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Abstract 

Title of Dissertation Immunologic and pathogenic interactions 
between burned mice and Pseudomonas 
aeruginosa 

Jerod Brammer, Doctor of Philosophy, 2021 

Dissertation Directed By: Alan S. Cross, Professor 
Center for Vaccine Development and Global 
Heath 
University of Maryland School of Medicine 

Fire is a pinnacle staple of human life. Consequently, burn injuries are inevitable. 

People that survive the initial burn trauma are at higher risk of severe complications due 

to secondary bacterial infections from either environmental exposure or hospital-acquired 

infections. The most common Gram negative bacterium found in burn wounds worldwide 

is Pseudomonas aeruginosa (PA). Here we employ a non-lethal 10% total body surface 

area flame-burn. A superimposed infection with PA strain M2 resulted in 100% mortality 

post-burn with a reduction in the lethal dose from >106 to <102 CFU when administered 

in the burn site immediately after the burn. This reduction in LD50 only lasts for 72 hours 

post-burn, suggesting the burn caused a transient reduction in host defenses that reduced 

the ability to fight infection. This model allowed for the discrimination between 

immunological events caused by the burn itself and subsequent bacterial infection. We 

determined that a high concentration of High Mobility Group Box 1 (HMGB1), a danger-

associated molecular pattern, was released into the circulation directly after the burn. This 

release of HMGB1 into the circulation was independent of infection and preceded 

detectable cytokine responses. With infection, there was a 10-fold increase in circulating 

HMGB1 that continued until death. The inhibition of circulating HMGB1’s ability to 

cause inflammatory signaling through the TLR4-signaling pathway with a small molecule 



 
 

inhibitor, P5779, almost doubled the mean time to death and even resulted in a group of 

survivors. During routine necropsy post-burn, we identified a previously undescribed 

seroma. The seroma fluid supported the robust growth of PA and recruited neutrophils 

from the circulation, possibly sequestering them from vital organs at a critical time, thus 

facilitating burn wound sepsis. This sublethal mouse burn model enabled the study of 

effects from the burn injury on both the innate response to the burn and the pathogen.  
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Chapter 1: Introduction 

Burns 

Use of Fire by Man 

It is commonly accepted that Homo erectus used fire in a controlled way at least 

0.5 million years before present (B.P.). However, it may extend back to 1.4 million years 

B.P. in Kenya and 1.7 million years B.P. in China (1-3). The use of fire and hot objects is 

an integral part of human life. At the end of the 19th century, James Sharp patented the 

gas-powered stove (4). This development resulted in most buildings being heated by a 

gas-powered stove within a few years and a few decades later, having a gas stove in the 

kitchen was common throughout the developed world. Although flame-free heating 

solutions are available today, the use of indoor woodstoves and fireplaces continues to be 

a key fixture in new homes (Fig 1.1). Although this data only represents the United States 

of America (USA), open flames are used worldwide for heat. Fire is an integral part of 

human life, including cooking, heating, recreation, socialization (camp fires and back 

yard fire pit), and other utilities. Through technology, bringing gas-powered heating units 

into the home, large storage tanks of combustible gases (heating fuel and liquid propane), 

and electrical wiring, people continue to place themselves at increased risk of burns by 

bringing the source closer and closer. With humans' constant proximity to the fire, burns 

are inevitable.  
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Types of Burns 

There are six types of burns: friction, cold, thermal, radiation, chemical, and 

electrical. This dissertation focuses on the effects thermal burns have on the sensitivity of 

CD-1 mice to infection and how post-burn events relate to pathology secondary to burns. 

Epidemiology of Burns 

According to the World Health Organization (WHO)'s fact sheet on burns, an 

estimated 180,000 deaths are attributed to burns every year worldwide (5). Low and 

middle-income countries (LIC, MIC) have a higher percentage of burn-related deaths 

than more developed countries due to lack of structural codes, prevention programs, and 

quality of acute care (Fig 1.2) (6). 

Fig 1.1:  Census data in the USA from 1973 to 2018 shows percentages of new homes 
with at least one fireplace or woodstove built during original construction. 
https://www.census.gov/construction/chars/ 



3 
 

 
Fig 1.2:  Low-income countries disproportionately suffer the impact of fire deaths and 
burns throughout the world, according to statistics from the Global Burden of Disease 
Project. In this figure, grey represents males, and black represents females. Reprint 
with Permission (6). 

 

 Additionally, in contrast to most physical injuries, women are at higher risk of 

burns and burn-related death than their male counterparts worldwide due to their 

household duties and proximity to open cooking fires. However, males are more likely to 

receive a burn injury in the USA and other high-income countries (HIC) due to 

occupational hazards in industrial mills, such as metal refinement and factory settings. 

