genus Yersinia are pathogenic for humans, Yersinia pestis, Yersinia 

pseudotuberculosis, and Yersinia enterocolitica. Y. pestis is the etiological agent of plague 

while Y. pseudotuberculosis and Y. enterocolitica typically cause a self-limiting 

gastroenteritis [1]. Despite the differences in clinical presentation of their infections, these 

pathogens share a propensity for colonization of lymphatic tissues. Common Yersinia 

virulence traits identified to date include mechanisms of resistance to complement and 

antimicrobial peptides, pathways for acquisition of essential nutrients such as iron, and a 

type III secretion system (T3SS) encoded on a plasmid [2–7]. These common virulence 

traits likely contribute to the tropism of pathogenic Yersinia species for lymphoid tissues. 

The plasmid-encoded T3SS exports Yersinia outer proteins (Yops), which are deposited into 
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the host cell membrane or delivered directly into the cytosol of host cells to disrupt a 

multitude of cellular functions [8–12]. In addition to the above common virulence traits, 

there exist species-specific virulence determinants that play crucial roles during interaction 

with immune cells [7,13]. The combined actions of these virulence factors enable yersiniae 

to resist humoral immunity, acquire nutrients, and inject effectors into immune cells with the 

goal of neutralizing their responses. While the virulence determinants confer a significant 

advantage for these highly host-adapted pathogens, they do not come without a cost. Host 

cells are able not only to sense conserved structural features of pathogens, termed pathogen-

associated molecular patterns (PAMPs) [14], but also pathogen-derived disruptions of 

cellular homeostasis as “patterns of pathogenesis” [15].

This review highlights recent developments regarding Yersinia and immunity, specifically 

how the pathogenic yersiniae evade both extracellular and intracellular immune defenses. To 

illustrate the dynamic process of host-pathogen interactions, we also cover current research 

on the protective innate and adaptive immune responses following Yersinia infection.

Yersinia evasion of complement

Following infection, yersiniae are confronted by a plethora of extracellular immune factors. 

One such factor is host complement, which is comprised of serum proteins and which can be 

stimulated through three distinct pathways: classical, lectin and alternative. Despite distinct 

mechanisms of activation, these pathways converge on the same set of effector molecules 

that results in opsonization of pathogens or bacteriolysis [16]. All three pathogenic Yersinia 

species are resistant to human serum, however there are differences in how surface 

structures of these pathogens promote this activity. In Y. enterocolitica, serum resistance 

requires the adhesin YadA, which binds factor H, while the adhesin Ail and LPS O-antigen 

play minor roles. In contrast, Ail is the primary serum resistance factor in Y. pestis and Y. 

pseudotuberculosis. Ail in Y. enterocolitica and Y. pseudotuberculosis is known to bind to 

C4b-binding protein (C4BP). A recent study shows that Ail in Y. pestis also mediates serum 

resistance by binding to C4BP and C4 [17], resulting in a blockade of classical and lectin 

pathways, which is likely critical for the bacterium to grow to high densities in the blood 

during plague.

Early interactions of Yersinia with host cells-important for dissemination 

and intracellular survival

Migration from the initial site of infection to deeper tissues is integral in Yersinia 

pathogenesis. Shortly after host entry, pathogenic yersiniae encounter an influx of immune 

cells, which they can either bypass or exploit to ensure survival and dissemination. Absence 

of the lipopolysaccharide (LPS) component O-antigen in Y. pestis is important for the 

invasion of dendritic cells expressing the C-type lectin Langerin [18]. Following inoculation 

into hind paws of mice, O-antigen-expressing derivatives are defective in spreading to sub-

iliac lymph nodes, suggesting that exploitation of host Langerin is important for the efficient 

dissemination process associated with virulence in Y. pestis.
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Intravital imaging of immune cell responses following intradermal [19] or flea-transmitted 

