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Abstract 
The key components of innate immune defense to pathogens are various 

migratory as well as tissue resident innate immune cells, however, their interactions 

with pathogens as well as their immune-orchestrating roles are often poorly understood. 

While immune cells encounter pathogens at barrier sites and mount the first line of 

defense, pathogens are well adapted to bypass, inactivate and even exploit the functions 

of these cells. Better understanding of the interactions between pathogens and innate 

immune cells can teach us how pathogens avoid or exploit immune cells and how to 

overcome these mechanisms of pathogenesis by therapeutic interventions. In this work, 

we examined two scenarios of pathogen invasion and sought to understand the complex 

ways of external targeting of innate immunocytes that can either benefit the pathogen or 

the host. 

First, we studied the migratory innate immunocytes in draining lymph nodes 

upon entry of Yersinia pestis via the skin and identified how this plague-causing 

bacterium coopted host cell death pathways of infiltrated mononuclear phagocytes. By 

employing time-lapse microscopy and flow cytometry, we demonstrated that within the 

confines of infected lymph nodes, bacteria-triggered necroptotic cell death resulted in 

the release of intracellular bacteria into the extracellular environment and attracted 

neighboring phagocytic cells, promoting their infection by these recently released 
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bacteria. This expansion of bacteria-bearing immune cells which eventually migrate to 

secondary lymph nodes, enables large numbers of Y. pestis to disseminate from one node 

to the next via the lymphatic system. We show this mechanism of dissemination being 

essential for the transition of plague from a bubonic to septicemic stage and demonstrate 

immunotherapeutic potential of necroptosis inhibitors. 

Next, we focused on mast cells, a resident innate immunocyte in the context of 

skin infection by Staphylococcus aureus. We showed that connective tissue mast cells 

promoted recruitment of neutrophils at the early stage and CD301b+ dendritic cells at the 

later stages of infection, which played critical roles in infection control and repair, 

respectively. We further demonstrated that exogenous activation of skin mast cells via a 

mast cell-specific G protein-coupled receptor controlled infection as well as enhanced 

mobilization of dendritic cells to draining lymph nodes in a mast-cell dependent manner 

and protected mice from re-infection. Therefore, selective activation of mast cells 

appears to orchestrate immunomodulation integrating both the innate and adaptive 

immune arms.  

These studies reveal the yin and yang of innate immune cells in two very 

different infectious settings.  They emphasize how different strategies to target these 

cells at the immune checkpoints can be beneficial for host-directed therapy against 

bacterial infections.
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1. Introduction 
Innate immune cells are the key structural components of the innate immune 

system and act as the first line of defense against microbial pathogens. Discoveries in 

last few decades have revealed at the molecular level how these cells sense pathogens 

and then transduce signals. Innate immune cells detect invading pathogens through 

various pattern recognition receptors (PRRs) which recognizes specific pathogen-

associated molecular patterns (PAMPs) (1, 2). Upon recognition, intracellular signal 

transduction occurs and several defense mechanisms, either alone or in combination, 

may take place, depending on the type of immunocyte, the host and the pathogen. These 

mechanisms are primarily i) direct killing of the pathogen via phagocytosis or 

antimicrobials, ii) secretion of pre-stored or de novo synthesized immune mediators 

which activate and/or recruit additional innate or adaptive immune cells, or iii) 

processing and presentation of antigens to other immune cells.  

The innate immune system is evolutionarily older than the adaptive immune 

system and many of its components are conserved among invertebrates and vertebrates 

(1). Apart from protection from pathogens, many innate immune cells play critical 

beneficial roles in physiological functions such as scavenging, wound healing and 

generating anti-tumor effects (3-5). Immunotherapy has long been focused on the 

adaptive immune system, especially due to success of many vaccines but also partially 

due to skeptic views towards the non-specific nature of innate defense (2, 6). As innate 
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immune cells do not adapt to the pathogen type, many pathogens have evolved ways to 

escape or even exploit these cells via diverse mechanisms. Furthermore, non-specific or 

overreaction of these cells causes inflammatory diseases and hypersensitivity. Better 

understanding of these mechanisms would allow for therapeutic intervention not only 

to control pathogens but also to prevent pathologies caused by hyperactive innate 

immune cells. 

1.1 Migratory and resident innate immune cells 

Innate immune cells can be resident or migratory. Resident cells, such as 

macrophages or mast cells, function where they are located. On the other hand, 

migratory innate immune cells can be located in peripheral organs and then migrate to 

lymphoid tissues to transport antigens upon exposure to a pathogen. Alternatively, 

migratory innate immune cells can be stored in lymphoid organs or circulate through 

blood and lymph. These cells can then get recruited to the site of infection or 

immunization via chemokine signaling. The migratory cells include monocytes (which 

can further be converted into macrophages or dendritic cells base on specific chemical 

cues), neutrophils, dendritic cells and natural killer cells. 

1.2 Dual-checkpoint immune surveillance in the periphery 

Various immune cell subsets are located close to the anatomical barriers such as 

skin and mucosa to act as sentinels. These immune cells can either be evenly distributed, 

such as Langerhans cells in skin epidermis, various dendritic cell subsets, macrophages 
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and mast cells in dermis. Alternatively, immune cells can be organized into specialized 

small concentrations of lymphoid tissues such as macrophages, dendritic cells and 

microfold cells (M-cells) in Payer’s patches of intestinal mucosa and NALTs (nasal-

associated lymphoid tissue) (7). 

Pathogens that escape these checkpoints near the physical barrier are 

encountered by an additional layer of surveillance throughout the body. The draining 

lymph nodes (DLNs) serve as filtering stations located throughout the network of 

lymphatic vessels, through which lymph percolates before they get to the blood. 

Bacterial and viral pathogens that venture into the lymph are rapidly filtered out by 

these organs before they can become systemic (8). Critical to this function are 

macrophages that line the lymph node sinuses to capture pathogens and eliminate them 

by degrading them within lysosomes (9). Therefore, mammalian innate immune defense 

is comprised of two layers of immune-checkpoints to prevent systemic invasion of 

pathogens. 

1.3 Phagocytosis in immune surveillance and bacterial clearance 

Although many immune and non-immune cells can phagocytose pathogens 

upon their detection, certain immune cells are specialized for phagocytosis and therefore 

are called professional phagocytes, such as neutrophils, dendritic cells and macrophages 

(10, 11). Macrophages survey for pathogens, capture and destroy them, and then process 

and present antigens to nearby B cells or T cells. Dendritic cells present antigens to local 
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T cells as well as migrate to transport antigens to T cells at distal lymphoid organs (12). 

When they fail and there is an acute infection, inflammatory reactions cause recruitment 

of neutrophils. Neutrophils are primarily found in the bloodstream and they are the first 

responders and the major phagocytic cells to play a critical role in controlling infection. 

Upon phagocytosis, pathogens are killed by reactive oxygen species and hydrolytic 

enzymes secreted into phagosomes. Neutrophils are also capable of killing extracellular 

pathogens by a process called NETosis in which cells release a web-like structure 

comprised of DNA and protein called neutrophil- extracellular trap (NET) (13). 

1.4 Role of immune modulator secretion in immune surveillance 
and bacterial clearance 

Immune modulators secreted by innate immune cells can be either prestored (eg. 

various modulators secreted by neutrophils and mast cells) or de novo synthesized (eg. 

modulators secreted by macrophages and dendritic cells). These immunomodulators 

have a diverse array of functions, from direct killing of pathogens to recruiting 

additional immune cells (14). Neutrophil contains defensins and cathelicidins which are 

antimicrobial peptides that kill pathogens by membrane disruption. Mast cells release 

TNF which recruits neutrophils as well as mobilizes dendritic cells. Macrophages and 

dendritic cells undergo de novo inflammatory signaling initiated by PAMP binding to 

PRRs, which leads to NF-κb activation and production of inflammatory cytokines which 

recruit neutrophils and other immune cells (14, 15).  
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It is worthwhile to mention that the intracellular components of signal 

transduction that leads to production of inflammatory cytokines upon pathogen 

detection often involve the key components for various types of cell death such as 

apoptosis, pyroptosis or necroptosis. Therefore, secretion of inflammatory signals is 

often associated with cell death, especially in macrophages. 

1.5 Targeting of immune cells by bacterial pathogens 

Since the innate immune cells are activated upon direct contact of pathogens, and 

their detection mechanism is conserved, pathogens have evolved mechanisms to resist 

innate defense pathways via diverse strategies First, pathogens can avoid detection by 

immune cells. For example, flagellin is a bacterial globular protein which is the building 

block of bacterial motility structures called flagella. Upon bacterial invasion to host cells, 

flagellin can be detected by the NLR family CARD domain-containing protein 4 

(NLRC4), leading to caspase-1 activation and subsequent inflammatory reactions (16). It 

has been shown that in certain host adapted pathogen such as the enteric bacteria 

Salmonella Typhimurium, the bacteria do not express flagellin in vivo so they can remain 

undetected and ensure intracellular survival and replication (17). Other enteric 

pathogens express flagellin at 30°C but not at 37°C, the body temperature of mammalian 

hosts (17), whereas Y. pestis, the plague-causing bacteria, has permanently lost the 

capacity to express flagellin by mutation (18). Y. pestis also express a tetra-acetylated 

form of lipid A (a component of lipopolysaccharides or LPS, the major PAMP of Gram-
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negative bacteria) which is poorly detected by the corresponding host PRR Toll-like 

receptor 4 (TLR4) compared to the normal hexa-acetylated form of lipid A in most other 

bacteria (19). 

Second, many bacterial pathogens also actively prevent recruitment of innate 

immune cells. For example, Y. pestis employs virulence proteins secreted via a Type III 

secretion system (T3SS) to delay neutrophil recruitment during pneumonic plague (20, 

21). A third mechanism is paralyzing the innate immunocytes. It has been shown that S. 

Typhimurium and Y. pestis paralyze mast cells function by employing a T3SS protein 

which blocks Syk phosphorylation and therefore mast cell degranulation (22). On the 

other hand, several T3SS factors of Yersinia pseudotuberculosis have been shown to block 

phagocytosis by neutrophils (23). Gene expression profiling of Y. pestis in vivo suggest 

that they can generate protective responses to reactive oxygen species such as nitric 

oxide employed by neutrophils (24). 

In addition to avoiding detection or active blocking of immune cell functions, 

various pathogens have also adapted to actively exploit immune cells. Macrophages 

have been demonstrated to be the intracellular niche for pathogens like Mycobacterium 

tuberculosis and Salmonella species. Furthermore, intracellular mycobacteria have been 

shown to use the ESX-1/RD1 virulence locus to promote recruitment of more 

macrophages into granulomas. These macrophages then get infected and travel to 

another site carrying intracellular bacteria, leading to formation of another granuloma 
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(25). Additional exploitation mechanisms involve hijacking immune cells for nutrients. 

For example, inflammation triggered during Salmonella infection can benefit the 

bacteria as they can utilize a respiratory electron acceptor derived from reactive oxygen 

species generated by neutrophils and other inflammatory cells which provides them a 

growth advantage over gut microbiota (26). To summarize, various innate immune cells 

at either barrier sites (skin or mucosa) or secondary checkpoints (such as lymph nodes) 

can be targeted by pathogens for their benefits in numerous distinct ways. 

1.6 Targeting of immune cells for host-directed antibacterial 
therapy 

It is conceivable that if pathogens can target immune cells for their benefits, we 

may also be able to utilize them as targets for immunotherapy, either by blocking the 

pathogen exploitation of host cells or by boosting their innate capacities which would 

overcome any pathogen-mediated blockades. Various forms of immunotherapy 

targeting innate or adaptive immune cells has recently provided dramatic 

breakthroughs against cancer, particularly against tumors that have become resistant to 

conventional chemotherapy (27). In view of this success, there is great interest in 

utilizing immunotherapy against infections. So far, the strategy for immunotherapy 

against infections have focused on cytokines or ligands of pattern recognition receptors 

(PRRs) activating many different immune cell types (2). Prominent examples include 

interferon-γ (IFN-γ) for mycobacterial infection (28), IFN-α for hepatitis C (29) and 

Imiquimod (a TLR7 agonist) for human papillomavirus and molluscum contagiosum 
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(30). Unfortunately, activation of multiple cell types using agents like these often 

resulted in a tradeoff between better clearance of infection versus uncontrolled 

inflammation. Therefore, one of the major conceptual shifts in immune therapy has been 

the pursuit of agents that specifically affect individual cell types. The specific immune 

modulation approach has yet to be fully applied to infection, however. Furthermore, 

which cell type is most effective to target is also an open question; one might expect that 

targeting neutrophils and macrophages would be best for enhancing innate immune 

responses, while targeting cell types that move into draining lymph nodes, such as 

dendritic cells (DCs) and T cells, would be required for enhancing adaptive immunity. 

1.7 Impetus for this work 

Over the ages, the plague has been characterized by its rapid onset and deadly 

outcome within the population (31). However, how Y. pestis, the etiologic agent, evades 

the immune system and achieves such widespread dispersal within the host is not fully 

understood (31-33). Intracellular survival and replication of Y. pestis within host 

phagocytes have been known for decades (34-37). Nonetheless, Y. pestis is considered 

mostly an extracellular blood-borne pathogen (38, 39) since its virulence is linked to its 

resistance to ingestion by circulating phagocytes, a trait ascribed to its capacity to inject 

potent paralyzing effector proteins into host cells (40-43). Bubonic plague, the most 

common form of the disease, is transmitted via bites of infected fleas and characterized 

by hypertrophic lymph nodes (buboes) (31, 44). Recently, we discovered that Y. pestis 
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deposited in the skin displayed a strong predisposition for trafficking within the 

lymphatic system to reach draining lymph nodes (DLNs) which they converted into 

buboes. Interestingly, the trafficking bacteria were largely intracellular while spreading 

from the site of infection to the primary and then to secondary DLNs (45). The 

importance of this infection strategy was evident from the observation that it was 

possible to protect mice against lethal Y. pestis infection merely by treating them with 

drugs that disrupt the signaling circuitry associated with immune cell trafficking within 

DLNs (45). 

However, this capacity to spread within the host while sheltering within immune 

cells is seemingly incongruent with the capacity of Y. pestis to trigger cell death (46), as it 

would disrupt their intracellular niche. Furthermore, since YopJ-mediated death of host 

cells has been linked to enhanced local inflammation, it has been proposed that this 

activity is detrimental to the pathogen (47). Here we sought to investigate how Y. pestis 

coopts innate immune cells to support bacterial spread. In the next chapter, we will 

reveal our surprising discovery that in the tightly packed confines of the buboes, this 

bacteria-triggered cell death is a powerful mechanism for the cooption of mononuclear 

phagocytes by the pathogen for bacterial spread. 

While innate immunocytes are often targeted by pathogens for their benefits, we 

can also target these cells for host-directed therapies. If we enhance the innate immune 

system, or increase its activation, we can reverse the spread of some pathogens. Over the 
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past four decades there has been an explosion of antimicrobial-resistant bacteria 

including the frequent occurrence of so-called ‘superbugs’ (48). Therefore, there is 

growing interest in identifying inducers of innate immunity that can safely be employed 

as an alternative approach to combat infections (49, 50). However, targeting specific 

immune cell types for optimum efficacy is often difficult, as discussed earlier. We have 

previously shown the importance of MCs in the innate immune response to infections 

(51-53), partially through their effect on neutrophils (54). MCs are preferentially found, 

with high concentrations, at tissue interfaces exposed to the external environment, with 

estimated abundances of 7,000 to 12,000 per mm3 in skin placing them in an ideal 

position to be one of the first cells to respond to infection. Furthermore, MCs are 

remarkable for storing large amounts of inflammatory mediators tightly packed within 

distinct intracellular granules which can be released almost immediately upon activation 

(55, 56). Thus, unlike other inflammatory cell types that take hours to de novo synthesize 

and secrete mediators, MCs react within minutes. In the third chapter, we will reveal the 

multifaceted role of mast cells during various stages of bacterial skin infection and how 

these cells can be targeted via a mast-cell specific receptor for host-directed therapy to 

control and prevent infections. 
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Preface to Chapter 2 

 

This chapter is a modified version of the following manuscript published in JCI Insight: 

 

Arifuzzaman M, Ang WXG, Choi HW, Nilles ML, St. John AL, Abraham SN. 

Necroptosis of infiltrated macrophages drives Yersinia pestis dispersal within buboes. JCI 

Insight. 2018 Sep 20;3(18). pii: 122188. PMID: 30232285
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2. Lysis of infected monocytic cells induced by Yersinia 
pestis promotes bacterial dissemination 
2.1 Introduction 

2.1.1 Role of buboes in plague pathogenesis 

Draining lymph nodes (DLNs) are secondary lymphoid organs within which 

resident macrophages and other immune cells constantly survey the lymph for 

pathogens (57). Y. pestis, evade the macrophage-mediated killing program to 

successfully colonize the DLN (37). Seemingly in response to this challenge, a large 

number of phagocytic cells are rapidly recruited into the DLN, resulting in highly 

enlarged nodes or “buboes”. Recently, we showed that chemokines such as CCL2 and 

CCL21 are the primary mediators of the recruitment of mononuclear phagocytes into 

DLNs whereas their subsequent exit from DLNs via efferent lymph vessels is controlled 

by a signaling sphingolipid called sphingosine 1 phosphate (S1P) (45). Since the large 

influx of immune cells into buboes is almost exclusively phagocytic cells, it is 

conceivable that the role of these recently recruited immune cells is to engulf bacteria 

and limit their spread. However, Y. pestis rely on the lymphatic system as a conduit to 

reach a systemic infection (45, 58, 59) and is unique in its ability to rapidly escape  lymph 

nodes, and how this is achieved is still not fully understood. 

Y. pestis infection results in a specific pathology of DLNs, where the normally 

quiescent structures become massively swollen with substantial burden of intra- and 

extracellular bacteria, disrupting the native architecture of the DLN (32). We have 
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previously established that Y. pestis disseminating from buboes enter the lymphatics 

borne within mononuclear phagocytes (45).  Interestingly, we also noticed that these 

infected buboes exhibit a high degree of necrosis, suggesting that a programmed cell 

death may precede the escape of Y. pestis-bearing phagocytes from infected buboes. 