India has the most moderate-severe incidence of burns, with over 1,000,000 victims 

yearly (6). The American Burn Association (ABA) reported that the United States of 

America (USA) has over 400,000 burns a year that require medical treatment, of which 

40,000 require hospitalization, leading to more than 3,000 deaths annually. In the USA, 

most burns happen at home from daily hazards such as cooking, heating, and recreational 
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fires and accidental burns, representing over 70% of all burn injuries treated in burn 

centers (5). While the civilian population is more likely to be burned at home, first 

responders are confronted with natural and man-made wildfires throughout the USA 

daily (Fig 1.3). There are several theories as to why there was a dip in nationwide fires 

starting in 2010. One of the best explanations is that starting in 2010, there was increased 

precipitation in the spring and summer months (7). 

 

 

Fig 1.3:  Historical data from the National Fire Protection Association USA. (A) 
Annual individual wildfires per year in the USA from 1983 to 2021. (B) Total acreage 
destroyed in the USA from wildfires per year from 1983 to 2021. 
https://www.nfpa.org/News-and-Research/Data-research-and-tools/US-Fire-Problem. 
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Physical Damage from Burns 

Burn size and depth are determined by the amount and duration of heat 

transferred to the skin. When the skin reaches 48o C, cellular death occurs and results in a 

first-degree burn. Once the temperature exceeds 72o C, the tissue is instantly destroyed 

(8). Between 1597 and 1953, there was an evolving characterization of burn types in the 

medical literature. In 1962, Lieutenant Colonel A. V. Forage produced a historical, 

scientific review of burn classifications from 1483 to 1953 (9). The different 

classifications over time varied among the medical professionals based on burn type and 

severity. Some classified the different degrees of injury into 4 categories where others 

used six. Although there were differences, some aspects remained consistent. Minor 

burns were always characterized by erythema (reddening of the skin at the injury site). 

More severe burns were routinely classified by vesication (blistering at the injury site), 

and finally charring (blackening of the skin at the injury site). Even until the 1940s, there 

was still debate between publications on the severity of a patient's burn. 

Dingwall conducted experiments on rabbits and dogs, where he placed the shaved 

portion of the skin on a steam-heated hot plate to produce a deep burn. Additionally, he 

recruited human patients who just sustained predicted partial-thickness burns (with 

destruction only into the dermal layer but did not extend through the dermis). Post-burn, 

he injected the animals and people with sodium fluorescein. Dingwall distinguished 

between full-thickness burns and partial-thickness burns based on the sodium 

fluorescein's penetration to the surface of the dermis. Partial-thickness burns appeared 

yellow, where full-thickness burns appeared black (10). The current system uses the 

depth of the burn to determine the burn classification and the treatment required. 
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Superficial (first degree) thickness burns have cellular destruction of only the epidermis; 

no medical interventions are required. First-degree burns are painful but do not scar or 

blister. Superficial partial (second degree) thickness burns exhibit damage that extends 

into the dermis. The burned tissue can blister and weep but does not require surgical 

intervention, and it may scar. Deep-partial (second degree) thickness burns have damage 

more deeply into the dermis (but do not extend through the dermis), are generally dry, 

less painful, and may require surgical intervention. Full (third-degree) thickness burns 

extend entirely through the dermis and mainly present with little to no pain, require 

extensive surgical intervention, have a  high risk of infection, and leave heavy scarring 

(Fig 1.4) (11).  

Fig 1.4:  Burn depth is an important factor in assessing patient care needs and, in 
particular, surgical needs; in general, the deeper the burn, the more challenges there are 
to achieve good scar outcomes. First-degree (superficial thickness, affecting the 
epidermis only) burns are typically benign, very painful, heal without scarring, and do 
not require surgery. Burns extending into the underlying skin layer (dermis) are classed 
as partial-thickness or second-degree; these burns frequently form painful blisters. These 
burns range from superficial partial thickness, which are homogeneous, moist, 
hyperaemic, and blanch, to deep partial thickness, which are less sensate, drier, may have 
a reticular pattern to the erythema and do not blanch. Third-degree (full thickness) and 
fourth- degree burns require surgery and, paradoxically, usually present with almost no 
pain. Reprinted with permission (11). 
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Current Burn Treatment 

Treatment of burn patients has changed through history. In modern times, the 

treatment of burns has led to increased survivability of patients. For example, in the USA, 

pediatric patients that sustained 50% TBSA burns before 1950 had a survival rate of 

50%; after 1990, the rate increased to 95% (12, 13). A significant contributor to this was 

the development of a dedicated burn center in 1947, such as the one at the Virginia 

Commonwealth University. However, expansion of dedicated units did not begin until 

the 1970s and was instituted at most USA medical centers by 1985 (14). The U.S. Army 

Institute of Surgical Research (USAISR) was established in 1943 with 12 individuals at 

Halloran General Hospital. In 1947 the USAISR was moved to Fort Sam Houston, Texas. 

Between 1949 and 1953, the mission of the USAISR was enhanced to include thermal 

injuries. The USAISR became the USA military's first dedicated Burn Unit and continues 

to be a standard for other military and civilian burn units (15). 