[20] Y. pestis infection in mice reveal neutrophils as the predominant cell population 

associated with the bacteria. However, depletion of neutrophils using an anti-GR1 antibody 

does not appear to alter dissemination of Y. pestis in an intradermal mouse model of 

infection [19], nor does depletion of neutrophils using a Ly6G antibody alter bacterial 

colonization during pneumonic plague [21]. Interestingly, a small subset of Y. pestis 

engulfed by human neutrophils is able to survive and replicate, and induces the production 

of the early apoptotic marker phosphatidylserine (PS) [22]. Neutrophils expressing PS on 

their cell surface are recognized and phagocytosed by macrophages via efferocytosis, 

thereby allowing for entry of Y. pestis into macrophages while simultaneously limiting 

production of proinflammatory mediators.

Later interactions of Yersinia with host cells-important for effector 

translocation by T3SS to counteract innate immunity

Infection with yersiniae triggers a variety of innate host responses, many of which are 

neutralized by the plasmid-encoded T3SS. For example, contact between the Y. 

pseudotuberculosis adhesive protein invasin and β1 integrin receptor on neutrophils induces 

extrusion of microbicidal DNA, via NETosis, a processes that is inhibited by effectors 

delivered by the T3SS (Figure 1A) [23]. In addition to stimulating host immune responses, 

adhesion of yersiniae to host cells facilitates Yop effector translocation by the T3SS into 

immune cells during infection, while factors in serum can restrict levels of translocation by 

shifting the specificity of Yop targeting [24–26]. Additional bacterial factors are important 

for fine-tuning effector translocation. The Yersinia cytotoxic necrotizing factor-γ produced 

by certain strains activates Rac-[27] and Rho-GTPases [28] to enhance Yop translocation 

into target immune cells, while structure-function studies reveal regions within the 

transolocon component YopD to be important for effector delivery [29–31].

Disruption of phagocytic signaling pathways by Yersinia T3SS effectors

The effectors delivered into immune cells by the T3SS provide yersiniae with a multifaceted 

and sophisticated mechanism to perturb host signaling pathways (Figure 1A). Recent 

progress has been made in identifying new host targets of these effectors, which in some 

cases have been validated by in vivo studies. In mice infected with Y. pseudotuberculosis, 

the tyrosine phosphatase YopH impairs neutrophil signaling by targeting the PRAM-1/

SKAP-HOM and SLP-76 signaling axes, leading to an inhibition of calcium flux and a 

decrease in production of interleukin (IL)-10 [32]. An additional study showed that 

depletion of neutrophils in mice infected with Y. pseudotuberculosis leads to faster kinetics 

of dissemination by a yopH mutant [33], suggesting that inhibition of neutrophil signaling 

by YopH is critical for Yersinia virulence.

Blunting phagocytosis is a hallmark of pathogenic Yersinia species. Recent work identifies 

vasodilator-stimulated phosphoprotein (VASP), a regulator of actin dynamics, as a host 

target of YpkA (also known as YopO) [34,35]. YpkA induces phosphorlyation of VASP at 

serine residue 157, which is critical for disruption of actin polymerization [34]. Resolution 

of the YpkA crystal structure in complex with actin reveals the requirement of actin binding 
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for sequestering of additional actin-regulating proteins to further impair phagocytosis [35]. 

Given the vastly different biochemical functions of Yop effectors, uncovering the molecular 

mechanisms by which they exert their effects remains an ongoing area of investigation.