2.1.2 Role of cell death in bacterial infections  

The contribution of programmed cell death to the host’s immune defenses 

during infection can be either beneficial or detrimental depending on the pathogen, the 

cell type and mode of cell death involved. For example, pyroptotic death of S. 

Typhimurium-infected macrophages is beneficial to the host as the accompanying 

inflammation results in vigorous influx of neutrophils which rapidly engulfs the cell 

corpses, killing the entrapped bacteria (60). On the other hand, apoptosis of 

Mycobacterium tuberculosis-infected macrophages, which is associated with little or no 

inflammation appears detrimental to the host. This is because when surrounding 

macrophages engulf bacteria bearing corpses, these host cells become infected as they 

possess limited bactericidal abilities (25). In case of Y. pestis infection, the programmed 

cell death pathway in macrophages are triggered by a bacterial factor, Yersinia outer 

protein J (YopJ), an acetyl transferase produced by Y. pestis and related Yersinia species 

(46, 61, 62). The host molecular components of this programmed cell death include 

caspase 8 and receptor-interacting protein kinase 1 (RIPK1) (47) which are key molecules 

involved in apoptotic and necroptotic cell death pathways. For Y. pestis, the role of YopJ 
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as a virulence factor is less clear. It has been shown to inhibit innate immune signaling 

such as NF-κb activation and TNF secretion, and to induce apoptosis of immune cells.  

Additionally, it has also been reported to activate inflammosomes, which are powerful 

recruiters of pathogen-clearing immune cells (62, 63). Since Y. pestis target and trigger 

death of phagocytic immune cells, especially monocytes and macrophages, we 

hypothesize that a highly effective pathogen such as Y. pestis might have successfully co-

evolved with the host to encode virulence factors that are beneficial for the bacteria; and 

studying the characteristics of Y. pestis-triggered cell death might reveal how it impacts 

the pathogen and the host.  

Apoptosis has been considered as the primary mode of programmed cell death 

until recent expansion of our understanding of various non-apoptotic programmed cell 

death (64). Necroptosis, a form of regulated necrosis has been shown to be induced by 

various PAMPs (pathogen-associated molecular pattern) but also negatively regulated 

by prosurvival factors at various steps of the signaling pathway (65). Interestingly, the 

necroptotic pathway is tightly linked with apoptosis and therefore a given death 

stimulus may lead to either form of cell death and inhibition of one form may lead to 

activation of the other (65-67), blurring interpretation of cell death programs involved. 

However, the recent discoveries of the necrosome as an integral necroptosis-inducing 

signaling complex and the pore-forming protein MLKL (mixed lineage kinase domain–
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like) as the executor of necroptosis, have now provided specific molecular markers to 

pinpoint necroptosis (68, 69). 

Here, we describe that YopJ-triggered necroptosis is consequential to the spread 

and escape of Y. pestis from buboes. Targeting immune cells and triggering their death is 

a way to not merely suppress antimicrobial activities, but also systematically expand 

intracellular infection. Unlike non-bubo forming infections by other Yersinia species, 

when this pathway is triggered in Y. pestis-infected buboes, it has the effect of allowing 

bacterial release from monocytic cells (monocytes/macrophages) and massively 

amplifying the numbers of bacteria within buboes and their potential to infect new 

cellular targets. Furthermore, we identified that the signaling program induced by Y. 

pestis within dying cells involves sphingosine 1-phosphate (S1P) production, which 

brings new uninfected cellular targets proximal to the necroptotic host cells, further 

augmenting infection. This novel mechanism of bacterial spread explains how Y. pestis 

exploits the host immune response that is generated in the lymph node to achieve 

successful infection. 
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2.2 Methods  

2.2.1 Animals 

Six- to eight-week old C57BL/6J mice were purchased from Jackson Laboratory. 

The Cx3cr1-Cre mice (Jackson stock no. 025524) and S1pr1loxp mice (Jackson stock no. 

019141) were purchased from Jackson laboratory and then bred in the Duke University 

Vivarium to generate Cx3cr1-Cre S1pr1fl/fl mice (45). Ripk1D138N/D138N mice were provided 

by Vishva M. Dixit, Genentech, San Francisco. All animal studies were carried out at 

Duke University and approved by the Duke University Institutional Animal Care and 

Use Committee. 

2.2.2 Bacterial strains and culture conditions 

The Kim5 strain was selected for this study and regarded as wild type as its 

growth rate was slow, due to the absence of a pigmentation (pgm) locus associated with 

iron acquisition, allowing for a slower and more tractable progression of pathogenesis 

(70). The Kim5-OFP strain was generated previously (45) and ∆yopJ, ∆yopJ pYopJ and 

∆yopJ-OFP strains in Kim5 background were generated in this study. 

2.2.3 Antibodies and reagents 

For western blot, immunofluorescence staining or flow cytometry, the following 

antibodies were used: Rabbit anti-RIPK1 (Call Signaling 3493), Rabbit anti-RIPK3 (Call 

Signaling 15828), Rabbit anti-Caspase-8 (Call Signaling 4927), Rabbit anti- MLKL (Call 

Signaling 37705), Rabbit anti-phospho-MLKL (Ser345) (Call Signaling 62233), Rabbit 
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anti- FLIPS/L (Santa Cruz 8347), Mouse anti-β-actin (Sigma A5441), Rabbit anti-SphK1 

(Abcam 71700), Goat anti-rabbit IgG-HRP (Bio-Rad 170-6515), Goat anti-mouse IgG-HRP 

(Bio-Rad 170-6516), Donkey anti-rabbit IgG-FITC (Jackson 711-095-152), Anti-CD45 

APC/Cy7 (Biolegend 103115), Anti-CD11b-PE (eBioscience 12-0112-81), Anti-CD11b-

APC (eBioscience 17-0112-81), Anti-CD11b-PerCP-Cy5.5 (BD 561114), Anti-F4/80-FITC 

(eBioscience 11-4801-82), Anti-Ly-6C-AF700 (clone AL-21) (BD 561237), Anti-Ly-6G-PE 

(clone 1A8) (BD 561104), Anti-Ly-6G and Ly-6C-PerCP Cy5.5 (clone RB6-8C5) (BD 

552093), Anti-CD3-APC (eBioscience 17-0032-82), Anti-B220-FITC (eBioscience 11-0452-

85). Other reagents include Phalloidin-AF647 (Life Technologies A22287), SYTO9 green 

fluorescent nucleic acid stain (Life Technologies S34854), Propidium iodide (Life 

Technologies P21493), LIVE/DEAD fixable green dead cell stain kit (Life Technologies 

L23101), Zombie Violet fixable viability kit (Biolegend 423113), CytoTox 96 non-

radioactive cytotoxicity assay kit (Promega G1780), Necrostatin-1 (Abcam 141053), Nec-

1s (7-Cl-O-Nec-1) (Millipore 5.04297.0001), SAHA (Sigma SML0061). 

2.2.4 Bacterial and cell cultures 

All cultures of Y. pestis strains were grown in brain heart infusion (BHI) broth 

(Beckton Dickinson, BD) under shaking conditions. To mimic the infectious state of 

bacteria that are regurgitated by fleas into the host, cultures were grown at 25°C (room 

temperature, RT) for 48–72 hours. The monocyte/macrophage cell line J774A.1 (ATCC 

TIB-67) was cultured in DMEM containing glucose, glutamine and sodium pyruvate 
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(Life Technologies) and 10% fetal bovine serum (FBS, HyClone) and incubated at 37°C 

with 5% CO2 and humidification. Bone marrow derived macrophages (BMDMs) from 

WT or Ripk1D138N/D138N mice were cultured in RPMI 1640 (Life Technologies) 

supplemented with glutamine, 10% FBS and M-CSF (Biolegend) following standard 

protocol (71). 

2.2.5 In vitro infections 

Macrophages (J774.A1 or BMDM) were infected with bacteria in DMEM at a 

multiplicity of infection (MOI) of 10. Culture plates were centrifuged at 55 × g for 2 min 

to settle down the bacteria and then incubated at 37°C. Two hours post infection, cells 

were washed and treated with 10 µg/ml gentamicin (Life Technologies) for an hour, 

washed again and concentration of gentamicin was reduced to 2 µg/ml. A higher 

concentration of gentamicin (50 µg/ml) was used to treat infected cells when they were 

harvested to transfer into wells containing uninfected cells for cell-to-cell spread 

experiments. 

2.2.6 Animal infections 

For mouse infections, 105 CFUs of bacteria in a 20 µl volume of sterile PBS were 

injected intradermally into a single rear footpad. For survival curves, 2 x 105 CFUs of 

log-phase bacteria were used and infected animals were monitored every 24 hours for 

death or humane endpoints (interference with a vital physiological function such as 
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respiration, mastication, swallowing, urination, defecation or locomotion, hunched 

abnormal posture > 48 hours, self-mutilation etc.). 

2.2.7 CFU determination 

To determine CFU in organs, infected mice were euthanized at the noted time 

points after infection and organs were harvested. Organs were then homogenized in 

sterile water using zirconia silica beads for 2 cycles of 60 sec each using an automatic 

homogenizer. Homogenates were serially diluted on BHI plates and the colonies were 

counted after 48-72 hours incubation at RT. CFU in blood were determined by collecting 

peripheral blood at indicated time points and plating on BHI plates upon dilution in 

PBS. The limit of detection was 5 CFU. To determine intracellular CFUs, infected cells 

were treated with 10 or 50 µg/ml gentamicin for an hour, washed with PBS and lysed by 

incubation with sterile water for 10 min. The lysates were then diluted and plated on 

BHI agar to count CFU. 

2.2.8 Flow cytometry 

Lymph nodes were isolated from mice at the time points indicated, minced in 

DMEM containing 10% FBS and 100 U/ml of Collagenase A (Sigma), and incubated for 

30 min. Single cell suspensions were produced by straining the disrupted lymph nodes 

through a 70 µm cell straining filter (BD Biosciences). Cells were then washed in PBS 

with 10 mM EDTA and 1% BSA, blocked with rat/mouse normal serums and Fc receptor 

block (eBioscience) and stained with fluorochrome-tagged antibodies. Number of cells 



 

20 

was counted using a hemacytometer. Dead cells were detected using LIVE/DEAD 

fixable Green dead cell stain kit or Zombie Violet fixable viability kit. Uninfected cells 

and cells stained with a single antibody were used as compensation controls. Stained 

cells were analyzed by BD FACSCalibur or FACSCanto IIs flow cytometer and FlowJo 

software version 10.1. 

2.2.9 Immunofluorescence microscopy 

For tissue sectioning, isolated tissues were flash frozen in optimal cutting 

temperature (OCT) compound (TissueTek), then sectioned (12 µm) on a microtome-

cryostat. For propidium iodide staining, tissue sections on slides were stained for 1 

minute with 1:10000 dilution of propidium iodide, followed by washing with PBS and 

mounting. For all immunostaining, tissue sections were fixed with acetone for 15 min at 

4°C. Tissue sections were rehydrated in PBS and blocked with 1% BSA in PBS for 20 

min, followed by staining with antibodies, as indicated in the figure legends. A Nikon 

ECLIPSE TE200 confocal microscope was used to capture immunofluorescent images. 

To image J774A.1 macrophages, cells were grown on glass coverslips and 

infected with OFP-labeled bacteria (MOI 10) for 30 min and then treated with 

gentamicin for an hour, as described previously. Cells were fixed 6 hours post infection 

with 4% PFA, blocked and permeabilized with 1% gelatin and 0.5% saponin in PBS and 

incubated overnight with anti-SphK1 polyclonal antibody. The cells were then stained 

with anti-rabbit-FITC and Phalloidin-AF647 to detect SphK1 and actin (background 
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staining), respectively and mounted on a glass slide using Prolong Gold (Life 

Technologies). 

2.2.10 Time-lapse microscopy 

For in vitro live imaging, J774A.1 cells were grown on chambered #1.0 

borosillicate coverglass system (Lab-Tek, Nunc). Additional cells were grown on 24-well 

plates and infected with OFP-labeled bacteria. To follow cell death, cells were pre-

labeled with SYTO9 green fluorescent nucleic acid stain prior to infection with unlabeled 

Kim5 bacteria. After gentamicin treatment for an hour and washing, infected cells were 

harvested and transferred into Lab-Tek chambers pre-seeded with uninfected cells. The 

chambers were then placed in the live cell station and maintained at 37°C and 5% CO2 

with humidification. Propidium iodide was applied to the culture medium to visualize 

cell death. Zeiss Axio Observer microscope with Metamorph software was used to 

capture live moments. 

2.2.11 Real time quantitative PCR 

RNA was purified from cells using the RNeasy Mini Kit (Qiagen), cDNA was 

synthesized using the iScript cDNA Synthesis kit (BioRad) and real time PCR was 

performed using SYBR Green and the StepOnePlus™ Real-Time PCR System (Applied 

Biosystems), with normalization to actin expression. Primers were obtained from 

Integrated DNA Technologies for β-actin: 5’ – TGA GAG GGA AAT CGT GCG TGA 

CAT, 5’ – ACC GCT CAT TGA CGA TAG TGA TGA; FLIP: 5’ –GGC TTC GCT CCC 
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AAA ATT GAG T, 5’ –TTG GCT CTT TAC TTC GCC CA; SphK1: 5’ – CCT GCT CAT 

CAA CTG CAC AC, 5’ – AGG TCC ACG TCA GCA ACA AA; SphK2: 5’ – GTC CCT 

CAA TGG TGG TGG T, 5’ – AGC TGT TTT GAG AGC GTT GG. 

2.2.12 Cell death assay 

Lactose dehydrogenase (LDH) release from 2 x 104 cells was determined using 

the CytoTox 96® Non-Radioactive Cytotoxicity Assay kit according to manufacturer’s 

protocol. The spontaneous LDH release by cells incubated with media alone was 

subtracted from other data. 

2.2.13 Necrostatin treatment 

For in vitro studies, cells were pre-incubated 2 hours prior to infection and 

maintained during infection with 30 µM Necrostatin-1 (Nec-1). For in vivo studies, mice 

were treated with a metabolically stable analog of Nec-1 with improved specificity (Nec-

1s) (72). Mice were treated with 2 mg/kg Nec-1s or vehicle (6% 2-Hydroxypropyl-β-

cyclodextrin in PBS), distributed into footpad and intraperitoneal (i.p.) injections 15 min 

before bacterial infection. Additional doses were given at 6, 12, 24, 48 and 72 h.p.i. (i.p. 

only). 

2.2.14 Trans-well assay 

Upon bacterial infection for 2 hours and gentamicin treatment (20 µg/ml for 1 

hour), J774.A1 cells in a 24-well plate (Falcon) were maintained in serum-free migration 

buffer (DMEM with 0.1% BSA) and low concentration of gentamicin (2 µg/ml). A cell 
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culture insert with 8 µm pore size filter (Falcon) was seeded with uninfected J774A.1 

cells in serum-free migration buffer and placed on the well containing infected cells. 

After 14 hours incubation at 37°C, the cells remaining in the upper chambers were 

removed with a cotton tip applicator. Migrated cells attaching to the lower surface of the 

filters were fixed with 75% ethanol for 10 min, allowed to dry and then stained with 

0.2% crystal violet for 10 min. The filters were then removed from cell culture inserts, 

placed on a glass slide and mounted with a coverslip. The number of cells migrated 

across the filter was counted under microscope using ImageJ software (73). 

2.2.15 YopJ complementation 

YopJ was amplified from Kim5 strain by PCR using primers 5’ – CGC GAA TTC 

GAT GAT CGG ACC AAT ATC ACA AAT AA and 5’ – CCC CTC GAG TTA TAC TTT 

GAG AAG TGT TTT ATA T, inserted into a low copy expression plasmid pWSK29 (74) 

which was then electroporated into electrocompetent ∆yopJ bacteria. Colonies were 

screened by PCR using pWSK29-specific flanking region primers 5’ – GTC ACG ACG 

TTG TAA AAC GAC GGC CAG and 5’ – GTG GAA TTG TGA GCG GAT AAC AAT 

TTC and confirmed by sequencing using M13 primers (5’ – GTA AAA CGA CGG CCA 

GT and 5’ – CAG GAA ACA GCT ATG AC). 

2.2.16 Statistics 

Statistical significance was determined by unpaired two-tailed Student’s t tests 

where only two groups existed, or by one-way ANOVA with Tukey’s post test, as 
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appropriate. Significance for Kaplan-Meier curves was determined by the log-rank test. 

Differences between groups were considered significant at p < 0.05. All error bars 

indicate SEM. *p < 0.05, **p <0.01, ***p<0.001. ns, not significant. Analyses were 

performed using GraphPad Prism 5.0 and Microsoft Excel 2010 software. 
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2.3 Results 

2.3.1 YopJ is critical for dispersal of Y. pestis through buboes. 

To address the question of whether YopJ influences bacterial dissemination 

through buboes, we undertook a mouse challenge study where the pathogen was 

inoculated into rear footpads to mimic the natural intradermal route of infection. This 

site is drained by a single lymph node, the popliteal node (PN), which in turn is drained 

by the iliac nodes (INs) (Figure 1). 

 

Figure 1: The footpad infection model. Bacteria injected in a rear footpad encounter a 
single sentinel draining node (popliteal node, PN) before reaching secondary nodes (iliac nodes, 
INs) and beyond. 

We initially confirmed that footpad infection of mice with Y. pestis led to bubo 

formation and infection of the node, followed by septicemia, consistent with prior 

studies (32, 45). As shown in Figure 2A, formation of bubo, characterized by massive 

influx of CD11b+ leukocytes in the DLN, was observed as early as 6 hours post infection 

(h.p.i.); and by 24 hours, the normal architecture of lymph nodes (distinct B cell and T 
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cell zones) were destroyed. While bacterial burden in buboes was high by 24 hours, no 

bacteria could be detected in blood until 48 hours (Figure 2B). 