The American Burn Association (ABA), which validates burn centers in the USA, 

publishes guidelines on patients' care and treatment with severe burns. Treatment 

includes wound care, resuscitation, stabilization, and rehabilitation. Wound care includes 

surgical interventions such as debridement, escharotomy, decompression, excision of the 

burn eschar, and skin grafting (16, 17). Fluid loss is a severe problem for patients with 

extensive TBSA burns; to provide proper fluid requirements to the injury and the organs, 

fluid resuscitation is achieved through intravenous ( i.v.) fluids (18). Fluid resuscitation 

needs to be balanced; too little and the patient cannot support biological functions; too 

much, and the patient runs the risk of life-threatening tissue edema (19). Extensive burn 
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damage to a large percentage of the skin's surface results in the breakdown of this 

physical barrier, rendering the burn site prime for bacterial infection (20, 21). Topical 

treatments at the burn site with antibiotics and silver compounds are used 

prophylactically and throughout the treatment of burn patients to prevent bacterial 

infections and their dissemination from the burn site to the rest of the body (22). 

Common antibiotics to control Gram-negative (NEG) and Gram-positive (POS) bacteria 

include mafenide, bacitracin, and NeosporinTM (23-25). Positively charged silver ions 

used in different silver preparations such as silver nitrate, silver sulfadiazine (SSD), a 

compound of silver ions and an antibiotic, and cerium nitrate-SSD bind to negatively 

charged proteins on bacterial surfaces providing antimicrobial killing (26-29). Systemic 

antibiotics, which are administered orally and intravenously, are also used throughout 

treatment. 

Animal Models 

Burn injuries in humans are complex. Burn effects are seen throughout the body 

and are not localized to the burn site (11). This total system effect calls for in vivo models 

to analyze the burn and test new treatments and their effects. Rabbits, rats, mice, and pigs 

are commonly used as burn models (30-33). These models vary in burn depth, size, and 

burn type (Table 1.1) (34-37). 
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Table 1.1:  A selection of rodent burn models describing the type, depth, size, 
preparation, and purpose of the burn injury. Note: yellow highlighted cells represent 
the Holder model used throughout this dissertation, however the TBSA is 10% on our 
CD-1 mice (34-37).  

  

Each model has advantages for specific post-burn procedures and observations 

such as progression of sepsis, wound healing, re-epithelialization, therapies, and biofilm 

formation (34-37). Additionally, the type of burn can alter the post-burn effects. An 

example is a difference in subdermal temperatures reached in a full-thickness scald burn 

versus a full-thickness flame burn on mice. Although both achieved the same burn depth 

and TBSA, the subdermal temperature at the end of the scald procedure is much higher 

than that of the flame-based burn, resulting in different physiological outcomes post-

burn. In addition to the final subdermal temperatures, a higher percent of TBSA burns 

can result in death even in the absence of infection (38). Selecting the appropriate burn 

model is critical to ensuring accurate post-burn effects. In mice, full-thickness burns 

above 20% can be lethal in the absence of infection (38). Due to this, it would be difficult 

to distinguish the systemic events from a burn that led to death in a mouse burn model 

from the events complicated by a superimposed bacterial infection. Few studies in the 

literature have observed superimposed Pseudomonas aeruginosa (PA) infections post-
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burn in either scald or flame models (34, 39). Our 10% TBSA non-lethal, ethanol-based 

flame burn model in mice allows us to evaluate the effect of the burn itself on host 

antibacterial defenses and the innate immune response post-burn.  

Pseudomonas aeruginosa overview: 

Pseudomonas aeruginosa History 

Carle Gessard, a pharmacist in France, was the first to describe PA, isolated from 

wound bandages, as a highly mobile bacterium that was ~1 thousandths of a millimeter 

and grew aerobically at physiologic temperatures in fortified media, saliva, perspiration, 

albumin, blister fluid, and liquid from hydroceles (40). Before its current naming, PA was 

referred to by several names, including Bacterium aeruginosum, (Schroeter 1872);, 

Micrococcus pyocyaneus, (Zopf 1884);, Bacillus aeruginosus, (Treveisan 1885);, 

Pseudomonas pyocyanea, (Miguka 1895);, Bacterium pyocyaneum, (Lehmann and 

Neuma 1896);, Pseudomonas polycolor, (Clara 1930);, Pseudomonas vendrelli nomen 

nudum (1938);, and Pseudomonas aeruginosa (Migula 1900). In 1947, Dr. Malcolm 

Stanley conducted an extensive review of early PA infections from 1893 to 1945, which 

highlighted the importance of PA in developing sepsis and identified some of the initial 

clinical infections caused by PA; before this publication, however, PA was not 

considered to be clinically relevant (41).  