Inhibition of inflammasome signaling and caspase-1 activation by Yersinia 

T3SS effectors

Activation of the cysteine protease caspase-1 in response to inflammasome assembly in the 

host cell cytosol drives maturation of cytokines IL-1β and IL-18 from their inactive 

precursors [36], and pyroptosis, a lytic form of cell death [37]. IL-1β and IL-18 are 

important for recruitment of innate immune cells while pyroptosis releases intracellular 

contents, further amplifying local immune responses. Thus, limiting activation of caspase-1 

is an important step of bacterial pathogenesis. Both epithelial cells and macrophages have 

been shown to respond to Yersinia infection by activating caspase-1, but the mechanisms 

and outcomes are distinct. In human epithelial cells infected with Y. enterocolitica, invasin-

β1 integrin interaction provides a priming signal for pro-IL-18 production, and the effectors 

YopH and YopE inhibit this response [38]. Recognition of LPS by TLR4 in murine 

macrophages provides a priming signal for production of pro-IL-1β and some 

inflammasome components (e.g. NLRP3), allowing for rapid activation of caspase-1 in 

response to Yersinia infection. In LPS-primed murine macrophages infected with Y. 

pseudotuberculosis, the leucine-rich repeat (LRR)-containing effector YopM inhibits 

activation of caspase-1 [39,40]. The virulence defect of yopM mutant Y. pseudotuberculosis 

is restored in Caspase-1/11−/− mice, emphasizing the importance of these caspase-

dependent responses for killing of YopM-deficient Yersinia [39,40]. Different Yersinia 

strains encode distinct YopM isoforms that vary in the number and amino acid sequence of 

LRRs. A YopM isoform encoded by the Y. pseudotuberculosis strain YPIII contains a 

specific motif YLTD within its LRR region that appears to function as a pseudo-substrate 

inhibitor of caspase-1 [39]. Interestingly, YopM isoforms lacking the pseudo-substrate motif 

are still able to inhibit activation of caspase-1 [40], indicating that the variable LRR regions 

of distinct isoforms target different host proteins to inhibit inflammasome function. 

Consistent with this idea is the demonstration that the Y. pestis KIM YopM isoform interacts 

with the large scaffolding protein IQGAP1, and IQGAP1 is important for inflammasome 

activation in Yersinia-infected macrophages [40].

Immune responses to Yersinia pestis in the lung

The strikingly biphasic nature of pneumonic plague, characterized by limited initial 

inflammation followed by an overwhelming inflammatory host response, illustrates the 

unique immunological environment of the Y. pestis-infected lung. Increasing evidence 

suggests that Y. pestis uses several mechanisms to modulate host inflammatory response in 

the lung environment. Suppression of chemokine expression by the T3SS effector YopJ 

results in a delay of neutrophil influx to the lungs of infected mice [41], and induction of 

neutrophil migration to the lungs via exogenous supplementation of chemokines decreases 

bacterial burdens and promotes survival of mice challenged with Y. pestis. Consistently, 

IL-17 synthesized by neutrophils protects against pneumonic plague by coordinating 
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macrophage-mediated immunity [42], demonstrating the protective host responses that are 

blunted during Yersinia infection.

Host cells evoke cell death pathways in response to bacterial infections. Thus, manipulation 

of these cell death programs constitutes an important mechanism of successful pathogens. 

Apoptotic cell death is initiated following ligation of Fas to its cognate receptor, Fas ligand 

(FasL), resulting in activation of caspase-3 and -7 [43]. These effector caspases 

subsequently mediate inflammatory, host protective responses. Recent work identifies FasL 

as a host target of the Y. pestis outer-membrane protease Pla in a mouse model of pneumonic 

plague [44]. Pla-dependent degradation of FasL perturbs caspase-3 and -7 activation. 

Moreover, the colonization defect of Pla deficient Y. pestis is restored in mice lacking 

functional FasL and treatment of mice with a caspase-3 and -7 specific inhibitor promotes 

outgrowth of the pla mutant in lungs. Together, these findings demonstrate the importance 

of Pla on limiting host defenses in the lung via disruption of the extrinsic pathway of 

apoptosis. Pla is absent in the enteric Yersinia species, and its acquisition by Y. pestis is 

tightly associated with the ability of modern strains to grow in the pulmonary compartment 

during pneumonic plague and to spread systemically during bubonic plague. Unexpectedly, 

a variant of Pla encoded by ancestral Y. pestis strains can promote bacterial colonization in 

lungs of infected mice, but is deficient in allowing dissemination during bubonic plague 

[45]. These finding raise the possibility that Y. pestis acquired the ability to cause 

pneumonic plague before evolving the capacity for invasive systemic infections [45]. 