 

Figure 2: Bubo formation and septicemia. (A) PN tissue sections harvested from 
mice injected in footpad with saline, Kim5 or ∆yopJ bacteria; and stained for B cells 
(B220, green), T cells (CD3, blue) and CD11b+ cells (red); scale bar, 200 µm. (B) Count of 
viable bacteria from PNs and blood at indicated time points post footpad infection (n = 
3-4). (C) Survival of mice challenged with bacteria instilled into a single rear footpad. 
Data are combined from two independent experiments, n = 9-10. 

When we instilled a lethal dose of wild type (WT) Y. pestis Kim5 strain or a 

comparable bacterial dose of the isogenic ∆yopJ mutant, most of the Kim5-infected mice 

died by day 7 whereas all mice infected with ∆yopJ strain survived (Figure 2C). The 

survival rate of mice infected with a ∆yopJ strain complemented with yopJ encoded in a 
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low-copy expression vector was comparable to that of mice infected with the WT Kim5 

strain (Figure 2C), confirming that YopJ is a potent virulence factor promoting the 

pathogenesis of Y. pestis. 

2.3.2 The primary DLNs is a critical checkpoint for YopJ-dependent 
dissemination 

To examine if the YopJ-mediated lethality coincided with enhanced bacterial 

dissemination, we compared bacterial numbers in the blood 48 hours post infection 

(h.p.i.), which is when bacterial infection becomes systemic (Figure 2B). We found that 

the numbers of ∆yopJ mutant bacteria were significantly lower than Kim5 bacteria in the 

blood (Figure 3A). A similar difference in bacterial numbers was also observed in the 

spleen 72 h.p.i. (Figure 3B) suggesting that YopJ promotes bacterial dissemination. Next, 

we compared bacterial numbers in the PNs and INs, the primary and secondary lymph 

nodes encountered early in the infectious process, respectively. We found that by 24 

h.p.i., both Kim5 and ∆yopJ bacteria induced the formation of large buboes (Figure 3C). 

Consistent with our data from spleen and blood, we observed a significant difference 

between Kim5 and ∆yopJ bacteria in the INs (Figure 3D) but remarkably; we did not 

observe any such difference between the two strains in the PNs (Figure 3E). This 

suggested that Y. pestis lacking YopJ have no defects in survival and entry into the 

lymphatic system, but subsequent stages of infection within or beyond the primary 

lymph node are affected. 
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Figure 3: Bacterial burden at various sites. (A) Bacterial numbers (CFU) in the 
blood, 48 h post footpad infection with Kim5 or ∆yopJ strain (n = 5). (B) Bacterial 
numbers in spleen, 72 h.p.i. (hours post infection) (n = 8-9). (C) Weight of the PNs 
harvested 24 h.p.i. (n = 7-10). (D and E) Bacterial numbers in (D) iliac nodes (INs) and (E) 
popliteal nodes (PNs), 24 h.p.i. (n = 5-7). Data are representative of three independent 
experiments. 

To investigate bacterial distribution and compartmentalization within nodes 

further, we infected mice with OFP (orange fluorescent protein)-labeled bacteria and 

then examined cross-sections of the primary PN 24 h.p.i. for the bacilli. Knowing that 

phagocytic cells, particularly of the monocyte/macrophage lineages, are the primary 

targets for Y. pestis infection and that they aid in the trafficking of bacteria between 

nodes, we examined whether Y. pestis could infect those cells efficiently in the absence of 

YopJ. Surprisingly, although both Kim5 and ∆yopJ strains appeared to be within CD11b+ 

phagocytic cells, ∆yopJ bacteria were found to be restricted in large pockets that were 
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relatively few in number. In contrast, Kim5 Y. pestis appeared well dispersed throughout 

the node (Figure 4A), suggesting YopJ is important for bacterial spread within a 

bubo.

 

Figure 4: Bacterial distribution in primary buboes. (A) Immunofluorescence 
staining of PN cross-sections 24 h after footpad infection with OFP-labeled Kim5 or 
∆yopJ bacteria. The images are representative of two independent experiments, Scale bar, 
25 µm. (B) Quantification of OFP+ cells in PNs 24 h.p.i by flow cytometry. Data are 
combined from two independent experiments, each with 4 mice per group. 

 Indeed, flow cytometry of single cell suspensions from PNs confirmed that the 

numbers of bacteria-harboring cells in Kim5-infected buboes were significantly higher 

than in ∆yopJ-infected buboes (Figure 4B), even though the total numbers of bacteria in 

Kim5 and ∆yopJ infected PNs were comparable (Figure 3E). These data show that YopJ is 

a potent virulence factor that promotes bacterial dissemination in the primary DLN. 
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2.3.3 YopJ triggers release of intracellular bacteria 

Since we noted significantly higher numbers of Kim5-bearing macrophages 

compared to the ∆yopJ-bearing macrophages within the PNs (Figure 4), we hypothesized 

that YopJ-dependent cell death initiated bacterial spread within the DLN. 

 

Figure 5: Monocytes/macrophages are major targets of Y. pestis in buboes. (A) 
Flow cytometry gating strategy. Ly-6GChi cells detected by an anti-Ly-6G and Ly-6C 
antibody (Clone RB6-8C5) were defined as neutrophils (further verified as Ly6Ghi using 
anti-Ly-6G antibody clone 1A8, data not shown) and Ly-6GClo cells as monocytes 
(further verified as Ly6Chi using anti-Ly-6C antibody clone AL-21, data not shown). 
‘Others’ indicate residual CD11b+ cells, which include mostly NK cells and dendritic 
cells, were not subtyped in these samples. (B) Mean percentage of major phagocytic cell 
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types as a proportion of total CD11b+ cells in PNs 24 h.p.i. with Y. pestis Kim5 (n = 9). (C) 
Mean percentage of CD11b+ cells as a proportion of total OFP+ cells in PNs (n = 4). (D) 
Mean percentage of major phagocytic cell types as a proportion of total OFP+ cells in PNs 
(n = 4). 

When phenotyped by flow cytometry, we observed that major phagocytic cells 

infiltrated into buboes at 24 h.p.i. were macrophages, monocytes and neutrophils 

(Figure 5, A-B), consistent with previous reports (32, 45). We also observed that 

monocytes and macrophages were the major targets of Y. pestis in buboes (Figure 5, C-

D). Based on the role of monocytes and macrophages in Y. pestis trafficking between 

nodes (45) and our observations here, we utilized J774A.1 cells, which display similar 

phenotype to the target cell population in buboes, as an in vitro model system to test 

whether YopJ-dependent cell death could trigger bacterial release from cells. Cells were 

infected with OFP-labeled Y. pestis at an MOI of 10:1, exposed to gentamycin to kill 

extracellular bacteria and transferred onto a monolayer of uninfected macrophages at a 

ratio of 1:10 (infected: uninfected). The dissemination of infection was then tracked by 

time-lapse fluorescence microscopy. Upon addition of Kim5-OFP-infected cells onto 

uninfected cells, we observed exteriorization of bacteria from the infected cells followed 

by infection of multiple neighboring cells (Figure 6A, top panels). In contrast, addition of 

cells bearing ∆yopJ-OFP bacteria did not result in infection of neighboring cells (Figure 

6A, bottom panels). Indeed, these ∆yopJ-OFP bacteria could not escape their host cell, 

even though they multiplied intracellularly at similar rate to Kim5-OFP (Figure 6B). 

These data suggest a contribution of YopJ to bacterial escape from infected 
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macrophages. 

 

Figure 6: YopJ-triggered macrophage death promotes infection of neighboring 
cells. (A) Time-lapse images showing intracellular OFP+ bacteria (red) and their release 
from J774A.1 macrophages (magnification 200x). Time 00:00 (hh:mm) indicates 4 h post 
initial infection. (B) Number of intracellular bacteria per well at 1.5 h and 4 h post 
infection of 2 x 104 J774A.1 cells for 30 min (n = 3). Input indicates CFU count at 0 min 
from the bacterial suspension added to each well. 

2.3.4 Y. pestis-induced cell death promotes infection of neighboring 
cells 

If Y. pestis were to exploit macrophages as a reservoir followed by a burst of 

bacterial release due to cell death, we expect a close association between cytolysis and 

bacterial exteriorization. To visualize cytolysis during infection, we labeled 

macrophages with a green fluorescent dye and infected them with Kim5 bacteria 

followed by gentamycin treatment to kill extracellular bacteria. These labeled and 
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infected macrophages were then placed on a monolayer of unlabeled and uninfected 

macrophages. Propidium iodide was added to the extracellular medium so that cells 

losing membrane integrity could be readily visualized by time-lapse microscopy. 

 

Figure 7: Cell death promoting infection of neighboring cells. (A) Cytolysis 
visualized by the entry of propidium iodide (red) into J774A.1 macrophages 
(magnification 200x). Time 00:00 (hh:mm) indicates 4 h post initial infection. The arrow 
in each panel indicates the initially infected cell. Ratio of infected:uninfected cells = 1:10. 
(B) Percent cell lysis representing death of initially and newly infected cells combined at 
various time points post initial infection. Ratio of initially infected:uninfected cells = 1:10. 
Data are represented as the mean of duplicate for each time point. (C and D) Total OFP+ 
cells (C) and bacterial count (D) in PNs 9 h after footpad injection with J774.1A cells 
bearing Kim5-OFP or ∆yopJ-OFP (n = 3). 

We observed that lysis of an originally infected macrophage was followed 

sequentially by lysis of neighboring macrophages (Figure 7A). Since YopJ is a type III 

secretion protein which triggers cell death only upon it’s active injection by bacteria into 
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host cytosol (42), the lysis of neighboring macrophages must had been preceded by their 

infection by live bacteria released from the originally infected cell. We also incubated 

Kim5-infected cells with uninfected cells and quantitated the rate of cell lysis over a 20-

hour period by LDH assay. We detected lysis of only 10% of total cells by 12 hours, 

which presumably were the originally infected cells, however, the remaining cells lost 

their viability by 20 hours (Figure 7B). As expected, no detectable cell death was 

observed during a similar experiment with ∆yopJ bacteria (Figure 7B). These 

observations indicate that the lysis of the primary infected cell allows infection of 

neighboring cells which are also lysed subsequently after uptake of bacteria. 

Finally, to demonstrate cell-to-cell bacterial spread in vivo, we infected 10,000 

J774A.1 cells with either OFP-labeled Kim5 or mutant bacteria and then injected these 

cells into the mouse footpad. We observed significantly higher numbers of infected cells 

after 9 hours in the PNs of mice injected with Kim5-infected macrophages compared to 

mice injected with ∆yopJ-infected macrophages (Figure 7C) but total number of viable 

bacteria was still comparable (Figure 7D). Altogether our data show that the initial burst 

of bacteria in the primary DLN is due to death of infected macrophages, which results in 

the spread of Y. pestis within DLN. Mechanistically this occurs through the Y. pestis 

virulence factor YopJ. 
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2.3.5 YopJ mediates early necrosis but not inflammation in buboes  

Having identified that monocyte/macrophage lysis is a key step in Y. pestis 

reaching new cellular targets within DLNs, we questioned whether reduced cell death 

would be observed in ∆yopJ-infected DLNs. 

 

Figure 8: YopJ-dependent cell death in popliteal lymph nodes. (A) 
Representative images showing degree of necrosis in PNs revealed by propidium iodide 
staining 24 hours post infection with Kim5 or ∆yopJ strains (n = 2); scale bar 100 µm. (B) 
Percentage of various cell types as a proportion of total dead cells in single cell 
suspensions prepared from PNs 24 hours post footpad infection with Kim5 bacteria. (C) 
Quantification of dead cells in the PNs by flow cytometry (n = 3-4). Data are 
representative of two independent experiments. 

Even as early as 24 h.p.i., distinct signs of cell death in Kim5-infected PNs could 

be observed after propidium iodide staining to visualize dead cells, but this was 
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strikingly reduced in ∆yopJ-infected nodes (Figure 8A). Dead cells were quantified in 

single cell preparations from each of the nodes by flow cytometry, which identified 

majority of the dead cells as monocyte/macrophages (Figure 8B) and supported a 

significant reduction in dead cells in ∆yopJ-infected compared to Kim5-infected PNs 

(Figure 8C). 

 

Figure 9: Cellular infiltration in popliteal lymph nodes. (A and B) Total 
number of cells (A) and percentage of CD11b+ cells (B) in PNs, 24 h.p.i. (n = 7-9). (C) 
Mean percentage of major phagocytic cell types as a proportion of total CD11b+ cells in 
PNs 24 h.p.i. with ∆yopJ strain (n = 9). 

Interestingly, in spite of the cell death occurring in Kim5 Y. pestis-infected PNs, 

their cellularity remained comparable to that observed in ∆yopJ mutant-infected PNs 
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(Figure 9, A-B). There was also no appreciable difference in the infiltrated phagocytic 

cell subtypes between Kim5 and ∆yopJ mutant-infected PNs (Figures 5D and 9C). These 

results support the association of cell death in vivo with YopJ-induced virulence. 

2.3.6 Virulence of YopJ depends on RIPK1-dependent cell death 

Since deficiency of receptor-interacting protein kinase 1 (RIPK1) has previously 

been shown to protect against Y. pestis-induced cell death (47), we investigated whether 

RIPK1 is involved in YopJ-dependent pathogenesis. RIPK1 has a kinase-independent 

scaffolding activity critical for neonatal development, therefore, RIPK1 deficiency is 

perinatally lethal (75). However, viable knock-in mice have been described which 

express a kinase-inactive mutant RIPK1 (Ripk1D138N/D138N) that is unable to execute cell 

death (66). If the YopJ-dependent cell death involves RIPK1, macrophages from 

Ripk1D138N/D138N mice should resist death when infected by Kim5 Y. pestis. Shown in Figure 

10A is the viability of bone-marrow derived macrophages (BMDMs) from wild type 

(WT) and mutant Ripk1D138N/D138N mice following infection with Kim5 or ∆yopJ Y. pestis.  

Although the WT and mutant macrophages were comparably infected (Figure 10B), 

Ripk1D138N/D138N BMDMs were resistant to Y. pestis-induced cell death (Figure 10A), 

confirming that Y. pestis YopJ-triggered cell death is dependent on RIPK1 kinase activity. 
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Figure 10: YopJ-triggered cell death in WT and RIPK1 mutant macrophages. 
(A) Lysis of BMDMs isolated from WT or RipK1D138N/D138N mice following in vitro infection 
with Kim5 or ∆yopJ (MOI 10). Data are representative of three independent experiments. 
(B) Number of intracellular bacteria per well as determined by CFU counts. 2 x 104 
BMDMs from WT or Ripk1D138N/D138N mice were infected with bacteria at MOI 10 for 2 
hours, treated with gentamicin for an hour, then washed, lysed and plated (n = 3). 

Upon confirming in vitro that YopJ-triggered cell death requires RIPK1 kinase 

activity, we reasoned that if YopJ-triggered cell death promoted lymphatic 

dissemination of Y. pestis, bacterial dissemination from popliteal nodes to iliac nodes 

should be compromised in Ripk1D138N/D138N mice. Indeed, we observed that bacterial 

numbers in INs relative to that in respective PNs were much lower in Ripk1D138N/D138N 

mice compared to that of WT mice (Figure 11A) suggesting that RIPK1-dependent cell 

death is important for the amplification of infection within primary DLNs, leading to 

increased spread of bacteria from the primary DLN to the secondary DLNs. 

Consequently, compared to WT mice, Ripk1D138N/D138N mice were significantly resistant to 
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lethal Kim5 Y. pestis challenge (Figure 11B). It is noteworthy that Ripk1D138N/D138N mice had 

normal sized PNs and the size of buboes formed following Kim5 Y. pestis infection was 

also comparable to that seen with WT mice (Figures 11C and 3C), indicating that there 

was no intrinsic defect in the recruitment of immune cells in mutant mice and that 

RIPK1 kinase activity does not substantially influence cellular recruitment into Y. pestis-

infected DLNs. 

 

Figure 11: Virulence of YopJ depends on RIPK1-mediated programed cell 
death. (A) Bacterial counts in INs relative to bacterial counts in PNs 24 hours post 
footpad infection (n = 3). (B) Survival of WT and RipK1D138N/D138N mice following footpad 
challenge with Kim5 bacteria. Data are combined from two independent experiments, 
each with 5-6 mice per group. (C) PN weights of Ripk1D138N/D138N mice 24 hours post 
footpad injection with saline or Kim5 bacteria (n = 9-10). 
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2.3.7 RIPK1 inhibitors protect from lethal infection 

Since RIPK1-depdendent cell death is preventable by necrostatin-1 (Nec-1), an 

inhibitor of RIPK1 kinase activity (76), we investigated if this inhibitory agent could also 

block Y. pestis YopJ-triggered death of infected macrophages in vitro. We observed that 

Nec-1 was a potent inhibitor of Y. pestis-induced death of J774A.1 macrophages (Figure 

12A). Nec-1 itself neither had any direct bactericidal effects nor affected bacterial 

invasion (Figure 12, B-C). Furthermore, when Y. pestis-infected macrophages were 

incubated together with uninfected macrophages, Nec-1 inhibited cell-to-cell bacterial 

spread (Figure 12D). 
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Figure 12: RIPK1 inhibitor prevents cell-to-cell spread of Y. pestis. (A) Lysis of 
J774A.1 macrophages at 8 h.p.i. during Kim5 or ∆yopJ infections in the presence or 
absence of Necrostatin-1 (Nec-1, 30 µM) (n = 3). (B) Number of viable bacteria per well 
determined by agar plating. 2 x 105 bacteria were incubated for 2 hours with media alone 
or media containing Nec-1 and then plated for CFU count Number of viable bacteria per 
well determined by agar plating. 2 x 105 bacteria were incubated for 2 hours with media 
alone or media containing Nec-1 and then plated for CFU count (n = 3). (C) Number of 
intracellular bacteria per well. 2 x 105 macrophages were pre-incubated with or without 
Nec-1 for 2 hours, infected with bacteria (MOI 10) for 30 min and treated with 
gentamicin for an hour in presence or absence of Nec-1, then washed, lysed and plated 
for CFU count (n = 2-3). (D) Flow cytometry plots and percentage graph showing 
infection of neighboring macrophages from Kim5-OFP or ∆yopJ-OFP infected 
macrophages in the presence or absence of Nec-1, 10 hours post initial infection (n = 3). 
Data are representative of two independent experiments. 
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Figure 13: RIPK1 inhibitors protect from lethal. (A) Number of viable bacteria 
per well determined by agar plating. 105 bacteria were incubated for 24 h with media 
alone or media containing indicated amount of Nec-1s and then plated for CFU count (n 
= 3). (B) Survival of Kim5-infected mice with or without Nec-1s treatment. Data are 
combined from two independent experiments, n = 5 in each experiment. 