Pseudomonas aeruginosa Epidemiology 

The first recorded cases of a PA infection isolated in pure culture were from two 

separate otitis and sinus infections reported in 1893 (42). In 1909, a patient was treated 

with an autologous (heat-killed) vaccine derived from B. pyocyanceus isolated from an 
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abscess in the same patient's left hip joint (43). This treatment was effective, and the 

patient recovered from the infection. By World War II, reports of PA infections 

increased, including meningitis, arthritis, gastritis, renal, pneumonia, soft tissue 

infections, and sepsis (41, 44-46). These increases in PA infection may have been due to 

several factors. First, the ability to isolate the bacteria in pure culture was relatively new. 

Secondly, there may have been a lack of competition from Staphylococcus and 

Streptococcus spp. In 1929 Alexander Fleming showed that certain Penicillium strains 

could lyse Staphylococci when grown together on a culture plate. Additionally, he was 

able to inhibit the growth of Staphylococcus, Streptococcus (hemolytic), Pneumococcus 

gonococcus, and C. diphtheriae using only the Penicillium culture supernatant (47). It 

was not until 1940 that a group of scientists in Britain further purified the compound 

described by Alexander Fleming, produced large quantities of that compound,  and 

performed a successful human clinical trial (48).  

Annually, over 30,000 PA infections in hospitalized individuals in the USA have 

more than 2,500 deaths (Fig. 1.5) (49).  

Fig 1.5:  Pseudomonas aeruginosa fact sheet CDC (49). 
https://www.cdc.gov/drugresistance/pdf/threats-report/pseudomonas-aeruginosa-
508.pdf 
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Most of these PA infections occurred in children or adults with underlying 

medical issues, such as cystic fibrosis (CF) (49). PA does not typically cause disease in 

healthy individuals; however, it is one of the most encountered opportunistic pathogens 

seen clinically worldwide (50). PA can colonize the intestinal tract of 

immunocompromised individuals. Cancer patients with prolonged hospital stays are at 

increased risk of PA infection, especially in neutropenic individuals (51). These are 

commonly due to community-acquired, hospital-acquired, or healthcare-associated 

infections of immunocompromised patients (52).  

Pseudomonas aeruginosa Microbiology and Virulence 

PA has limited growth requirements and can grow at temperatures between 10 

and 42o C (53-55). Throughout nature, these bacteria are found in niches such as soil, 

water, plants, and even in ordinarily toxic environments such as jet fuel (56). These 

environmental PAs harbor some of the essential virulence factors that cause diseases in 

humans, such as exotoxins, and survive on indoor surfaces where people live and work, 

including hospital environments that lead to infection of some of our most at-risk 

individuals (57, 58). Another virulence factor found on all PA is lipopolysaccharide 

(LPS). LPS includes a hydrophilic lipid A domain, a core oligosaccharide domain, and a 

highly variable O-polysaccharide domain (Fig. 1.6) (59, 60).  
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The O-polysaccharide domain or O-antigen is used for serotyping PA for further 

classification according to the International Antigenic Typing Scheme (IATS). Currently, 

there are 20 recognized O-serotypes of PA (61). The most prevalent serotypes associated 

with human infections identified worldwide are O11 (22%), O1 (14%), and O6 (13%) 

(Tennant REF, to be published soon). In a small study, the prevalence of serotypes in 

burn patients was different with O6 (17%), O11 (16%), and O5 (12%). PA has a host of 

 

Fig 1.6:  Schematic of the basic structure of lipopolysaccharide of E. coli. LPS consists 
of three regions: from the bottom, lipid A (chair structure indicates di-glucosamine 
headgroup, red circles indicate phosphate groups, squiggly lines indicate acyl chains), 
core sugars, and O-antigen, which consists of repeating units (denoted in brackets, with 
an "n") of oligosaccharides. Reprinted with Permission (60). 
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other virulence factors that facilitate disease progression in humans, including 

exopolysaccharides, phenazines, quorum sensing (QS) signaling molecules, siderophores, 

surfactants, Type 3 secretion systems (T3SS), cytotoxins and exoenzymes secretion 

systems, flagella, pili, and superoxide dismutase (62). Flagella (Fla), A type or B type, 

and pili are required for sustained infection in neonatal mice (63). The requirement for 

Fla and pili suggest some, but not necessarily all, virulence factors are needed for 

pathology in humans. Examples of the common infections caused by PA in humans are 

malignant external otitis, endophthalmitis, endocarditis, meningitis, pneumonia, and 

septicemia (64).  