Interestingly, the presence of Pla in outer membrane vesicles [46] may signify an important 

mechanism by which Y. pestis can enhance deployment of this virulence factor.

Initial events during pneumonic plague also include production of active of IL-1β; however, 

as discussed above there is an apparent absence of inflammation in the lungs of infected 

mice [47]. Y. pestis infection induces production of IL-1 receptor antagonist (IL-1RA) [47], 

which competes with IL-1β to limit IL-1 signaling. Neutralization of IL-1RA restores 

inflammation in the lung, increasing levels of proinflammatory cytokines and decreasing 

bacterial colonization. In contrast, bacterial mediators can drive aberrant inflammation and 

contribute to immunopathology of the lung. In vivo transcriptional profiling revealed the 

Yersinia gene ybtX as important for progression of pneumonic plague from the initial silent 

phase to the ensuing inflammatory response [48].

Innate immune responses against Yersinia based on recognition of T3SS 

components

Recognition of the Yersinia T3SS machinery and/or Yops can potentiate host innate immune 

signaling (Figure 1B). The T3SS needle protein YscF is sensed as a PAMP by the 

extracellular domain of Toll-like receptor 4 in human macrophage-like THP-1 cells, 

resulting in activation of nuclear factor kappa B (NF-κB) [49]. Removal of a small N-

terminal region of YscF amplifies NF-κB activation [50], suggesting that Yersinia 

circumvents immune recognition of this necessary structural component. In addition to 

extracellular recognition, T3SS components that enter into the cytosolic compartment can be 

recognized by NLRC4 in conjunction with a NAIP protein. Needle proteins such as YscF 

are recognized by NAIP1/NLRC4 and inner rod proteins are recognized by NAIP2/NLRC4 
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in the cytosol of macrophages. Yersinia mutants lacking the T3SS effector YopK deliver 

increased amounts of the other effectors and the translocon proteins YopB and YopD into 

the cytosol of infected host cells. Inadvertent hyper-translocation of YopB and YopD into 

the murine macrophage cell cytosol is apparently sensed as a “pattern of pathogenesis”, 

consequently triggering robust activation of caspase-1 [51]. The patterns of pathogenesis 

concept can be further expanded on by the effector-triggered immune response (ETIR) [52], 

resulting from the biochemical functions of Yops on their cellular targets. YopJ acetylates 

MAPK kinases and the resulting inhibition of NF-κB and MAPK pathways drives 

caspase-8- and RIP kinase-mediated activation of caspase-1 in naive murine macrophages 

[53,54]. Mice deficient in RIPK3 and caspase-8 display increased susceptibility to Yersinia 

infection [53,54], indicating that activation of caspase-1 is an ETIR resulting from YopJ’s 

targeting of MAPK kinases. Likewise, YopE GTPase-activating protein (GAP) activity 

promotes intracellular killing of Y. pseudotuberculosis by naive murine macrophages [55]. 

Treatment of macrophages with the Clostridium difficile Rho GTPase inhibitor Toxin B 

restricts survival of Y. pseudotuberculosis expressing catalytically inactive YopE, suggesting 

that inactivation of Rho GTPases results in the production of an ETIR.

Protective adaptive immune responses mediated by T cells against 

Yersinia

The adaptive immune system is the highly specific branch of immunity that is mobilized 

following recognition of foreign peptides on the surface of antigen presenting cells (APCs). 