We, therefore, employed Nec-1s, a metabolically stable variant of this agent 

which also did not have any direct antibacterial activity (Figure 13A), to demonstrate the 

importance of YopJ-triggered cell death in the pathogenesis of Y. pestis. We found that 

treatment of mice with Nec-1s was sufficient to significantly protect these animals from 

lethal Y. pestis infection (Figure 13B). Taken together, YopJ triggered a RIPK1-

depdendent cell death program within buboes that was essential for the virulence of Y. 

pestis. Furthermore, RIPK1 is a therapeutic target for limiting Y. pestis dissemination. 

2.3.8 Y. pestis-triggered cell death involves necroptosis 

Programmed cell death can be defined as apoptosis, autosis or various types of 

regulated necrosis such as pyroptosis and necroptosis, each triggered by distinct but 

often interconnected signaling programs (65). Having established the importance of Y. 
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pestis-induced cell death to bacterial dissemination in vivo, we sought to further 

characterize the type of cell death that was induced. While RIPK1-mediated cell death 

programs can result in either apoptosis or necroptosis (65), our finding that bacterial 

exteriorization occurs from dying macrophages (Figure 6A) strongly suggests 

necroptotic mode of cell death. In contrast to apoptosis where the cellular membrane is 

intact, necroptosis results in membrane disruption (77), which would allow bacteria to 

be released extracellularly. To validate if YopJ triggers macrophage necroptosis through 

a RIPK1-dependent mechanism, we performed immunoprecipitation studies on BMDMs 

from WT or RIPK1-inactive mutant (Ripk1D138N/D138N) mice. Necroptosis is initiated when 

RIPK1, upon its interaction with caspase-8, becomes bound to RIPK3 to form a high 

molecular weight detergent-insoluble complex called necrosome (64, 68). 
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Figure 14: YopJ-triggered cell death is necroptotic. (A) RIPK1 
immunoprecipitated from WT (B6) or RIPK1 mutant (D138N) BMDMs 3 h.p.i. and the 
presence of RIPK1, Caspase-8, RIPK3 and FLIP detected by immunoblotting. Total 
lysates were also assayed for these proteins and β-actin. p30 and p20 indicate cleavage 
products of corresponding proteins. (B) Immunoblot analysis of lysates prepared from 
Kim5-infected BMDMs at indicated time points and probed for MLKL, phospho-MLKL 
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and β-actin. Intensity measurements relative to actin were shown under corresponding 
bands. 

Therefore, we attempted to pulldown this protein complex from Y. pestis-infected 

BMDMs using a RIPK1-specific antibody. We found that while the high molecular 

weight complex was detectable in macrophages infected with YopJ-expressing bacteria, 

it failed to form in the absence of YopJ (Figure 14A). As expected, no complex was also 

formed in macrophages derived from RIPK1 inactive mutant mice (Ripk1D138N/D138N) upon 

Kim5 Y. pestis infection (Figure 14A). Further confirmation of the necroptotic mode of 

cell death comes from the observation that mixed lineage kinase domain–like (MLKL) 

protein, the executor of necroptosis (78), became progressively more phosphorylated 

(Figure 14B), which is the key step for the polymerization of MLKL and subsequent 

formation of membrane disrupting pores. Thus, a significant portion of Y. pestis-infected 

cells undergo necroptosis. 

2.3.9 Cell death during Y. pestis infection is delayed 

We noted that macrophage lysis occurred only after a lag phase of at least 4 

hours in vitro (Figure 10A), which provided sufficient time for Y. pestis to replicate 

intracellularly (Figure 6B). We, therefore, questioned whether the necrosome formation 

was delayed to provide this lag period. Since the RIPK1-mediated cell death program is 

highly sensitive to prosurvival factors produced by host cells, we investigated if there 

was a link between the delay in cell death and expression of one or more prosurvival 

factors. The fas-associated death domain (FADD)-like interleukin-1-β converting enzyme 
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(FLICE/Caspase-8)-like inhibitory protein (FLIP) is a prosurvival factor which physically 

prevents the assembly of the cell death-signaling protein complex containing RIPK1, 

FADD and caspase-8, by competitively binding one of more partners in the complex (79, 

80). Indeed, we observed that FLIP was bound to the cell death signaling complex more 

in the absence of YopJ, indicating that it plays a role in Y. pestis-induced cell death 

(Figure 14A). This observation led us to hypothesize that upon Y. pestis infection, any 

activation of the RIPK1-mediated cell death pathway in macrophages is abrogated by 

FLIP. YopJ interferes with this inhibitory activity and eventually cell death is initiated. 

Support for this hypothesis comes from the finding that a significant increase of 

expression levels of FLIPL and FLIPS (long and short isoforms) was observed in Y. pestis-

infected macrophages as early as 30 min after infection (Figure 15A). Amounts of FLIPL 

and FLIPS in Kim5-infected cells were lower compared to ∆yopJ-infected cells and FLIPS 

also appeared to diminish with time (short exposure in Figure 15A). Furthermore, FLIP 

mRNA expression levels were lower in Kim5-infected cells compared to ∆yopJ-infected 

cells, indicating that YopJ was influencing mRNA levels (Figure 15B). When we infected 

BMDMs in presence of suberanilohydroxamic acid (SAHA), which targets FLIP for 

proteosomal degradation (81), we observed significant induction of early cell lysis by 4 

hours irrespective of the presence of YopJ (Figure 15C). 
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Figure 15: FLIP upregulation during Y. pestis infection of macrophages. (A) 
Immunoblot analysis of lysates prepared from uninfected macrophages, or macrophages 
collected at indicated time points after infection with Kim5 or ∆yopJ strain. Immunoblots 
were probed with anti-FLIPS/L and anti-β-actin. Band intensities relative to actin were 
shown for the short exposure panel. (B) Fold change of FLIP mRNA 2 h.p.i relative to 
expression in uninfected macrophages (n = 3). (C) Lysis of WT or Ripk1D138N/D138N BMDMs 
4 h post infection with Y. pestis Kim5 or ∆yopJ strain in presence or absence of 10 µM 
SAHA, a FLIP inhibitor (n = 3-4). Data are representative of two independent 
experiments. 
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These observations cumulatively suggest Y. pestis-induced cell death is delayed, 

at least in part, due to interference by prosurvival factors activated in macrophages 

resulting in a window of time that allows for intracellular bacterial replication. 

2.3.10 Macrophage death alters local S1P gradients promoting intra-
nodal bacterial spread 

A remarkable observation we made in the time-lapse videos tracking the spread 

of Y. pestis from infected macrophages to neighboring macrophages was the large 

number of surrounding cells actively moving towards the Kim5-infected macrophage 

(Figure 6A, top panels). This directional movement of neighboring macrophages, which 

appeared to promote bacterial infection of a greater number of surrounding cells, was 

absent with ∆yopJ-infected cells (Figure 6A, bottom panels), suggesting that potential 

chemotactic signals were emanating from necroptotic cells. To verify this observation, 

we undertook a trans-well migration assay where we observed much greater numbers of 

uninfected macrophages migrating across the membrane barrier towards Kim5-infected 

cells compared to ∆yopJ-infected cells (Figure 16). 

Sphingosine 1-phosphate (S1P) has been implicated as a putative ‘find-me’ signal 

secreted by dying cells to attract phagocytes to promote their clearance (82, 83). This 

chemoattractant is especially relevant here as it is also a major chemoattractant 

regulating movement of immune cells within and out of DLNs including during Y. pestis 

infection (45, 84, 85). To determine if S1P production might be enhanced in macrophages 

during Y. pestis infection in vitro, we assessed the expression of sphingosine kinase 1 
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(SphK1), the specific sphingosine-phosphorylating enzyme involved in S1P generation 

(86). 

 

 

Figure 16: YopJ-triggered cell death results in chemotaxis of uninfected 
macrophages. Representative images of trans-well migration of J774A.1 cells towards 
uninfected, Kim5-infected or ∆yopJ-infected cells. Images of the filter membranes were 
taken after fixation and staining of cells migrated across the membrane (purple in color) 
as described in the methods. Scale bar, 200 µm. Pores of the membranes are also visible 
in the images as the numerous small, round dots. Graph shows quantification of 
migrated cells (n = 3). 

 We observed robust upregulation of Sphk1 mRNA expression in Kim5-infected 

cells preceding cell lysis, but not in ∆yopJ-infected cells or in presence of Nec-1 (Figure 

17A). Similar effect of Nec-1 was also observed in mRNA expression of sphingosine 

kinase 2 (SphK2), an alternate S1P-generating enzyme (Figure 17B). Microscopic 

observation of infected macrophages also corroborated the RIPK1-dependent increase of 
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SphK1 protein levels (Figure 17C), suggesting that these macrophages have the potential 

of producing S1P during necroptosis resulting in the recruitment of surrounding 

macrophages.  

If S1P production by infected and dying monocytes/macrophages is also 

contributing to bacterial spread in infected PNs, we predicted that the deletion of S1PR1, 

the corresponding receptor would markedly impact the distribution of bacteria within 

PNs. To test this hypothesis, we employed a previously generated Cx3cr1-Cre S1pr1fl/fl 

mice in which S1PR1 is deleted only in mononuclear phagocytes and this conditional 

deletion does not alter the cellularity of the lymph nodes (45). We used Kim5-OFP Y. 

pestis for infection to investigate the distribution of bacteria in the PNs of Cx3cr1-Cre 

S1pr1fl/fl mice compared to that in PNs of littermate controls (Cx3cr1-Cre S1pr1+/+). We 

found that the bacteria in the PNs of Cx3cr1-Cre S1pr1fl/fl mice was limited to the 

peripheral region (proximal to subcapsular sinus), which is in marked contrast to the 

littermate controls where the dispersal of bacteria was observed throughout the node 

(Figure 18, A-B). However, there was no difference between the two genotypes in the 

total number of bacteria found in the PNs (Figure 18C). 
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Figure 17: S1P upregulation in dying cells. (A and B) Fold change of (A) Sphk1 
and (B) Sphk2 mRNA in J774A.1 macrophages at 8 h.p.i. relative to uninfected controls (n 
= 3-4). (C) Immunofluorescence staining for SphK1 (green) in uninfected, Kim5-OFP-
infected or in ∆yopJ-infected macrophages. Scale bar, 25 µm. 
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Figure 18: S1P promotes intra-nodal bacterial spread. (A) Immunofluorescence 
staining of PNs from mice whose mononuclear phagocytes were S1PR1-sufficient 
(Cx3cr1-Cre S1pr1+/+) or deficient (Cx3cr1-Cre S1pr1fl/fl), 24 hours after footpad infection 
with Kim5-OFP bacteria. Scale bar, 50 µm. (B) Area of bacterial spread measured from 
the PN images (n = 4-6). (C) Bacterial numbers in PNs of Cx3cr1-Cre S1pr1+/+ or Cx3cr1-
Cre S1pr1fl/fl mice, 24 hours following footpad infection with Kim5 Y. pestis (n = 6). 

These observations suggest that in addition to enhanced bacterial spread 

mediated by the necroptotic death and extracellular release of bacteria, S1P released by 

dying cells were attracting neighboring cells, further enhancing the spread of bacteria. 
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2.4 Discussion 

Following intradermal inoculation by a flea bite, Y. pestis sequentially infects 

lymph nodes along the lymphatic system, converting each of them into swollen buboes 

(31, 32). The pathogen even coopts the massive influx of phagocytic cells that the host 

has mobilized into the node to contain the pathogen by converting these cells into 

powerful vehicles for bacterial dispersal (45). Our studies reveal the crucial role of 

necroptotic cell death in amplifying the number of bacteria-bearing monocytic 

phagocytes within buboes, and its subsequent impact on bacterial dissemination. We 

observed that early bubo necrosis was caused by the Y. pestis YopJ protein, which 

initiates a RIPK1-dependent necroptotic form of death in infected cells. Aside from the 

protection offered against host factors such as complement and antibodies, the 

intracellular stage of Y. pestis is important for its dispersal through the lymphatic system 

since it hitchhikes within mononuclear phagocytes to reach systemic infection (45). We 

also show that replication of bacteria occurs during this critical intracellular stage of 

infection. However, lysis of a Y. pestis-infected cell and exteriorization of bacteria can 

lead to the simultaneous infection of multiple cells and amplification of the infection in 

surrounding macrophages, which may then traffic to secondary nodes and spread the 

infection systemically. Thus, both the intra- and extracellular stages of the Y. pestis life 

cycle are critical to its virulence and, importantly, we have identified a trigger regulating 

the switch between these two stages. It is remarkable that the bubo sizes and bacterial 
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numbers in primary buboes were comparable between Kim5 and YopJ mutant- infected 

mice, as it indicated that in spite of the significant cell death, neither the recruitment of 

immune cells into buboes nor bacterial growth was affected at this early stage of 

infection. Indeed, only the cell death-mediated difference in the number and distribution 

of bacteria-bearing macrophages within each node was found to be critical in 

determining bacterial dispersal and ultimately, host survival. 

The in vivo contribution of Y. pestis-mediated cell death to bacterial virulence was 

evident not only from studies with the YopJ mutant bacteria, but also from parallel 

studies using RIPK1 mutant (Ripk1D138N/D138N) mice or RIPK1 inhibitor-treated 

animals infected by Kim5 Y. pestis. From these studies, we have identified several 

distinct features of YopJ-RIPK1-mediated cell death that greatly favor bacterial spread 

within the buboes, which subsequently impacts their systemic dissemination. Firstly, the 

type of cell death that is triggered is necroptosis, which, unlike apoptosis, involves 

physical rupture of lysosomal and plasma membranes (77). Membrane rupture during 

necroptosis is more extensive than that in pyroptosis since the cells flatten during 

pyroptosis but swell and burst during necroptosis (87). Disintegration of the membranes 

of infected cells allows for the unrestricted release of intracellular bacteria into the 

extracellular space, promoting expedient infection of neighboring cells. Unlike necrosis, 

which was traditionally assumed to be the type of cell death induced in Y. pestis-infected 

buboes, the process of necroptosis that we have now identified is regulated by specific 
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signals within the host cell. Secondly, the cell death occurs after a period of lag (in excess 

of 4 hours) since the infected macrophages produce high levels of the prosurvival factor 

FLIP immediately upon infection. Presumably, the macrophages attempted to block 

RIPK1-dependent cell death programs induced by PAMPs to prevent release of 

intracellular bacteria. However, through the actions of YopJ, the level of FLIP is 

diminished in a time dependent fashion to allow necroptosis to occur. The 

downregulation of FLIP by YopJ could be via YopJ-mediated suppression of NF-κb, an 

inducer of FLIP (88). Interestingly, this delay in cell death in Y. pestis-infected 

macrophages could be useful for the bacteria in multiple ways. For example, this period 

allows for intracellular bacterial replication, which would enhance the magnitude of 

bacterial spread when the cell membrane is disrupted. This lag period between infection 

and cell death would also provide sufficient time for a newly infected cell to travel from 

the site of infection to primary DLNs or from the primary DLN to secondary DLNs. 

Therefore, it is possible that Y. pestis YopJ has evolved to be less potent in triggering cell 

death compared to the homologous protein YopP in ancestor species Y. enterocolitica 

(89). Our findings also distinguish the role of YopJ in Y. pestis compared to the 

homologous protein in the parent species Y. pseudotuberculosis. In the context of Y. 

pseudotuberculosis infection, RIPK1-mediated apoptosis was beneficial to pathogen 

clearance by the host (90). Our results contrast with this, showing that Y. pestis YopJ 

leads to necroptosis which is more similar to observations with lytic viruses, allowing a 
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regulated release of the pathogen from cellular hosts. The mechanism of choosing 

necroptosis over other cell death types is unclear, which could be due to differences in 

the potency of YopJ isoforms (63) as well as differences in cell death-inducing PAMPs 

(18, 91) among various Yersinia species. 

Y. pestis-mediated cell death attracts surrounding cells towards dying infected 

macrophages promoting cell-cell contact and fostering further infection in buboes. 

Massive upregulation of the chemoattractant S1P was associated with the movement of 

cells towards Kim5-infected cells. This chemoattractant has previously been implicated 

as a ‘find-me’ signal produced by dying cells to promote their elimination by phagocytes 

(82). Interestingly, there is growing evidence that the movement of immune cells within 

the node is susceptible to local S1P gradients. For example, natural killer cells are 

recruited and strategically positioned in the medulla of lymph nodes in response to the 

enhanced extracellular presence of S1P at these sites (85). From the study of Y. pestis 

infections in mice where the S1P receptor 1 is lacking in mononuclear phagocytes, we 

deduced that S1P was a key contributor to bacterial dispersal within the buboes, in 

addition to its previously described role in permitting the egress of infected cells from 

buboes (45). Thus, the sharp increase in the population of bacteria-bearing macrophages 

in Kim5-infected buboes compared to YopJ mutant-infected buboes is attributable to the 

complementary actions of cell lysis and secretion of S1P which greatly facilitate infection 

of surrounding macrophages. Although it has been known for more than a decade that 
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YopJ-mediated cell death is associated with Y. pestis infection (46), its significance has 

largely remained elusive. This study extends our understanding of Y. pestis pathogenesis 

by revealing how YopJ directs a delayed necroptotic cell death program to amplify 

bacterial infectivity within buboes. By greatly expanding the number of bacteria-bearing 

cells in primary buboes, the pathogen improves its chances of successfully infecting 

secondary lymph nodes and reaching the circulating system in enough numbers to 

overcome host defenses. 