Clinical Identification 

Initially, PA was confirmed in the laboratory via simple biochemical tests such as 

the Gram stain, Zettnow's method for demonstrating flagella, milk coagulation, Ehrlich's 

indole test, Pribram and Halle's test for acid, and gas production (65). Currently, PA is 

identified in clinical laboratories by analyzers approved by the Food & Drug 

Administration (FDA) such as the BD PheonixTM, Biomerieux Vitek 2TM, and the Matrix-

assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometer 

(MS). Although these analyzers provide highly accurate results, PA is routinely identified 

using gold standard biochemical reactions and colony morphology. A generic 

biochemical flow chart shows that the identification of PA begins with a Gram stain. PA 

is a glucose non-fermenting, Gram-negative bacillus that is aerobic/facultative anaerobic, 

lactose non-fermenting, and oxidase-positive (Fig 1.7). 
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Fig 1.7:  Clinical identification of Pseudomonas aeruginosa flow chart. Modified from 
Wound Identification SOP Womack Army Medical Center, Fort Bragg, NC. 
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PA colonies may appear metallic/pearlescent, rough, pigmented, mucoidal, and 

demonstrate β-hemolysis on sheep blood agar (SBA) plates (Fig 1.8) (66).  

 

Fig. 1.8:  (A) PA M2 grown on sheep blood agar at 37o C with CO2 for 18 hours 
showed β-hemolytic hemolysis, (B) PA M2 grown on MacConkey agar at 37o C for 18 
hours, shows non-lactose fermentation. 

 

Immunology: 

Immunology History 

Shortly after the pioneering findings of Louis Pasteur and Robert Koch, which 

helped to establish medical microbiology, two discoveries opened the field of 

immunology (67, 68). Elie Metchnikoff first described phagocytosis by individual cells 

called macrophages (69). Single-celled organisms such as amoebas use phagocytosis to 

ingest nutrients; Metchnikff applied prior evolutionary theories from Charles Darwin and 

Jean-Baptiste Lamarck to suggest that phagocytic cells from multicellular organisms can 

move freely through tissues and ingest foreign material that may be a threat to the 



17 
 

organism as a whole (69, 70). Another critical discovery in the field of immunology came 

from Emil Behring and Paul Ehrlich. They determined that cells could produce 

substances that could neutralize toxins such as the diphtherial toxin, tetanus toxin, the 

phytotoxin of jequirity (rosary pea), ricin, and snake venom and that the serum from 

rehabilitated individuals could protect others (71, 72). These observations led to the 

discovery of antibodies. The complement system was first alluded to by Metchnikff in his 

work on phagocytosis; however, it was not characterized as a system until 1912, when 

fractionated portions of guinea-pig serum showed different effects on phagocytic activity 

after heat inactivation (73). Nobel Prizes were awarded to Metchnikff, Behring, and 

Ehrlich, which marks the beginning of classical immunology that laid the foundation for 

our current understanding of cellular and humoral immunity.  

Immunological Systems: 

 Immunology can be divided into two interdependent disciplines: the “innate” and 

the “adaptive” immune systems. The innate system is the first to respond (within 

minutes) and is considered the most primitive. It is activated as soon as a pathogen is 

detected in the peripheral tissue by innate immune cells recognizing pathogens via pattern 

recognition receptors (PRR). These receptors include Toll-like receptors (TLR), NOD-

like receptors (NLR), and RIG-I-like receptors (RIGLR) that, once stimulated by their 

respective pattern-associated molecular pattern (PAMP) or danger-associated molecular 

patterns (DAMP), trigger signaling cascades that produce an appropriate immunological 

response as the first defense against pathogen invasion. A theoretical depiction of how an 

innate immune cell responds with immediate detection of a bacterium is illustrated in 

(Fig 1.9) as a Salmonella spp. interacts with a eukaryotic host cell, such as a macrophage 
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(74). The innate immune response is critical for initiating an appropriate adaptive 

response.  

 

The adaptive immune system takes longer to initiate and respond to threats, 

usually days after the innate immune system encounters the initial pathogen and is 

antigen-specific. Antigen-presenting cells (APC), such as dendritic cells (DC) and 

Fig 1.9:  Detection of S. Typhimurium by the innate immune systems initiates 
inflammation. The host senses the presence of S. Typhimurium in tissue by detecting 
PAMPs (e.g., LPS, curli, FliC or DAMPs such as HMGB1) or patterns of pathogenesis 
(e.g. cytosolic access by the T3SS-1) through pathogen recognition receptors located in 
the cytosol (NOD1, NOD2, NLRC4, and NLRP3), the cell membrane (TLR1/TLR2, 
TLR4 and TLR5) or the humoral compartment (complement). Signaling through these 
pathogen recognition receptors results in the production of a proinflammatory cocktail 
(anaphylatoxins, IL-1β, IL-12, IL-18, IL-23, TNF-α and IFN-γ) that initiates the 
orchestration of antibacterial responses in tissue. Reprinted with permission (74). 
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macrophages (MØ), become mature once stimulated through their PRRs (75). Once 

mature, they can process antigens to stimulate naïve T cells through their interaction of 

MHC on APC and the TCR on T cells and costimulatory receptors to initiate Th1, Th2, or 

Th17 immune responses. Th1 cells respond to IFN-γ and TNF-α and are effective at 

combating viral and intracellular bacterial infections, Th2 cells respond to IL-4, -5, -10, 

and -13 to attack parasitic infections, and Th17, which is most effective at fighting 

extracellular bacterial infections, stimulates a robust mucosal immune response after 

activation by IL-17, IL-6, IL-22, and TNF-α (76). The adaptive system is designed to 

retain cells that exhibit “memory” for a pathogen, and upon repeat infections, the 

adaptive system’s antigen-specific response improves. Although the adaptive immune 

system is essential and required for defense against pathogens, this dissertation does not 

explore much of this aspect of the immune response since most events analyzed occur 

within the first 24 hours post-injury or infection. 