T cell receptor association with peptide-bound major histocompatibility complexes on APCs 

enables discrimination between self and non-self and promotes protective CD4+ and CD8+ T 

cell responses. Delivery of T3SS effectors into APCs infected with Yersinia affords the host 

an opportunity to process these proteins as antigens and generate CD8+ T cell responses to 

the corresponding peptides. By vaccinating C57BL/6 mice with attenuated Y. pestis, Lin et 

al. discovered that YopE contains a dominant H2Kb-restricted epitope that can prime a 

protective CD8+ T cell response against pneumonic plague [56]. This immunodominant 

epitope is also present in Y. pseudotuberculosis YopE, and confers protection against 

intragastric challenge of C57BL/6 mice with this enteric pathogen [57]. Primary infection of 

C57BL/6 mice with Y. pseudotuberculosis induces a surprisingly large YopE-specific CD8+ 

T cell response [58]. Importantly, a predominant population of these YopE-specific CD8+ T 

cells are positive for TNFα and IFNγ, indicating they are effector cells [58]. Production of 

TNFα and IFNγ by YopE-specific CD8+ T cells is important for protection against Yersinia, 

while CTL activity mediated by perforin is dispensable [59]. Moreover, in addition to its 

role in innate immunity, host fibrin is important for protection by T cells against Y. pestis 

[60]. It appears that fibrin cooperates with neutrophils to enhance the protective activity of T 

cells, demonstrating that multiple layers of immune defenses are important for resistance to 

plague. In contrast to the protective role of antigen-specific CD8+ T cells and CD4+ T cells, 

the Y. pseudotuberculosis superantigen (SAg) YPM drives expansion of a CD4+ T cell 

population that produces hepatotoxic molecules [61], demonstrating that unregulated 

adaptive responses can cause immunopathology.

Chung and Bliska Page 6

Curr Opin Microbiol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Concluding remarks

While recent studies have provided remarkable insight on the interactions between 

pathogenic yersiniae and the host immune system, much is still unknown. Specific 

molecular events governing bacterial dissemination, subversion of immune defenses by 

bacterial effectors and subsequent recognition and protection mediated by innate and 

adaptive immunity are all open questions. The emergence of high-resolution imaging 

techniques and availability of knockout mice, coupled with the ease of genetic manipulation 

of Yersinia, enable researchers to shed light on these key fields of investigation. Further 

defining the mechanisms that these pathogens utilize to thwart host defenses remains an 

essential part of bacterial pathogenesis research and can lead to novel therapeutic strategies 

against infectious diseases.
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Highlights

• Cell surface components mediate resistance of Yersinia to extracellular immune 

factors.

• Interaction between Yersinia and host cells promotes dissemination and drives 

effector translocation.

• Yersinia effectors, Pla protease and chromosomally-encoded gene products 

disrupt signaling pathways and modulate inflammatory environments.

• Structural components of Yersinia and biochemical activities of effectors trigger 

protective host responses.

• Innate and adaptive immune responses restrict Yersinia replication.
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Figure 1. Yersinia vs. host immunity
(a) Evasion of host signaling pathways by the type III secretion system. YpkA association 

with actin monomers targets actin-regulating proteins to inhibit phagocytosis. In neutrophils, 

delivery of YopH leads to dephosphorylation of SLP-76, PRAM-1 and SKAP-HOM, down-

regulating calcium signaling and production of anti-inflammatory IL-10, while extrusion of 

microbicidal neutrophil DNA (NETosis) is inhibited in a T3SS-dependent manner. In 

macrophages, specific YopM isoforms utilize an internal motif (YLTD) within the protein to 

directly sequester caspase-1 while other YopM isoforms target caspase-1 via the host 

scaffolding protein IQGAP1. (b) Triggering of host responses by the type III secretion 

system. Toll-like receptor 4 detection of the needle protein YscF activates NF-κB, inducing 

expression and production of pro-inflammatory cytokines. In contrast, inhibition of NF-κB 

and MAP kinase pathways by YopJ drives RIP kinase- and caspase-8-dependent activation 

of inflammatory caspase-1. Activation of caspase-1 also occurs upon translocation of YopB 

and YopD into the host cell cytosol. Additionally, sensing of YopE GTPase-activating 

protein activity can trigger killing of phagosomal Yersinia.
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