Our study reveals that abrogating this pathogen-initiated cell death program by 

therapeutically targeting RIPK1 is potentially a powerful approach to combating Y. pestis 

infection as it would prevent bacterial dissemination while still protecting the lymph 

nodes from destruction. This latter aspect could be important as it will preserve the 

host’s ability to develop protective immunity against future infections. Since this 

treatment does not directly target Y. pestis, it is also unlikely that any resistance will be 

developed by the pathogen. Recent findings of a series of RIPK1 inhibitors with 

improved potency and pharmacokinetics (92) is highly encouraging as they could be 

even more effective against this pathogen. 
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Preface to Chapter 3 

 

This chapter is a modified version of the following manuscript accepted for publication 

in Science Advances: 

 

Arifuzzaman M, Mobley YR, Choi HW, Bist P, Salinas CA, Brown ZD, Chen SL, 

Staats HF, Abraham SN. MRGPR-mediated activation of local mast cells clears 

cutaneous bacterial infection and protects against reinfection. Science Advances (in 

press)
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3. Activation of peripheral mast cells via the MRGPR 
receptor potentiates bacterial clearance 
3.1 Introduction 

3.1.1 The role of mast cells in pathogen clearance 

Although best known as mediators of allergy, mast cells (MCs)are increasingly 

becoming recognized as key players in mobilizing innate and adaptive immune 

responses against various pathogens. There is a growing consensus that these cells play 

a critical role in immune surveillance and significantly contribute to the early immune 

responses to bacterial, viral and parasitic infections (93). These cells are especially adept 

at this role because of their critical location at the host-environment interface as well as 

their capacity to rapidly release key immunostimulatory mediators that are prestored in 

granules. 

Being an immune-surveillance cell type at the barrier sites such as skin and 

mucosa, MCs are equipped at their cell surface with a wide range of pattern recognition 

receptors (PRRs) that can directly recognize pathogen associated molecular patterns 

(PAMPs) found on pathogens or their products. These cells are also equipped with 

various receptors specific to host-generated antimicrobial peptides, complement 

components and danger signals such as ATP (93, 94). The mediators that MCs release 

upon pathogen recognition include proteases (tryptases and chymases), chemokines and 

cytokines.  Tumor necrosis factor, one of these mediators, when acting in concert can 

promote large scale recruitment of neutrophils and natural killer cells from circulation 
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into the tissue resulting in early clearance of various bacteria and viruses (53, 95). 

Furthermore, degranulation of activated mast cells is followed by de novo synthesis and 

secretion of a wide range of proinflammatory mediators such as leukotrienes and 

various additional cytokines and chemokines (such as various interleukins) (93). Studies 

in various MC knockout mouse models have revealed that the ability of the host to clear 

various pathogens is severely compromised in the absence of MCs (53, 95-98). 

3.1.2 The role of mast cells in adaptive immunity 

During infection, resident MCs secrete TNF which can promote the recruitment 

of antigen-presenting dendritic cells (DCs) to the site of infection, which eventually 

migrate to the draining lymph nodes (DLNs) (99). At the DLNs, dendritic cells initiate 

development of adaptive immune responses through antigen presentation to T cells 

(100-102). In addition to recruiting DCs at the site of MC activation, MC activation can 

also promote mobilization of dendritic cells to the DLNs. We previously demonstrated 

that a portion of granules released from activated mast cells at the peripheral sites such 

as skin was drained into lymph nodes where the granules released immunomodulators 

such as TNF (103).  The result was a sharp upregulation of chemoattractant CCL21 

expression in the nodes (99), which enhanced coordinate trafficking of antigen 

presenting DCs from the site of MC activation into the lymph node (104) as well as T 

cells from circulation (102). Therefore, when small-molecule mast cell activators (MCAs) 

were co-administered with vaccine antigens in skin or nasal mucosa, this synchronous 
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recruitment of critical immune cells resulted in a highly enhanced antibody response to 

antigen (104). Therefore, MCAs could function as highly effective adjuvants boosting 

adaptive immune responses when co-administered with subunit vaccine antigens at 

mucosal surfaces or the skin. 

3.1.3 Targeting of mast cells for anti-bacterial therapy 

Local and selective activation of a single immunoregularory cell type such as 

MCs may be more efficient and less harmful than targeting various immune cells via 

common PRR ligands, as these cells have their own controlled program to release 

different immunomodulators with different time courses (93). Furthermore, MCs 

coordinate both innate and adaptive immunity, therefore, may help improve the ability 

to clear and existing infection while also improve protection from future reinfections. 

MCs can be activated by various endogenous cationic peptides naturally occurring in 

our body such as substance P, cathelicidin and β-defensin (93). The receptor for these 

MC secretogogues is a Mas-related G protein-coupled receptor called MRGPRX2 (105, 

106). The orthologue of this receptor in mice has recently been identified in mice as 

Mrgprb2 which is found exclusively on a subset of mast cells called connective tissue 

mast cells (CTMCs) (107). Therefore, activation of MCs via this receptor would be 

specific, providing a more controlled immune response. Furthermore, the nature of 

MRGPRX2-mediated activation of MCs is distinct from that by cross linking of the IgE 

receptor, FcεRI, during allergy. Recent studies revealed that the inflammatory responses 
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evoked by MCs following activation of MRGPRX2 are transient and markedly more 

tempered, unlike the sustained inflammatory reactions mediated by the IgE receptor 

(108). We reasoned that a more tempered and transient activation of local MCs could be 

sufficient to evoke inflammatory responses necessary to combat infections with minimal 

side effects. 

Skin and soft tissue infections which range from simple folliculitis to severe 

necrotic wounds, are a major therapeutic challenge (109). These infections are generally 

caused by both Gram positive and negative skin bacteria, including Staphylococcus 

aureus, coagulase-negative Staphylococcus, Enterococcus spp, and Escherichia coli. We 

chose S. aureus as our model pathogen since this bacterial species is responsible for most 

skin infections (110, 111). Here, we first investigated the role of mast cells in antibacterial 

defense using a mouse dermonecrotic Staphylococcus aureus infection model and then 

tested exogenous mast cell-activating peptides to identify therapeutic potential of mast 

cells in treating skin infections as well as key immunomodulatory pathways behind 

them. 
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3.2 Methods  

3.2.1 Study Design 

The major objective of this study was to examine whether treatment with mast 

cell activators expedites resolution of bacterial infections and mechanism of their 

function. Infected mice were randomly divided into treatment or control groups. 

Blinding was not deemed necessary, and all animals were used. Power analyses were 

performed to determine minimum numbers of animals per group needed to attain 

significance of p<0.05 with a 90% or 95% probability. At least ten mice per group were 

used for lesion size measurement upon mastoparan treatment and 5-7 mice for most 

other experiments. End points to assess different parameters of resolution of infection 

were designed based on various established assays. All histomorphometric analyses 

were performed by a blinded observer. 

3.2.2 Mice 

Eight-to ten-week old C57BL/6 mice were obtained from Jackson Laboratory or 

National Cancer Institute Animal Production Area. Mcpt5-Cre+ iDTR+ mice were 

generated by crossing between Mcpt5-Cre mice (a gift from Axel Roers, University of 

Technology, Dresden) and iDTR mice. To achieve and maintain depletion of CTMCs, 

Mcpt5-Cre+ iDTR+ mice or littermates were treated every 72 hours with 20 ng diphtheria 

toxin (DT)/g bodyweight divided into intraperitoneal and subcutaneous injections. All 
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animal studies were carried out at Duke University and approved by the Duke 

University Institutional Animal Care and Use Committee. 

3.2.3 Cell lines and transfections 

The mouse mast cell line MC/9 (ATCC CRL-8306) was maintained in DMEM 

(Gibco) containing 10% fetal bovine serum (HyClone) at 37°C with 5% CO2. RBL-2H3 

(ATCC CRL-2256) cells were maintained in MEM with Earle’s salts, L-glutamine, 1 mM 

sodium pyruvate and 15% heat-inactivated FBS. The ROSA and LAD2 cell lines were 

maintained in IMDM and StemPro™-34 SFM media, respectively. For transfections, 

human MRGPRX2 was amplified from LAD2 cells, and cloned in pCMV-Flag-tagged 

plasmid (Takara), termed Flag-MRGPRX2. RBL-2H3 cells were transfected with empty 

plasmid or plasmid encoding Flag-MRGPRX2 using P2 primary solution and program 

DN-100 in 4D-Nucleofector (Lonza). Cells were assayed 36 hours after transfection. 

HEK293 cells were co-transfected with renilla luciferase plasmid (Promega), Flag-

MRGPRX2 or empty plasmid and one of the following plasmid: NFAT (pGL4 [NFAT-

RE/ minP/luc2P]), CRE (pGL4 [CRE/minP/luc2P]), or SRE (pGL4 [luc2/Hygro] SRE) 

(Promega), using JetPrime reagent (Polyplus). All transfections were verified by western 

blot. 

3.2.4 Bacterial culture and infection 

A clinical strain of S. aureus (strain ID 10201) was used for all experiments in this 

study. Bacteria were grown in Luria-Bertani broth (BD) overnight at 37°C with shaking, 
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then diluted 1:10000 and allowed to reach log phase. The mouse dermonecrotic model 

was modified from skin infection models described previously (112, 113). Briefly, eight- 

to ten-week old mice were anesthetized by ketamine and xylazine and hair was 

removed from dorsal area using clipper and hair removal cream (Veet, Reckitt 

Benckiser) two days prior to infection. To induce dermonecrotic infection, mice were 

injected intradermally using a 25-gauge needle with 108 log-phase bacteria in 100 µl 

phosphate buffered saline (PBS) complexed with dextran microbeads (Cytodex, Sigma) 

as carriers. The microbeads were used to ensure localized and uniform lesions for all 

dermonecrotic infections except for reinfection studies where lesion sizes were expected 

to be indicators of protective immunity development. The lesions were measured every 

other day beginning on day 1 by digital planimetry in which margins of a lesion were 

traced using acetate transparency films (Staples) and surface area was calculated using 

ImageJ upon digital rendering of the traces. 

3.2.5 Peptides and antibiotics 

Mastoparan (MW: 1479.9), originally isolated from the venom of social wasp 

Vespula lewisii (114), and mastoparan 17 (INLKAKAALAKKLL-NH2, MW: 1494.9) (115) 

were obtained commercially at >90% purity from CPC Scientific (Sunnyvale, CA). 

Mastoparan 6I (MW: 1480) and Duke Mast F (MW: 2504.87) were custom-made by CPC 

scientific for us. The number of molecules used for all other peptides were adjusted to 

equimolar quantities to that of mastoparan. For the triple antibiotic cocktail, 100 units of 
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Polymyxin B, 8 units of Bacitracin and 100 µg of Neomycin (all from Sigma) were 

dissolved into 10 µl vehicle, based on the concentrations of active ingredients in 

Neosporin, an OTC antibiotic ointment. 

3.2.6 Topical treatments 

All topical treatments were applied with a pipette, using the pipette tip to 

facilitate spreading. Olive oil (10%) and DMSO were used to enable the active 

component(s) to stay in place and facilitate transdermal migration, respectively. In case 

of uninfected skins, the area of application was fixed to 2 cm2 and marked with a 

surgical skin marker (Covidien) for observation or tissue collection. 

3.2.7 Skin tissue collection 

For CFU determination, whole infected area of the skin was harvested. For MPO 

assays and flow cytometry, skin tissues were harvested using a 8 mm biopsy punch 

(Miltex). For some assays with infected tissues, the diameter of the biopsy punch was 

aligned to the border of infection so that the harvested tissue includes equal portions of 

infected area and adjacent uninfected skin. 

3.2.8 Enzymatic assays 

For β-hexosaminidase assays, 2 x 104 cells seeded in a 96-well plate were 

incubated in Tyrode’s buffer (5.5 mM glucose, 0.5% BSA, 135 mM NaCl, 5mM KCl, 1 

mM MgCl2, 1.3 mM CaCl2, pH 7.4) in presence of various concentrations of mastoparan 

or its analogs for 30 min at 37°C. Then, β-hexosaminidase activity in the supernatants 
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was measured as described previously (95). Briefly, supernatants or cell lysates (lysed by 

0.1% Triton X-100) were incubated with the substrate p-nitrophenyl-N-acetyl-β-D-

glucosaminide in 0.1 M sodium citrate (pH 4.5) for 1 hour at 37 °C. Then 0.1 M carbonate 

buffer (pH 10.0) was added and the product 4-p-nitrophenol was quantitated by 

measuring change in absorbance at 405 nm. The percentage degranulation was 

calculated from total β-hexosaminidase quantitated from cell lysates. 

To determine skin myeloperoxidase (MPO) levels, skin tissues were collected in 

500 µl of potassium phosphate buffer (50 mM, pH 6.5) with 0.5% 

hexadecyltrimethylammonium bromide (HTAB), then homogenized using zirconia 

silica beads and an automatic homogenizer and lysed by multiple freeze-thaw cycles. To 

determine peritoneal MPO levels, mouse peritoneums were lavages using 5 ml PBS with 

10 µM EDTA. Cells from 1-2 ml lavage was then centrifuged and resuspended in 200 µl 

HTAB buffer and lysed by multiple freeze thaw cycles. Then 20 µl of the lysate 

supernatants were transferred in triplicate to a 96-well plate and 200 µL of 50 mM 

potassium phosphate buffer (pH 6.0) with 0.167 mg/mL o-dianisidine dihydrochloride 

and 0.0005% H2O2 was added. The MPO activity was measured during 1 min interval 

three times at 450nm. MPO content was calculated as units per gram tissue or units per 

peritoneum using a standard curve, which was established using a recombinant MPO 

standard. 
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3.2.9 CFU determination 

Infected skin tissues were harvested and homogenized in 0.1% Triton X-100 

using zirconia silica beads for 3 cycles of 1.5 min each using an automatic homogenizer. 

Homogenates were serially diluted and plated on LB agar plates and the colonies were 

counted after overnight incubation at 37°C. The limit of detection was 25 CFU. 

3.2.10 Immunofluorescence microscopy 

Uninfected or infected skin tissues were fixed with 4% PFA and blocked and 

permeabilized with 0.3% triton X-100 in 1% BSA-PBS with 5% goat serum. Then the 

tissue samples were stained with anti-Ly-6G (1A8) and anti-CD31 antibodies at 4°C 

overnight, followed by incubation with AF647- and AF488-conjugated secondary 

antibodies and avidin-TRITC for 2 hours at room temperature. Stained whole skins were 

then mounted on a glass slide using prolog gold antifade mounting agent. Confocal 

images were taken by a Nikon ECLIPSE TE200 microscope. 

3.2.11 Toluidine blue staining 

To visualize granulated peritoneal MCs, peritoneal lavages were performed 

using 5 ml of PBS with 10 µM EDTA.  Cells from 200 µl lavage was cytospun on glass 

slide, fixed with Carnoy’s fixative, stained with 5 % toluidine blue, mounted on a glass 

slide and viewed under a bright-field microscope. Fully or partially granulated cells 

were scored as granulated MCs (22, 102). Ten random fields were counted for 

granulated MCs and averaged to determine granulated MCs per field for each 
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peritoneum. To visualize granulated MCs in skin tissues, skins from dorsum or ear 

pinnae were removed and fixed with Carnoy’s fixative, stained with 5% toluidine blue, 

washed and whole skin mounted on a glass slide for visualization and counting under 

microscope. 

3.2.12 Mason’s trichrome staining 

Skin tissues with scars were harvested 28 days post infection and flash-frozen in 

OCT compound. Fifteen micrometer sections were prepared from the frozen tissues and 

stained using a trichrome staining kit (Abcam) as per manufacturer’s protocol.  Scarred 

area was defined primarily by absence of hair follicles along with increased collagen 

density (116). 

3.2.13 Flow cytometry 

To quantitate peritoneal neutrophils by flow cytometry, cells from one ml lavage 

were washed with 1% bovine serum albumin (BSA) in PBS, incubated with normal 

serums and Fc receptor block (eBioscience) and stained with anti-Ly-6G-PE (clone 1A8) 

(BD) and anti-CD11b-APC (eBioscience) antibodies. To phenotype dendritic cells, skin 

tissues or popliteal lymph nodes were minced and incubated for 30 min in 100 U/ml of 

Collagenase A (Sigma) in HBSS containing FBS and DNase I. Single cell suspensions 

were prepared by straining the digested tissues through a 70 µm cell straining filter (BD 

Biosciences). Cells were then washed with 1% BSA in PBS supplemented with FBS and 

10 mM EDTA, blocked, and stained with fluorochrome-tagged antibodies to CD45, 
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CD64, IA/IE, CD11b, CD11c, CD207, CD301b and CD103. Dead cells were detected using 

Zombie Violet fixable viability kit. Cells stained with a single antibody and isotype 

controls were used as needed. To detect neutrophils in circulation, peripheral blood was 

collected in heparin tubes, stained with antibodies and RBCs were lysed using FACS 

lysing solution (BD). Upon fixation with PFA, stained cells were analyzed by BD 

FACSCalibur or FACSCanto II flow cytometer and FlowJo software version 10.1. Total 

cells in peritoneal lavages or lymph nodes were counted using a hemocytometer. 

3.2.14 Western blot 

Cells were lysed with Western lysis buffer (150 mM NaCl, 0.1% NP-40, 0.5% 

Sodium deoxycholate, 50 mM Tris, pH 8.0) supplemented with complete protease 

inhibitor cocktail (Roche) and total protein concentrations were determined by 

Bradford’s assay. Cell lysates were immediately processed for analysis. 75 µg lysate was 

separated on 4–15% mini-PROTEAN® TGX™ precast gel and transferred to a 

nitrocellulose membrane in a semi-dry electrophoretic transfer cell (Bio-Rad). The 

membrane was blocked with 5% skimmed milk in TBST (50 mM Tris pH 8, 150 mM 

NaCl, 0.05% Tween 20) and incubated with primary antibody in the same blocking 

solution for 15 h at 4°C, followed by four washes in TBST. The membrane was then 

incubated with secondary antibody conjugated to horse radish peroxidase for 1 h at 

room temperature followed by washing in TBST. The protein bands were detected with 

ECL-prime luminol reagent (Pierce™, ThermoFisher Scientific) in a gel documentation 
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system (Chemi-Doc, BioRad). Antibody dilutions were: rabbit-anti-phsopho PLCγ1, anti-

PLCγ1, Flag (Cell signaling) and mouse-anti rabbit-HRP (Roche) at 1:1000; and anti-

GAPDH-HRP (Proteintech) at 1:10,000. 