The Skin: 

 The skin is the largest organ of the human body. If measured as a flat surface, an 

average adult human would have ~2 m2 of surface area; however, when we take into 

account the folds and structures of the skin to include the architecture of hair follicles and 

glands, the actual surface area of the skin in ~25 m2 (Fig 1.10) (77). This organ 

comprises tightly packed epithelial cells held together by adherens junctions, 

desmosomes, and tight junctions to form a highly resistant physico-chemical barrier (78). 

This vast area of the skin is a substantial innate immune barrier. The skin consists of 

various types of cells to include keratinocytes which make up the epidermis. The 

epidermis also includes many immune cell types, including Langerhans cells (tissue-
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resident macrophages) and T cells (γδ). The dermis resides below the epidermis and 

contains an array of immune cells: mast cells, basophils, eosinophils, dendritic cells, 

macrophages, neutrophils, NK cells, B cells, and T cells (79). In addition to immune 

cells, there are non-cellular components that provide initial protection against infection. 

Some of these extracellular protectors are antimicrobial peptides such as defensins and 

magainins, which respond to pathogens very early during infection (80, 81). 

 

 

 

 

 

 

Innate Immune Response 

When bacteria breach the epithelial barrier of the skin, keratinocytes and resident 

macrophages respond to PAMPs and DAMPs, such as LPS, flagellin, lipoteichoic acid, 

peptidoglycan, high mobility group box 1 (HMGB1), and extracellular nucleic acid 

through TLRs (74). Stimulation of these resident cells increases expression of cytokines 

and chemokines (e.g., TNF-α, IL-1β, IL-6, CXCL1 (KC in mice), CXCl8, and IL-12), 

which results in inflammation through recruitment and activation of immune cells 

including neutrophils, basophils, and T cells (83, 84). Once these myeloid cells reach the 

area of insult, they are stimulated by PAMPs and DAMPs through PRRs in the same 

 
 
Fig 1.10:  The surface area of skin has been miscalculated. Human skin is not a 
flat surface. The presence of approximately 5 million appendages such as hair 
follicles and sweat ducts greatly increases the epithelial surface area that is 
uniquely accessible to the microbiome. Reprint with permission (82). 
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manner as the resident keratinocytes and macrophages. In response to CXCL1/KC, 

neutrophils are the first myeloid cells to reach the site of infection as their migration rate 

is higher than other responding myeloid cells (19 + 6 µm/minute) (85).  

Innate Immune Cells: 

Neutrophils have a short live span lasting less than 24 hours (86). However, 

stimulation of neutrophils through TLR4 can increase neutrophil survival (87). 

Neutrophils contain an extensive repertoire of PRR that includes the majority of TLRs. 

Human neutrophils lack expression of TLR3 and TLR7. Mouse neutrophils can express 

TLR7 messenger ribonucleic acid (mRNA), but like human neutrophils, they fail to 

express TLR3 and TLR7 (88). Once activated, neutrophils have several mechanisms to 

combat pathogenic bacteria. Neutrophils, like other granulocytes, undergo degranulation 

to release both oxidative and non-oxidative substances, including antimicrobial proteases 

and reactive oxygen species (ROS), to kill bacteria (88). An extreme bactericidal form of 

killing is the formation of neutrophil extracellular traps (NETs), in which the cell expels 

its nuclear content into the extracellular space, which acts as a net to capture and kill 

bacteria. These NETs consist of DNA and histones. The nuclear contents are covered in 

antimicrobial peptides, including granule-derived antimicrobial peptides and enzymes 

such as elastase, cathepsin G, and myeloperoxidase (89). Although neutrophils are often 

associated with bacterial killing and increased inflammation, they can also secrete IL-10 

to dampen the immune response (90). 

 Natural Killer (NK) cells are innate immune effector cells derived from 

lymphoid progenitors first described for their cytotoxic killing capability of mouse tumor 

cells in vitro by Kiessling in 1975 (91). NK cells have a life span of ~2 weeks in the 
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circulation once they exit the bone marrow (BM) and mature in either the BM or 

secondary lymphoid organs (92, 93). NK cells use a "missing self" concept to identify 

potentially dangerous cells (possibly cancerous or virally infected). The missing self 

hypothesis states that NK cells eliminate other cells that fail to express major 

histocompatibility complex (MHC) class I (94). Upon activation via the missing self 

paradigm, NK cells release their cytotoxic granules, which contain lysosomal enzymes, 

perforin, granzymes, Fas ligand (FasL), and TNF-related apoptosis-inducing ligand 

(TRAIL) (95). As NK cells release their granules onto targeted cells, they release 

proinflammatory cytokines (TNF-α and IFN-γ) to stimulate a local immune response 

(96). 

Macrophages (MØ) were first characterized in the late 19th century. MØ are the 

mature forms of monocytes and are present in all tissues throughout the body. One role of 

MØ is to surveil tissues, phagocytize any potentially dangerous material to include 

pathogens and infected cells, and destroy anything taken into the cell. Secondly, MØ act 

as antigen-presenting cells (APC) to stimulate adaptive responses (83). Just as MØs play 

roles in innate and adaptive immune responses, they play a different role in inflammation. 

MØ can be classically-(M1) or alternatively-(M2) activated, which was initially 

associated with facilitating the development of a T1 or T2 response (83). Classically 

activated MØ phagocytose and kill pathogens. This killing action results in the secretion 

of proinflammatory cytokines (IL-12, TNF-α, IL-6, IL-1β, MCP-1) and chemokines 

(CXCL8, CXCL9, CXCL10, CXCL11, CXCL16, CCL2, CCL3, CCL4, and CCL5) 

which cause inflammation and recruitment of other immune cells. In contrast, 

alternatively activated MØ secrete anti-inflammatory cytokines (TGF-β, IL-10, MCP-
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1low, TNF-αlow, and IL-6low) and chemokines (CCL1, CCl16, CCL17, CCL18, CCL22, 

and CCL24) (97). M2 MØs are less capable of bacterial killing but contribute to the 

control of parasitic infections and wound healing. 

 γδ T cells were first described in 1987 after the cloning of the γ receptor in 1984 

(98). Unlike αβ T cells, which are part of the adaptive immune system and have epitope 

specificity through major histocompatibility complex (MHC) presentation, γδ T cells can 

recognize unprocessed antigens, rather than specific epitopes presented on MHC, and do 

not depend on co-stimulation. γδ T cells are derived from the thymus before the double-

positive selection of αβ T cells and reside in epithelial tissues at part of the innate 

immune system. These cells play an essential role in the immunosurveillance of the 

epithelial barriers (99). Depending on activation, γδ T cells can produce chemokines and 

cytokines, including the production of IL-17, which enhances a TH17 response, or IFN-β, 

which enhances TH1 responses (100, 101). 

Danger Associated Molecular Patterns (DAMPs) 

 DAMPs are host-derived molecules released extracellularly due to damaged or 

necrotic cells and can cause sterile inflammation, i.e., inflammation in the absence of a 

pathogen, through their interactions with PRRs and act as an alarm for the organism 

(102). Some common DAMPs are S100 proteins, heat shock proteins, histones, 

extracellular DNA and RNA, mitochondrial DNA, RNA, and glypicans (103). One 

DAMP that may play a role in inflammation post-burn is high mobility group 1 

(HMGB1), a protein generally located within the nucleus to assist chromatin structure 

(104, 105). During thermal injury, epidermal and dermal cells are quickly destroyed by 

rapid heating; nuclear contents such as HMGB1 can be released into the extracellular 
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milieu and reach the circulation (36). HMGB1 signals through TLR4 by its interaction 

with MD 2 causing downstream activation of NF-ĸB and cytokine expression (106). 

Blocking this signaling cascade using drugs such as Eritoran and P5779 has been shown 

to increase survival and reduce inflammation in mouse influenza models, where 

inflammation contributes to death (107). 
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Conclusion: Systemic response of mice to a non-lethal 10% TBSA flame-burn with 

and without infection with PA. 

Our laboratory performs a non-lethal 10% TBSA flame-burn on outbred CD1 

mice based on the original model, developed by Dr. Alan Holder at the University of 

Cincinnati, Shriners Burn Institute in 1975, which showed the susceptibility of a mouse 

to fatal PA infection is markedly increased post-burn (34). The model was updated by Dr. 

Alice Neely, a colleague of Dr. Holders at the Shriners Burn Institute, where she 

compared the effects of flame-based burns to scald-based burns of the same surface area 

(38). She found physiological differences in subdermal temperatures and differences in 

immunological responses, including increased hematocrit and systemic IL-6 and burn-

related mortality between scald and fire-based burns (38). They did not compare 

susceptibility post-burn to a superimposed infection with PA. As previously mentioned, 

few mouse studies where scald or flame burns were employed to study the short-lived 

events post-burn with PA infection. The majority of rodent burn models currently 

employed to study the effects of burns are scald-based (108, 109). These models are 

beneficial for studying events that happen post-scald burn as they produce highly 

reproducible burns and can be used to evaluate treatments for wound healing, infections, 

biofilm formation, pharmaceutical treatment, etc. However, they may not be the best 

choice for understanding the events that occur post-flame burn as there are differences in 

both short-term and long-term effects. Flame burns account for over 40% of the burns 

that require medical treatment in the USA (110). In contrast, a retrospective study done in 