3.2.15 MIC assay 

The minimum inhibitory concentration (MIC) was assayed by the broth 

microdilution method according to procedures outlined by the Clinical and Laboratory 

Standards Institute (CLSI M07, 2012). Bacteria were grown in Mueller Hinton Broth 

(MHB, Becton Dickinson) to log phase. The initial inoculum was then adjusted to obtain 

5 x 105 colony forming units (CFU) per ml and incubated in a microtiter plate with a 

two-fold serial dilution of the antimicrobial agent ranging from 2 mg/ml - 4 µg/ml in a 

100 µl volume. Each concentration was tested in triplicate and the microtiter plate was 

incubated at 37°C overnight. The MIC was taken as the lowest concentration of the 

antibacterial agent that completely inhibits visible bacterial growth. 

3.2.16 Luciferase reporter assay 

After 36 hours post transfection, HEK293 cells were stimulated with mastoparan 

(0.25 and 0.5 µg/ml) or left unstimulated for 4-6 hours. The cell lysates were measured 

for firefly luciferase activities specific to GPCR response elements and constitutive 

renilla luciferase activity using Dual-Glo luciferase assay kits (Promega) according to the 

manufacturer's instructions. The total fold induction was calculated as fold of induction 

= firefly RLUinduced / renilla firefly RLU. 
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3.2.17 Cytotoxicity assay 

Cytotoxicity of mastoparan and related peptides was determined using the 

CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega) according to 

manufacturer’s protocol. Briefly, 2 x 104 L929 fibroblast cells (ATCC® CCL-1™) were 

incubated with a test peptide for 4 hours and release of lactose dehydrogenase (LDH) in 

culture supernatant was measured. The LDH released spontaneously by cells incubated 

with media alone was subtracted from all data. 

3.2.18 TLR/NLR ligand screening assay 

Stimulation of Toll-Like Receptor (TLR) and NOD-Like Receptor (NLR) was 

tested using a PRR screening service provided by Invivogen (San Diego, CA). In this 

assay, PRR activation was determined by assessing NF-κB activation in HEK293 reporter 

cells expressing a given TLR or NLR. NF-κB activity was assessed by measurement of 

NF-κB-dependent secreted embryonic alkaline phosphatase (SEAP) at 650nm. A 

mastoparan peptide was tested at 50 µg/ml concentration on seven different mouse 

TLRs (TLR2, 3, 4, 5, 7, 8 and 9) and mouse NOD1 and NOD2. Following ligands were 

used as positive controls for corresponding receptors; TLR2: HKLM (heat-killed Listeria 

monocytogenes) at 108 cells/ml; TLR3: Poly(I:C) at 1 µg/ml; TLR4: E. coli K12 LPS at 100 

ng/ml; TLR5: S. Typhimurium flagellin at 100 ng/ml; TLR7: CL097 at 1 µg/ml; TLR8: 

CL075 at 10 µg/ml + Poly(dT) 10 µM; TLR9: CpG ODN 1826 at 100 ng/ml; NOD1: C12-

iE-DAP at 1 µg/ml; NOD2: L18-MDP at 100 ng/ml. 
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3.2.19 Depletion of neutrophils 

Mice were treated intraperitoneally with 500 µg of anti-Ly6G (1A8) or control 

antibodies (2A3) in 100 µl volume 24 hours post infection with S. aureus. Peripheral 

blood was collected 48 hours post injection of the antibodies to confirm depletion of 

neutrophils. Neutrophils were also quantitated in infected or uninfected skin by an MPO 

assay as described above. 

3.2.20 Peptide design for structure-function analysis 

Mastoparan 17 is a known analog of mastoparan which has neither MC-

degranulating (115) nor antimicrobial activity (MIC against S. aureus >2000 µg/ml). Since 

Mastoparan 17 has substitutions at position 6 and 13 (INLKAKAALAKKLL-NH2), we 

first generated analogs with one substitution (either position 6 or position 13) attempted 

to determine which position is more critical. While MP-13L peptide (leucine in place of 

isoleucine at position 13) retained both antimicrobial and MC-degranulating activities, 

MP-6K (lysine in place of leucine at position 13) completely lost them (data not shown). 

Finding position 6 to be critical, we then synthesized a series of mastoparan analogs 

with various single amino acid substitutions at this position with an aim to obtain a 

peptide with no degranulating but comparable antimicrobial activity. When the 

degranulating capacities of these peptide analogs were compared to mastoparan, MP-

6W (tryptophan at position 6) was slightly better (data not shown), degranulation by 

MP-6I (isoleucine at position 6) was significantly reduced but still detectable; and most 
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others had no detectable activity (data not shown). On the other hand, when the analogs 

were tested for MIC against S. aureus, only MP-6I retained antimicrobial activity similar 

to mastoparan. Other substitutions tested either reduced or completely lost 

antimicrobial activity (data not shown). Therefore MP-6I was chosen as the mastoparan 

analog with no degranulating but similar antimicrobial activity. Single amino acid 

substitutions did not yield to the alternate mastoparan analog which has no 

antimicrobial activity but similar MC-degranulating activity. Therefore, we took another 

strategy to generate a series of completely unrelated MCA peptides which were rich in 

tryptophans and arginines and devoid of any antimicrobial activity. It has previously 

been demonstrated that while lysines are critical to antimicrobial capacity pertaining to 

membrane disruption, arginines facilitate interaction with membranes but do not 

disrupt them (117, 118). In Vespula mastoparan there is no arginine, however, there are 

single or multiple arginines present in human cationic peptide MCAs such as kallidin, 

LL-37 or substance P. Therefore, we developed multiple mastoparan-inspired peptides 

where lysines were replaced with arginines to nullify the membrane disrupting activity. 

The asparagine at position 2 was also replaced with arginine to increase cationic 

property of the peptide. Other amino acids were replaced with tryptophans to provide 

ample motifs close to tetrahydroisoquinoline (THIQ) (which has recently been 

speculated to be the motif critical for MRGPRX2 activation (107)) as well as to increase 

hydrophobicity. These modifications resulted in various novel peptides including Duke 
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Mast F (Mastoparan, INLKALAALAKKIL INLRALAALARRIL 

IRLRALAALARRIL WRWRWWWWWWRRWW). Once tested for MC-degranulating 

and antimicrobial properties, Duke Mast F was selected as the peptide with similar 

degranulating but no antimicrobial activity. 

3.2.21 Statistical analyses 

Statistical significance was determined by unpaired two-tailed Student’s t tests 

where only two groups existed, or by one-way ANOVA with Dunnett’s or Tukey’s post 

test. Differences between groups were considered significant at p < 0.05. Analyses were 

performed using GraphPad Prism 5.0 and Microsoft Excel 2010. 
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3.3 Results 

3.3.1 S. aureus dermonecrotic skin infection model 

Although MCs have been reported to mediate the clearance of various 

pathogenic bacteria (93), their role in S. aureus-mediated skin infections is not known. 

For our studies, we chose a clinical isolate of S. aureus (strain ID 10201) and utilized a 

dermonecrosis model of infection as the progression of infection and associated healing 

process in this model takes place over a period of days, allowing us to readily assess the 

kinetics of bacterial clearance, immune cell recruitment and the healing process (112, 

113). We determined that the infectious dose of S. aureus 10201 when complexed with 

cytodex beads required to consistently cause stable and localized dermal infection was 

108 CFU. Upon injection of this dose into the lower back dermis of control wild type 

(WT) mice, the site becomes inflamed (swells and turns whitish, forming abscesses) 

within hours which mimics closed cutaneous infection (Figure 19A).  
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Figure 19: Mouse dermonecrotic model. (A) Progression of infection. (B) 
Correlation between CFU and lesion size. Skin samples were collected at various days 
post infection. R indicates the Person’s correlation coefficient. 

After 24 h the abscess reduces in size but due to the action of staphylococcal 

toxin A and other virulence factors, the abscess become necrotic. Around day 3, the 

necrotic region begins to turn into a scab. It is noteworthy that at this stage, the 

contraction apparatus of the skin is highly active, reducing the area of infection. 

Thereafter, the scab starts to detach from the surrounding skin, resembling a semi-open 

lesion often seen in surgical site infections. As the scab completely detaches from the 
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lesion after a week, the lesion resembles an infected open wound such as a laceration. A 

new scab soon forms and covers the wound and this cycle of scabbing and wound 

healing continues until the infection finally resolves. Depending on the initial lesion size, 

the time of resolution of the infected wound can be as early as 14 days and as late as day 

20. There is a significant amount of residual scar tissue at the original site of infection 

where no fur grows. Over the course of infection, the lesion sizes correlate highly with 

bacterial burden (Figure 19B). 

3.3.2 Connective tissue mast cells control S. aureus skin infection 

To determine the innate role of MCs during skin S. aureus infections, we 

employed a MC-deficient mouse model (Mcpt5-Cre+ iDTR+ mice) in which CTMCs, the 

MC type that populates skin, could selectively be depleted (119) (Figure 20). We induced 

a localized dermonecrotic infection by intradermal injection of 108 bacteria into the 

dorso-caudal area and observed that MC-depleted mice had significantly more bacterial 

burden by 24 hours post infection compared to MC-sufficient littermate controls (Figure 

21A). The lesion sizes were also two-fold larger in MC-depleted mice, as measured on 

day 1 post infection (Figure 21B). As expected, the larger initial lesions in absence of 

MCs resulted in a much slower resolution of infection (Figure 21B). 
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Figure 20: Depletion of CTMCs. (A) Schematic plan for CTMC depletion, 
dermonecrotic infection and lesion measurement. Depletion of CTMCs was achieved by 
treating Mcpt5-Cre+ iDTR+ mice or littermate controls (Cre- iDTR+) intraperitoneally and 
subcutaneously with diphtheria toxin (DT) every 3rd day for seven days. (B) 
Representative images of granulated mast cells stained with toluidine blue in peritoneal 
lavage or dorsal skin whole mount 24 hours after 3rd dose of DT. Scale bar 10 µm. 
Graphs at the bottom show depletion of MCs in Mcpt5-Cre+iDTR+ mice compared to 
control (Cre- iDTR+) mice. 
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Figure 21: CTMCs are critical for controlling skin infections. (A) Quantification 
of bacteria in the infected skin tissues at 24 hours post infection (n = 5). Colony forming 
units (CFUs) were determined by plating on LB agar. (B) Representative images of skin 
lesions taken on indicated days post infection. Black lines delineate area of infection on 
day 1. The graph at the bottom represents size of skin lesions in different mouse groups 
measured on indicated days and area calculated using ImageJ (n = 5). 
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3.3.2 MC-mediated infection control is via neutrophil recruitment 

Since neutrophils are the first responders during bacterial infections at barrier 

sites, we asked whether MC-dependent infection control is linked neutrophil influx. We 

observed that MC-depleted mice had significantly less neutrophil influx at 4 hours post 

infection (Figure 22A). 

 

Figure 22: CTMCs’ control of skin infection is neutrophil-dependent. (A) 
Neutrophil recruitment at 4 hours post intradermal infection of MC-sufficient (Cre-) or 
MC-deficient (Cre+) mice with 108 S. aureus, assessed by myeloperoxidase assay (n = 4-5).  
(B) Representative flow cytometry plot and graph (at the bottom) showing almost 
complete depletion of CD11b+Ly6G+ neutrophils in blood 48 hours post intraperitoneal 
injection with 500 µg anti-ly6G antibody. (C) Initial lesion sizes in neutrophil-depleted 
MC-sufficient (Cre-) or neutrophil-depleted MC-deficient (Cre+) mice, measured 24 
hours post infection with S. aureus (n = 7). Note that initial lesions in neutrophil-depleted 
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mice were larger compared to those in neutrophil-sufficient mice shown in Figure 21B. 
Data are representative of two independent experiments. 

To further confirm the importance of neutrophils, we depleted both MC-

sufficient and -deficient mice of neutrophils prior to infection (Figure 22B). Interestingly, 

the increase of lesion size in MC-depleted mice was no longer observed in absence of 

neutrophils (Figure 22C), indicating that the protective role of CTMCs were primarily 

via neutrophils. Cumulatively, these data demonstrate that CTMCs play a major role in 

neutrophil recruitment at the very early stage of skin infection which is crucial in 

limiting the infection. 

3.3.3 MCA activates CTMC via MRGPRX2 receptor 

Following the identification of CTMCs as a critical recruiter of neutrophils 

during skin infections, we next sought to establish if receptor-specific activation of these 

cells by an MCA would also result in local neutrophil recruitment, even in the absence of 

an infection. However, before undertaking this study, it was important to establish the 

receptor-binding specificity and distinct MC-signaling activity of the MCA employed. 

Mastoparan is an MCA, originally isolated from wasp venom (114) and reported to 

activate both human and murine MCs via the MRGPRX2 receptor (107). We examined 

the in vitro capacity of mastoparan to mediate degranulation of human and murine MC 

lines (ROSA and MC/9, respectively) by measuring extracellular release of β-

hexosaminidase, a component of MC granules. Mastoparan evoked degranulation in a 

dose-dependent manner in both human and murine MC lines (Figure 23A). As a 
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negative control, we exposed mastoparan to another well-known MC line rat basophilic 

leukemia cell line (RBL-2H3) which, however, does not to express MRGPRX2 receptors 

(120).  

 

Figure 23: MRGPRX2-dependent degranulation by mastoparan. (A) 
Degranulation of a human MC line (ROSA), a murine CTMC line (MC/9) and a rat MC-
like cell line (RBL-2H3) in vitro expressed as β-hexosaminidase release by increasing 
concentrations of mastoparan. (B) Degranulation of RBL-2H3 cells transfected with 
expression construct encoding MRGPRX2 or empty vector followed by mastoparan 
stimulation. Immunoblots show the introduction of MRGPRX2 in the cells and GAPDH 
as a loading control. 

 As expected, the degranulation responses evoked by mastoparan in RBL-2H3 

cells were minimal even at high dosages (Figure 23A). To further establish the receptor 

specificity of mastoparan, we transfected the RBL-2H3 cells with human MRGPRX2 

receptor and examined their degranulation response to the MCA. Indeed, we observed 

significant degranulation responses even at very low concentrations (0.25 µg/ml or 0.17 

µM) but not in the mock-transfected cells (Figure 23B).  

Since little regarding the downstream G protein signaling pathways triggered by 

mastoparan-mediated activation of MRGPRX2 on MCs is known, we investigated this 
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question. Depending on the activating ligand, G protein-coupled receptors (GPCRs) 

such as MRGPRX2, can interact with multiple Gα subunits, to initiate distinct signaling 

pathways (121-123). To identify which specific Gα pathways are activated by 

mastoparan, we employed a reporter gene assay involving HEK293 cells which do not 

endogenously express MRGPRX2 but possess a full complement of G protein-directed 

signaling components. We transfected these cells with empty plasmids or plasmids 

encoding human MRGPRX2 along with plasmids encoding a luciferase-conjugated 

response element (RE) known to be activated by a particular Gα  subunit: cAMP response 

element (CRE) for Gαs, nuclear factor of activated T cell response element (NFAT-RE) for 

Gαq, or serum response element (SRE) for Gi/o. Upon incubation with mastoparan, we 

observed specific activation of NFAT-RE but not SRE-RE or CRE (Figure 24A), 

indicating that mastoparan specifically activates Gαq, the subunit known to activate 

phospholipase C (PLC). Indeed, we detected MRGPRX2-specific phosphorylation of 

PLCγ1 (Figure 24B), which in turn results in inositol triphosphate (IP3) production, the 

critical second messenger that mobilizes Ca2+ required for MC degranulation (124). 
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Figure 24: Mastoparan activates Gαq axis and PLCγ1. (A) Luciferase reporter 
activities triggered by mastoparan in mock- or MRGPRX2-transfected HEK293 cells 
coexpressing NFAT-RE, SRE or CRE (representing Gαq, Gi/o or Gαs pathway, respectively). 
Immunoblots show the MRGPRX2 expression and loading control GAPDH. (B) 
Immunoblot analysis of lysates prepared from RBL-2H3 cells (mock- or MRGPRX2-
transfected) stimulated with mastoparan for 5 min and probed for phospho- PLCγ1, 
PLCγ1, Flag and GAPDH. Data are presented as the mean of triplicate values in one 
experiment, representative of at least two independent experiments. 
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Collectively, these data indicate that mastoparan activates a single pathway 

downstream to MRGPRX2 which specifically triggers MC degranulation. To investigate 

if mastoparan could activate other receptors, especially PRRs such as Toll-like receptors 

(TLRs) or NOD-like receptors (NLRs) commonly found in both immunocytes (including 

MCs) and non-immune cells, we conducted a commercial TLR/NLR screening assay (see 

Methods). We observed that mastoparan did not activate any of the tested TLRs or NLRs 

(Figure 25). So far, our data indicate that mastoparan’s action is highly restricted to a 

single MC-specific receptor and downstream pathway, indicating the potential of MCAs 

as selective immune-modulators. 
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Figure 25: Receptor-specificity of mastoparan. Quantification of activation of 
TLRs or NLRs by mastoparan (500 µg/ml) or positive controls specific to each receptor. 
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3.3.4 CTMC activation by mastoparan recruits neutrophils in vivo 

To investigate if mastoparan-triggered activation of MCs were associated with 

the release of immune-mediators known to influence neutrophil recruitment, we 

examined various cytokines in human MC line LAD2 by a multiplex assay. 
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Figure 26: Cytokines released from mast cells upon activation by mastoparan. 
Cytokines (prestored or de novo synthesized) secreted by a human MC line (LAD2) upon 
stimulation with mastoparan (25 µM) for 20 hours, measured by a Luminex multiplex 
fluorescent immunoassay. Data represent mean of triplicate values in a single 
experiment. 

The cytokines that released from human MCs specifically upon mastoparan 

treatment include TNF, GM-CSF, IL-8 and CCL2 (MCP-1) (Figure 26). While TNF has 

been shown to mediate MC-dependent neutrophil recruitment following infection (53, 

98), the other mediators are known to play critical roles in both recruitment and 

activation of neutrophils in different inflammatory states (125-129). 
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Upon determining the capacity of mastoparan to trigger release of neutrophil-

recruiting cytokines in vitro, we investigated mastoparan’s capacity to activate MCs and 

mediate neutrophil recruitment in vivo. Since the mouse peritoneum is rich in CTMCs 

and relatively easy to assess for MC degranulation and leukocyte recruitment, we 

injected increasing doses of mastoparan into the peritoneal cavities of mice to determine 

the minimum concentration of mastoparan required for maximum MC degranulation. 

Using toluidine blue which metachromatically binds to heparin in MC granules, we 

could distinguish granulated MCs from other cells in peritoneal lavage employing 

brightfield microscopy and were able to readily ascertain their degree of degranulation 

(22, 102) (Figure 27A). Upon administration of concentrations ranging from 0.2 mg to 8 

mg per kg body weight, we observed dose-dependent degranulation until the 2 mg/kg 

dose when maximum degranulation was attained (Figure 27B). When we examined the 

effect of Mastoparan 17, an inactive analog of mastoparan (115), we did not detect any 

degranulation at a dose equimolar to 2 mg/kg mastoparan.  
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Figure 27: Dose-dependent degranulation of mast cells in vivo by mastoparan. 
(A) Detection of granulated MCs by toluidine blue staining. Representative images of 
toluidine blue stained mouse peritoneal cells collected 30 min after intraperitoneal 
injection of mastoparan (2 mg/kg) or saline. Scale bar 50 µm. Panels on the right depict 
higher magnification of MCs, scale bar 10 µm. Note that in MCA-treated mice, MCs in 
various stages of degranulation can be detected. (B) Quantification of granulated MCs in 
the peritoneal lavage of mice 30 min after intraperitoneal (i.p.) injection with various 
doses of mastoparan (0.2 – 8 mg/kg bodyweight; n = 3) or controls. 

Next, we investigated if mastoparan-mediated MC activation in the peritoneum 

was accompanied by a neutrophil influx. We treated mice intraperitoneally with 2 
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mg/kg of mastoparan and 2 hours thereafter, collected the peritoneal lavage. Assessment 

of the lavages by flow cytometry revealed substantial recruitment of neutrophils into the 

peritoneal cavity following administration of mastoparan but not its inactive 

counterpart (Figure 28A). 

 

Figure 28: Mastoparan-mediated neutrophil recruitment. (A) Numbers of 
neutrophils per peritoneum 2 hours post i.p. injection with saline or 2 mg/kg 
bodyweight of mastoparan. Data represent two independent experiments (n = 3-6). Flow 
cytometry plots represent percentages of CD11b+Ly6G+ neutrophils in peritoneum of 
each group of mice. (B) Numbers of neutrophils per peritoneum 2 hours post i.p. 
injection 2 mg/kg bodyweight of mastoparan. Flow cytometry plots represent 
percentages of neutrophils in peritoneum of MC-sufficient or MC-deficient mice. Data 
represent two independent experiments (n = 5-6). 

To confirm that the neutrophil recruitment by mastoparan was dependent on 

presence of MCs and not by its effect on some other cell type, we assessed neutrophil 

recruitment in CTMC-depleted mice. In contrast to Cre- iDTR+ control mice, neutrophil 
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influx upon mastoparan injection was minimal in MC-depleted Mcpt5-Cre+ iDTR+ mice 

(Figure 28B). Cumulatively, these data show that mastoparan specifically activates MCs 

via the MRGPRX2 receptor and that this results in MC degranulation which, in vivo, can 

result in significant neutrophil recruitment even in the absence of infection. 

3.3.5 Topical application of MCA degranulates skin MCs and recruit 
neutrophils 

We found that it was necessary to dissolve mastoparan in a skin permeating 

cocktail (vehicle) comprising of dimethyl sulfoxide (DMSO) and olive oil in order to 

achieve penetrance of the stratum corneum with adequate amounts of mastoparan. 

Examination of high-magnification images of mouse skin cross-sections upon topical 

application of mastoparan-FITC revealed that the peptide would readily penetrate the 

epidermis and reach the dermis (Figure 29), where skin MCs reside.  

 

Figure 29: (A) Penetration of mastoparan into dermis. Representative images of 
mouse dorsal skin cross sections collected at 2 hours post topical application of 10 µg 
mastoparan-FITC or vehicle, n = 2-3. Arrows point to the fluorescent peptide detected 
within dermis. Scale bar 50 µm.  
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Figure 30: MC degranulation by topical mastoparan. (A) Representative whole 
mount images showing granulated MCs in vehicle- and mastoparan-treated ear tissue, 2 
hours post treatment. ‘H’ indicates hair follicle. Scale bar 50 µm. Graph shows 
quantification of granulated MCs in each treatment group, n = 5. (B) Quantification of 
neutrophils in dorsal skin of each treatment group employing myeloperoxidase assay, 6 
hours post treatment (n = 3). 

The numbers of granulated MCs were significantly reduced in the skin treated 

with 10 µl of 675 µM mastoparan (equal to 10 µg) compared to the skin treated with 

vehicle (Figure 30A), suggesting that topical application of mastoparan results in 

activation of skin MCs. The recruitment of neutrophils into the dermis upon topical 

application of mastoparan was detectable but minimal (Figure 30B), presumably in 

absence of additional cues from an infection or injury, most of the recruited neutrophils 

immediately left the skin by reverse migration (130). Mice were monitored for local 

adverse events such as irritation, inflammation or mutilation of the treatment site after 

repeated daily treatments of the skin by mastoparan. Signs for systemic adverse events 
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were also monitored by observing for any changes in body temperature as well as 

behavior (e.g., distress, discomfort, and activity level). We did not observe any local or 

systemic adverse effects in the mice, indicating that the topical application of low-dose 

MCA does not cause any significant local or systemic adverse effects. 
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3.3.6 MCA -mediated neutrophil recruitment accelerates bacterial 
clearance in the skin. 

Next, we proceeded to investigate the impact of mastoparan treatment in our 

dermonecrotic model of S. aureus skin infection. Beginning 12 hours post infection when 

a palpable swelling at the site of infection had formed, mice were treated on and around 

the infected site with mastoparan or vehicle every 12 hours for two weeks. To visualize 

MC degranulation and neutrophil recruitment into the dermis adjacent to the lesion, we 

sacrificed a subset of mice on day 5 post infection. Since avidin binds to heparin, we 

employed avidin conjugated with a fluorochrome to specifically visualize mast cell 

granules by confocal microscopy of whole skin mounts. We observed that many MCs 

remained granulated during the course of infection in the vehicle-treated mice and there 

was a limited recruitment of neutrophils (Figure 31, bottom left). On the other hand, in 

mastoparan-treated mice almost no granulated mast cells were detected whereas 

numerous neutrophils were readily detectable (Figure 31, bottom right). 
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Figure 31: Neutrophil recruitment by mastoparan during S. aureus infection. 
(A) Representative whole mount of the dorsal skin following no infection or treatment 
(top panel), intradermal infection (108 S. aureus) and topical treatment with vehicle 
(bottom left panel) or mastoparan (bottom right panel). The infected mice were treated 
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twice daily and sacrificed 4 hours post treatment on day 5, skin tissues adjacent to scabs 
were stained for avidin (red), Ly6G (green) and CD31 (blue). Notice that in the 
mastoparan-treated tissue, MCs are not visible because they are degranulated and 
numerous neutrophils appear in the image. Scale bar 100 µm. (B) Quantification of 
neutrophils (myeloperoxidase) in the skin of each group of mice 4 hours post treatment 
on day 7 (n = 3-5). 

To quantitate neutrophil influx, another subset of mice was sacrificed on day 7, 

approximately halfway to the resolution of infection. Using myeloperoxidase (MPO) 

assay, we observed a significant increase of neutrophil recruitment in infected mice 

treated with mastoparan compared to vehicle (Figure 31B). These data indicated that 

exogenous activation of local MCs by mastoparan recruited additional neutrophils 

throughout the course of infection. As a result, the bacterial burden in mastoparan-

treated mice was trending lower than that in vehicle-treated mice by day 5 and became 

significantly lower by day 10 and continued to remain so till end of the study period 

(Figure 32A). In parallel with the reduced bacterial number, the lesion size of the 

mastoparan-treated animals was significantly smaller than the other group beginning 

from day 5 (Figure 32B). We included an additional control group of mice which was 

infected and then treated with 10 µl of a cocktail of three over-the-counter antibiotics 

commonly used for topical treatment of skin infections (Neomycin/polymyxin 

B/bacitracin). The rate of healing induced by mastoparan was very similar to that 

mediated by the antibiotics (Figure 33A). Notably, mastoparan-mediated control in 

lesion size and bacterial burden was completely abolished in neutrophil-depleted mice 
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(Figure 33, B-C), indicating that mastoparan’s therapeutic effects were indeed 

neutrophil-dependent. 

 

Figure 32: Mastoparan treatment accelerates bacterial clearance. (A) 
Quantification of bacteria in the infected skin tissues at different time points post 
infection (n = 4-5). (B) Representative images of skin lesions taken on indicated days post 
infection and treatment. White lines delineate area of infection on day 1. Graph at the 
bottom represents size of skin lesions in different treatment groups measured on 
indicated days and area calculated using ImageJ (n = 10). Data are representative of at 
least two independent experiments. 
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Figure 33: Efficacy and neutrophil-dependency of mastoparan’s antibacterial 
effect. (A) Lesion size of mice infected with S. aureus and treated with triple antibiotic (n 
= 18). Data of mastoparan and vehicle treatment from Fig. 3G were superimposed for 
comparison. (B) Schematic showing experimental plan and graph depicting mean lesion 
size at indicated time points post infection of neutrophil-depleted mice and treatment 
with vehicle or mastoparan (n = 5). (C) bacterial numbers (CFUs) in the infected skin 
tissues day 15 post infection. 

 To summarize, topical treatment with mastoparan significantly accelerated 

bacterial clearance and reduction of lesion size by enhancing neutrophil recruitment, 

indicating its strong therapeutic effect on resolution of local infection. 
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3.3.7 Therapeutic effect of mastoparan is specific to MC activation. 

Next, we investigated the specificity of MCA-mediated therapeutic effects by 

multiple approaches. First, employing the previously described CTMC-depletion model, 

we asked if these cells are essential for the therapeutic effect observed during skin 

infection. When we treated MC-depleted mice with mastoparan, it failed to improve 

healing (Figure 34) compared to vehicle treatment, indicating that the therapeutic effects 

of mastoparan require CTMCs. 

1 3 5 7 9
0

20

40

60

80

100 Vehicle
Mastoparan

Days post infection

Le
si

on
 s

iz
e 

(%
 o

f d
ay

 1
)

 

Figure 34: Mastoparan’s therapeutic effect requires CTMCs. Quantification of 
lesion sizes at indicated days post infection of MC-depleted mice with vehicle or 
mastoparan treatment (n = 6-7). Note that healing rates in MC-depleted mice were 
slower than that in MC-sufficient mice due to larger initial lesions. Data represent two 
independent experiments. 

A common feature of many peptide and non-peptide MCAs is the direct 

antimicrobial capacity, attributed to their cationic amphiphilic nature which allows the 

MCA to bind and disrupt negatively charged bacterial membranes (131-133). Since being 

a cationic peptide, mastoparan can also lyse bacterial membrane, we attempted to 

ascertain if part of the therapeutic effects of mastoparan was related to its direct 

antibacterial activity. We made various alterations to the amino acids of mastoparan to 
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generate a mastoparan derivative that retained its antimicrobial activities but lost its 

MC-degranulating capacity.  

 

Figure 35: Therapeutic effect of mastoparan is specific to MC activation. (A) 
Amino acid sequence and MIC (minimum inhibitory concentration) for mastoparan or 
its analogs each mastoparan analog. (B) Degranulation of MC/9 cells expressed as β-
hexosaminidase release by 25 µM mastoparan, MP-6I and Duke Mast F. (C) Cytotoxicity 
of mastoparan or its analogs measured by LDH assay 4 hours post incubation of L929 
cells at a concentration of 50 µM. (D) Quantification of lesion sizes in each treatment 
group (n = 5). 

 By systematic substitutions of single amino acids on mastoparan peptide, we 

identified such a derivative ‘MP-6I’ (see Methods) in which leucine at position 6 was 

substituted with isoleucine. This single change was enough to cause complete loss in 

MC-degranulating activity while retaining comparable antibacterial activity against S. 
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aureus (Figure 35, A-B). However, identifying a mastoparan derivative that retained its 

MC degranulating property while lost its antibacterial activity was much more 

challenging. We therefore developed a tryptophan-rich 14-mer peptide named ‘Duke 

Mast F’ (see Methods) whose amino acid sequence is unrelated to mastoparan but 

possess comparable MC-degranulating capacity without any antibacterial activity 

(Figure 35, A-B). Having selected mastoparan derivatives that exhibited either MC-

degranulating activity or antibacterial activity without any significant toxicity (Figure 

35C), we investigated their ability to resolve S. aureus skin infections at quantities 

equimolar to native mastoparan. To our surprise, we found that MP-6I, despite its 

inherent antibacterial activity in vitro did not significantly reduce lesion size compared 

to vehicle treatment following S. aureus infections (Figure 35D). Conversely, when we 

examined the therapeutic ability of Duke Mast F, we found that it was significantly 

better than the vehicle in reduction of lesion size (Figure 35D). Cumulatively, these 

initial structure-activity relationship studies on mastoparan suggest that its therapeutic 

effects are dependent on its MC-activating capacity rather than on direct antibacterial 

properties and attributable to other MC-activating peptides. 

3.3.8 Treatment with MCA promotes regenerative healing. 

The lesions in dermonecrotic infections mimic wounds that arise upon loss of the 

scab and reduction of lesion size involves proliferation and reepithelialization similar to 

that occurring in wound healing. Since persistence of bacteria at wound sites can 
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significantly delay natural wound healing and increase scarring (134, 135), we 

speculated that mastoparan-mediated acceleration in bacterial clearance could result in 

not only faster but also more regenerative healing of skin lesions i. e. less scarring. 

 

Figure 36: Treatment with MCA promotes regenerative healing. (A) 
Representative images of skin scars from different mouse groups taken on day 28 post 
infection. Arrowheads indicate the length of scars. (B) Representative cryosections from 
scarred regions. The sections taken were perpendicular to the long axis of the scar. 
Arrowheads define the area of scar regions devoid of hair follicles. Scale bar 500 µm. The 
graph on the right represents area of the scar in each group measured using ImageJ (n = 
4). 

To investigate that, we allowed the lesions in various groups of mice to close 

completely (which typically takes 2-3 weeks post infection), then waited an additional 

two weeks to allow all the proliferative processes in the skin to reach steady state levels. 

Then the scars along with surrounding skins were harvested and the levels of scarring at 



 

103 

each of the infection sites were visualized by trichrome staining of the cross-sections. 

Indeed, the scar area was significantly smaller in the mastoparan-treated mice compared 

to controls (Figure 36). 

3.3.9 CTMCs recruits wound healing CD301b+ cells 

The reduced scarring could be primarily due to accelerated bacterial clearance by 

mastoparan, nonetheless, we investigated if MCs had any additional role in healing of 

these infectious wounds other than promoting bacterial clearance. We have recently 

identified critical roles for dermal CD301b+ cells in promoting reepithelialization of 

sterile wounds (136).  

 

Figure 37: CTMCs restores wound healing CD301b+ cells. (A) Representative 
flow cytometry plots depicting CD11b+CD301b+ DDC population in skin of mice of 
indicated groups. Cells within the CD45+CD64loCD11c+ gate are shown. Graph at the 
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bottom shows skin CD301b+ DDCs as percentage of total live cells (n = 3-5). Data are 
representative of two independent experiments. (B) Representative flow cytometry plots 
depicting CD103+ DDCs in the skin with or without infection (gated from 
CD45+CD64loCD11c+CD301b- cells). 

 Interestingly, in our current study we observed that the CD301b+ dermal 

dendritic cell (DDC) population significantly decreased in the infected skin area by 24 

hours post infection, however, the population was restored at the later stage of infection 

when bacterial burden was minimal (Figure 37A). This phenomenon could be unique to 

CD301b+ cells, as we did not observe a similar reduction in case of the other major DDC 

population (CD103+ cells) by 24 hours (Figure 37B). Since we previously identified that 

MCs could recruit CD11b+ DCs early during E. coli skin infection (99) and CD301b+ DCs 

were shown to be a major subset of CD11b+ DDCs (137, 138), we asked if MCs had a role 

in repopulation of these cells during the healing stage of infection. Depletion of CTMC 

results in higher bacterial burden which may also contribute to reduction of CD301b+ 

cells in the dermis. Therefore, we adjusted the bacterial inoculum to obtain similar 

lesions in MC-sufficient and MC-depleted mice. We observed that the number of 

CD301b+ DCs on day 12 was significantly lower in absence of MCs (Figure 37A), 

indicating that MCs contributed to restoring the skin CD301b+ DC population to 

homeostatic levels. Note that absence of MCs did not affect the CD301b+ cells population 

in uninfected skin area (data not shown). To summarize, MCs contribute to healing of 

infectious wounds not only by clearing bacteria via neutrophil recruitment but also by 

promoting reepithelialization via restoration of CD301b+ DC population. 
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3.3.10 MCA mobilizes DCs to DLNs 

Concurrent with recruiting innate immune cells to clear pathogens at the site of 

infection, MC mediators also modulate the trafficking of key immune cells involved in 

antigen presentation, the critical immune activity responsible for initiating adaptive 

immunity (93). Recent studies have revealed that MCs are responsible for recruiting 

antigen presenting dendritic cells (DCs) to the site of infection and promoting their 

migration from the inflamed site to the DLNs, the epicenter of the adaptive immune 

response (99-101). In this study, we observed that mastoparan triggered release of 

several cytokines from the human LAD2 MCs such as TNF, CCL2, CCL3 and CCL4 

(Figure 2E) which had previously been implicated to be involved in either MC-

dependent or MC-independent mobilization of DCs (99, 139-142). To determine whether 

mastoparan can mobilize DCs to DLNs, we injected mastoparan or its inactive 

counterpart (mastoparan 17) intradermally into rear footpads of mice since this site is 

drained by a single DLN, the popliteal node (PN). We observed that by 24 hours, 

mastoparan elicited lymph node hypertrophy (Figure 38A) in a CTMC-dependent 

manner. We detected significant levels of various migratory skin DC subsets recruited 

specifically by mastoparan into PNs which include CD103+CD207± dermal DCs as well 

as CD207+CD103- Langerhans cells (LCs) (Figure 38B) (143). 
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Figure 38: MCA mobilizes DCs to DLNs. (A) Weight of popliteal nodes (PNs) 
and total number of cells in the PN 24 hours post footpad injection of WT mice with 
saline, 10 µg mastoparan or mastoparan 17, or MC-depleted mice with mastoparan (Cre+ 
Mastoparan group). (B) Numbers of CD11c+IA/IE+ antigen presenting cells, LCs and 
CD103+ DCs in PNs 24 hours post various treatments described above. Data are 
representative of two independent experiments. 

 Therefore, we speculated that mastoparan treatment could provide a powerful 

adjuvant effect during infection and augment bacterial antigen-specific antibody 

production. 
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3.3.11 Treatment with MCA boosts antibody responses and protects 
from reinfection 

 

Figure 39: Mastoparan boosts adaptive immunity and controls reinfection. (A) 
Schematic showing experimental plan and graph depicting IgG geometric mean titer 
(GMT) against whole S. aureus cells in sera collected on day 21 post infection from mice 
infected with S. aureus and treated with vehicle, mastoparan or mastoparan 17 for two 
weeks or in sera of uninfected (naive) mice (n = 5). (B) Lesion size 24 hours post 
reinfection with 108 S. aureus of mouse groups described above (n = 5). Note that the 
lesion sizes were larger since the bacteria were not coated with microbeads (see 
Methods). 

To test the hypothesis that mastoparan treatment might improve adaptive 

immunity, dermonecrotic infections were topically treated with vehicle, mastoparan or 

mastoparan 17 for two weeks as described before and sera from each group of mice were 

collected on day 21 and assayed for S. aureus-specific total IgG. Indeed, IgG titers were 
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significantly higher in mastoparan-treated group compared to mice treated with vehicle 

or mastoparan 17 (Figure 39A). Note that the antimicrobial effect of mastoparan which 

accelerated bacterial clearance and therefore reduced the source of immunogens did not 

cancel out its adjuvant effect. To determine if increased antibody response is associated 

with protection from reinfection, we infected the dorso-rostral area of mice with S. 

aureus on day 28 (one week after complete resolution of initial infections in all mice) and 

measured the lesion size after 24 hours. We observed that lesions upon reinfection in 

mice previously infected and treated with mastoparan were significantly smaller than 

that in mice previously infected and treated with vehicle or mastoparan 17 or that in 

previously uninfected (naive) mice (Figure 39B). These data demonstrate that along with 

expediting resolution of infection, the MCA is capable of boosting adaptive immunity 

which provides protection against reinfection. 
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3.4 Discussion 

A cell type not often considered during infection is the mast cell (MC). MCs have 

mostly been associated with propagating chronic inflammatory disorders such as IgE 

mediated asthma, arthritis, and Crohn’s disease (144, 145). This negative reputation is 

due mostly to their capacity to release large amounts of proinflammatory mediators. 

Over twenty years ago, we demonstrated the critical role of MCs in modulating bacterial 

clearance in the lungs and peritoneal cavities of mice through recruitment of neutrophils 

(53). Since then, evidences have emerged from various laboratories implicating MCs as 

critical modulators of defense against wide variety of bacterial and viral infections at 

different body sites (96, 97). Conventional MC knockout models involve mutations in or 

upstream of c-kit which have been shown to display confounding abnormalities such as 

neutrophilia or neutropenia (146, 147). Therefore, in this study we further verified MCs’ 

role in neutrophil recruitment and control of skin infections by employing inducible 

CTMC depletion system (Mcpt5-Cre+ iDTR+ mice) which does not affect levels of other 

immune cells (119). 

Since MCs can be activated exogenously by natural or synthetic MCAs, we 

reasoned that administering small amounts of MCAs locally, at sites of infection, could 

boost bacterial clearance through enhanced neutrophil recruitment without evoking any 

systemic side effects. Unlike other sentinel immunocytes, MCs prestore granules loaded 

with chemoattractants and other proinflammatory mediators and are therefore ideal 
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cellular targets for rapid triggering of the immune system. Furthermore, MCs recruits 

immunocytes of both innate and adaptive pathways, therefore a coordination between 

them could be achievable. Topical application of MCAs was found to be highly effective 

in reducing S. aureus skin infections and in resolving the resulting lesions. That this 

effect was via neutrophil recruitment was deduced from the observations that bacterial 

clearance was closely associated with neutrophil influx into the infection site and the 

effect was abolished if neutrophils were depleted. Since the MRGPRX2 receptor is 

expressed primarily on CTMCs and not on other immune cells, the actions of MCAs can 

be assumed to target only this subset of MCs. Indeed, the protective actions of the MCA 

were critically dependent on CTMCs since the MCA had limited efficacy in recruiting 

neutrophils or resolving infections in CTMC-depleted mice. Therefore, the inflammation 

that MCAs evoke are likely to be more controlled, as opposed to TLR ligands or other 

PAMPs which can activate PRRs on various immune and nonimmune cells. Another 

important property of MRGPRX2 receptor on MCs is that unlike FcεRI, it is resistant to 

desensitization (106) upon activation by peptide MCAs and therefore, it is likely to 

remain responsive allowing for successive MCA treatments. 

Since MCs can recruit heterogeneous dendritic cell population and release 

panoply of growth factors, some of which can promote wound healing processes (99, 

136, 148), there was also a possibility that these factors might contribute to the beneficial 

effects of MCAs. This study identified a novel role of CTMCs in restoring wound-
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healing CD301b+ DDC population which disappeared from skin upon infection. The 

CD301b+ DDC is also a key transporter of antigens to skin-draining lymph nodes (137, 

138). Therefore, the low abundance of CD301b+ DDC we observed post infection was 

presumably due to their continuous migration to lymph nodes upon exposure to 

bacterial antigens, which continued until the bacterial burden became low. We also did 

not detect any increase in CD301b+ cells within the dead cell population in the infected 

skin (data not shown), supporting that the disappearance of these cells were due to their 

migration and not cell death. This wound-healing role of MCs does not appear to occur 

in the absence of infection as dermal CD301b+ cell frequency does not alter during sterile 

wounding (136). Several recent studies have also shown MCs as dispensable in sterile 

wound healing (149, 150). 

Like many natural cationic peptides, mastoparan had previously been reported 

in several in vitro studies to have direct antibacterial activity. The bactericidal action of 

this peptide was attributed partly to its net positive charge which facilitated penetration 

and disruption of the negatively charged bacterial surface membranes (131, 151). 

Surprisingly when we examined a mutant derivative of mastoparan, MP-6I, which had 

lost its ability to activate MCs but still retained its antibacterial activity, for its capacity to 

resolve S. aureus infections, we found very little activity. Furthermore, when we 

examined the ability of mastoparan to resolve dermonecrotic infections in MC-depleted 

mice where the immune stimulating activity of mastoparan should not occur; we found 
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no significant therapeutic benefit. Taken together, the protective actions of mastoparan 

in vivo are primarily attributable to its innate immunostimulatory activity rather than to 

any antibacterial actions. This is consistent with recent findings that many host defense 

peptides with antimicrobial properties based on in vitro studies, have limited activity in 

vivo. Their positive charge causes many soluble host proteins to adsorb to these peptides 

and interfere with their ability to intercalate with bacterial membrane (152-154), 

presumably without impeding their ability to activate MCs. 

While our studies here have primarily dwelled on the use of MCs in boosting 

innate immune responses, our current study demonstrates that MCA treatment of skin 

can also enhance DC recruitment and protective antibody response during infection, 

indicating that MCs can be targeted to induce both innate and adaptive immunity to 

pathogens simultaneously, which would be the most advantageous means to develop 

host-directed therapy.  

The notion of employing MCAs as therapeutics must be balanced with concerns 

over these MCAs getting into the circulation to cause systemic MC degranulation 

leading to anaphylaxis. However, these concerns could be unwarranted when we 

consider that two peptide antibiotics, polymyxin B and colistin, are actually strong 

MCAs that have been approved for systemic use since 1964(155-159). The lack of 

anaphylaxis when using these agents may be because MC responses to non IgE MCAs 

are distinct in both speed and mediator contents than those typically elicited by IgE and 
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allergen (108). Indeed, our studies involving topical MCAs failed to reveal any harmful 

side effects either at the site of application or systemically, even after multiple 

applications. Additionally, although the MCAs were found to elevate IgG and IgA 

responses, very little IgE was found to be evoked by MCAs (104).   

This work reveals for the first time that purposeful activation of mast cells (MCs) 

in the skin can not only accelerate bacterial clearance mechanisms but also enhance 

cutaneous healing mechanisms as well as adaptive immune responses, which are 

protective against future infections.  By employing a peptide that targets a receptor 

found almost exclusively on CTMCs, we can specifically target this subset of cells for 

activation without evoking any off-target effects. Since the MCAs are directed at host 

cells, there is less likelihood that bacterial pathogens will develop resistance to this mode 

of treatment. Furthermore, since the MCAs are boosting the general innate immune 

response, it will be effective regardless of the identity of the pathogen. Since the mode of 

action of MCA is distinct from that of conventional antibiotics, they can readily be 

applied as adjuncts to current standard of care antibiotics, possibly resulting in a 

synergistic outcome. 
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4. Conclusion 
Our study shows that understanding immune cell functions and their 

interactions with pathogens at peripheral barrier sites and secondary immune-

checkpoints, such as the lymph nodes, can identify novel immunotherapeutic 

approaches against infections. These approaches involve subverting pathogen 

exploitation of immune cell functions as well as boosting innate capacities of particular 

immune cells, as demonstrated in the previous two chapters, respectively. 

4.1 Cooption of innate immune cells in promoting infection 

Yersinia pestis is the causative agent of the Black Death, a high-mortality epidemic 

which accounted for the death of at least one-third of Europe’s population in the space 

of 6 years in the 14th century and which has continued to plague mankind since then 

(31). Even in this 21st century, outbreaks of Y. pestis infections in countries such as 

Madagascar continue to result in hundreds of fatalities (160). To date, early events of Y. 

pestis infection leading to its spread in the body have been poorly understood, primarily 

due to rapid progression of the disease in animal models. Using mice and an infectious 

route that faithfully mimics the natural course of Y. pestis infection and a Y. pestis strain 

that progress slowly in vivo, we discovered that following intradermal inoculation, 

colonization of the primary DLN is a pivotal beachhead in the pathogenic process and 

host cell death plays a critical part in it. The model for the role of cell death in Y. pestis 

dissemination within buboes is in the schema in Figure 40. 
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Figure 40: Mechanism of Y. pestis dissemination within buboes 

Conversion of lymph nodes into pathognomonic buboes is the key hallmark of 

bubonic plague, however, it has long been considered merely as a pathological feature. 

Our study demonstrates the functional utility of the buboes in disease progression is 

that they are the byproduct of bacterial co-option of immune cell trafficking; and cell 

death serves as a switch between intracellular and extracellular stages of the bacteria. 

We reveal that the aggregates of commandeered cells in buboes provide a hub for 

bacterial multiplication and spread. In this regard, the buboes appear to resemble 

pathogenic mycobacteria-induced granulomas, which are distinct macrophage-rich 

structures that promote both growth and spread of intracellular bacteria (25). 
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Understanding the underlying basis for the formation of such bacteria-driven cellular 

structures may reveal novel therapeutic strategies directed at blocking dissemination of 

various bacterial pathogens. 

Our study also highlights the role of programmed cell death in bacterial 

dissemination which has previous been underappreciated. While immune cell death is 

closely associated with inflammation and therefore considered as a host response, recent 

studies have revealed that various types of programmed cell death are often associated 

but not necessary for inflammatory responses against pathogens (161-163). These new 

findings question the theory that cell death is merely a collateral for inflammation; and 

why the signaling pathways for cell death inflammation and cell death collide remains 

an enigma. This study suggest that lytic cell death can be beneficial for intracellular 

pathogens, especially in situations when the pathogen takes advantage of the massive 

inflammatory responses. Although extensive necrosis of buboes is routinely observed 

during postmortems of Y. pestis infected subjects and in animal models of bubonic 

plaque (31, 32, 164), its association with Y. pestis virulence has gone largely unnoticed. 

Our findings highlight that the causality in host-pathogen interactions can be elusive 

and requires careful evaluation as what might have been misconstrued as the ‘effect’ can 

turn out to be the ‘cause’ and vice versa. 

Although it has been known for many decades that Y. pestis reside and even 

multiply in macrophages (35, 36) by resisting lysosomal killing (37), the significance of 
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this activity has not been fully deciphered. This could partly be attributable to the 

differences between the infectious states of flea-regurgitated bacteria and lab-cultured 

bacteria. Since the Yersinia T3SS effector proteins express only at 37°C upon contact with 

mammalian host cells, it is a common practice to grow bacteria at 37°C which allows 

abundant production of these proteins as well as studying their effects in vitro (47, 165). 

However, since natural expression of these proteins is minimal at 26°C in flea midgut 

and only activates upon inoculation into mammal skin via flea bites, pre-activation of 

these factors may not mimic their natural role in pathogenesis. For instance, pre-

activation of the effector proteins with antiphagocytic capacity (such as YopH) results in 

rapid injection of the antiphagocytic factors as soon as the bacteria come in contact of the 

host cells and as a result the host cells fail to phagocytose bacteria. Therefore, it has been 

proposed that Yersinia employs these antiphagocytic factors to avoid phagocytosis and 

subsequent killing by macrophages. This predisposition has led to overlooking the role 

of intracellular bacteria in pathogenesis even though Yersinia pestis also employ several 

highly efficient effector proteins to facilitate their invasion into host cells (41). An 

alternative hypothesis, therefore, could be that the antiphagocytic factors do not get 

produced largely until the bacteria enter the host cells, the intracellular bacteria then 

inject the factors through phagosomal or other vacuolar membranes to prevent 

phagocytosis of additional bacteria, providing a niche for intracellular replication of the 

bacteria which have already entered the host cells. Subsequent delayed lytic death of 
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host cells would allow release of newly replicated intracellular bacteria, facilitating 

further infection, as we observed in this study by employing bacterial culture that better 

replicates the infectious state of bacteria during transmission via fleabites. Therefore, 

employing models of infection that closely mimic the natural route of bacterial 

progression in the body can help better inform us on pathogenic tactics. 

4.2 Cooption of innate immune cells in combating infection 

With the rapid emergence of multiresistant bacteria and the lack of new 

antibiotics in the pipeline (166, 167), there is a dire need for alternative antibacterial 

therapy. Due to their critical role against pathogen invasion at barrier sites, innate 

immunocytes could potentially be targeted for novel therapeutic approaches; however, 

non-specific activation may lead to unregulated outcomes. As described in the third 

chapter, we identified distinct immunoregulatory functions of mast cells during early 

and late stages of Staphylococcus aureus skin infection, which are critical for infection 

control and tissue repair, respectively. We envisioned and eventually demonstrated that 

activation of local mast cells via a mast cell-specific receptor could be employed as a safe 

immunotherapeutic approach. Topical treatment with mastoparan, a peptide mast cell 

activator, resulted in enhanced clearance of Staphylococcus aureus from infected mouse 
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skins. The mechanism of action is depicted in Figure 41. 

 

Figure 41: Mechanism for mastoparan’s therapeutic effect 

We demonstrate that mastoparan functions by activating connective tissue mast 

cells (CTMCs) via the MRGPRX2 receptor. Peripheral CTMC activation, in turn, 

enhances recruitment of bacteria-clearing neutrophils. In addition to neutrophil 

recruitment, mast cell activation also promotes repair of infectious wounds and 

improves adaptive immunity via mediating mobilizations of various dendritic cells. 

Our work supports the notion that targeting immunoregulatory cells such as 

mast cells might have several benefits over targeting immune-effector cells such as 

neutrophils. First, the regulatory capacities of mast cells (168) may prevent unwanted 

inflammatory events. Second, unlike effector immune cells such as neutrophils, mast 

cells do not die after activation and their granules regenerate over time, allowing for 

multiple activations. Third, activation of mast cells appears to modulate both innate and 
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adaptive immunity to pathogens, which may provide long-term benefits in addition to 

immediate therapeutic effects (93). Our approach also highlights the importance of 

receptor specificity in host-directed therapy. Mastoparan functions via a receptor 

exclusive to mast cells, therefore, nonspecific activation of other immune cells would be 

minimal. Identifying receptors that are unique to distinct immune cell types and novel 

ligands that binds to those cell type-specific receptors could be a safer and more effective 

approach in host-directed therapy. 

4.3 Concluding remarks 

In summary, our studies revealed a previously unknown pathogenic mechanism 

for intracellular bacteria relies on manipulating hosts’ programmed cell death pathways. 

This study also identifies the mast cell as a candidate for therapeutic intervention to 

bacterial infections, whose potential in host-directed innate defense has not previously 

been explored. With this work, we contribute to the understanding of the role of innate 

immune cells during bacterial infections which will likely open new strategies for 

therapeutics against infections. 
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