Nigeria showed that while 92.2% of all burn deaths were due to fire, only 1.8% were due 

to scalding burns (111).  
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Although there have been significant advancements in burn care and infection 

control, humans in HIC, MIC, and LIC continue to die from post-burn bacterial 

infections. As previously discussed, burn from flames are amongst the most prevalent 

regardless of country or socioeconomic background (6). Understanding the early events 

post-burn contributing to these fatalities caused by opportunistic bacteria is vital to 

preserving life. This non-lethal, flame-based mouse model distinguishes between the 

events caused by the burn alone and events caused by a bacterial infection that 

complicates the burn. The following three chapters cover the rationale, methods, results, 

and findings associated with the non-lethal 10% TBSA ethanol-based flame-burn with 

and without follow on infection with PA M2. 

Chapter Three Overview: 

A non-lethal murine flame burn model leads to a transient reduction in host 

defenses and enhanced susceptibility to lethal Pseudomonas aeruginosa infection. Our 

non-lethal 10% TBSA flame-burn resulted in systemic effects that reduced the LD50 of 

subcutaneous Pseudomonas aeruginosa M2 infection at the burn site from 106 CFU to 

<600 CFU when given immediately following the burn. This increase in susceptibility 

wanes over 72 hours, at which time the LD50 returns to 106 CFU. PA challenges at 

unburned skin and via intraperitoneal (i.p.), intravenous (i.v.), and intratracheal (i.t.) 

routes showed a marked reduction in LD50 at the time of the burn. The onset of 

moribundity, identified by clinical observation, was between 18-20 hours, and no 

mortality was seen in mice that were burned and received an equivalent concentration of 

heat-killed PA M2, PA M2 LPS, or no infection PA M2. PA M2 disseminated to the 

blood and organs between 12 to 18 hours post-infection. In reaction to the burn with 
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infection, we observed increased serum inflammatory cytokines (IL-6, IL-1β, INF-γ, and 

TNF-α) as early as 12 hours post-burn with infection. There was a spike in IL-10 at 16 

hours post-burn with infection. In burned mice without infection, only serum IL-6 

increased, and it returned to undetectable levels after 72 hours. The DAMP, HMGB1, 

was released into the serum at the time of the burn. Without PA M2 infection, HMGB1 

returned to baseline levels, 20 ng/mL, within 3 hours, however during infection, HGMB1 

levels in the serum increased from baseline to over 200 ng/mL at the onset of 

moribundity.  

Chapter Four Overview: 

A non-lethal full-thickness flame burn produces a collection of fluid between 

tissues (seroma) beneath the forming eschar that extends beyond the burn, thereby 

promoting immune cell recruitment and Pseudomonas aeruginosa sepsis in mice. The 

burn procedure caused a redistribution of fluid from the circulatory system to a seroma 

formation between the panniculus carnosus and the skeletal muscle with an estimated 

volume of over 500 µL. A 30 g mouse typically has a blood volume of ~ 2 mL. Within 3 

hours post-burn, with or without PA M2 infection, the (s.c.) densely packed collagen 

fascial plane separates the panniculus carnosus from skeletal muscle and fat and expands 

from ~50 µm in thickness to over 1,000 µm in thickness directly (i.e., 20-fold increase) 

under the forming eschar. At 9 hours post-burn, the seroma formation was seen to extend 

beyond the borders of the burn. This seroma formation resolved after 72 hours, at the 

same time at which the increased susceptibility to lethal PA M2 infection resolved post-

burn. The clear seroma fluid supported PA M2 growth in vitro at the same rate as 

fortified HySoy bacteria culture media at 37o C.  
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The seroma fluid, which did not exist before the burn, contained >1x107 

eukaryotic cells/gram. This fluid formation included high concentrations of chemokines 

(KC, MCP-1, MIP-1α, MIP-1β, RANTES, and CXCL10) along cytokines 

(proinflammatory IL-1β, TNF-α, and IL-6 and the anti-inflammatory IL-10). Cytokine 

levels increased in the seroma fluid before detection in the serum and before bacterial 

dissemination to other organs. A shift in polymorphonuclear leukocytes (PMNs) to 

lymphocyte ratio from the circulation to the seroma resulted in generalized neutropenia 

conducive to bacterial dissemination and terminal sepsis. Flow cytometric and histologic 

analyses showed that at 6, 12, and 18 hours post-burn with PA M2 infection, more than 

90% of the CD45+ cells in the seroma were neutrophils. At 12 hours post-burn, 

circulating PMNs dropped from an average of 10.12 x 106 cells/mL to an average of 2.25 

x 106 cells/mL (i.e., a 4-fold difference). Gram stain analysis showed PA M2 proliferated 

in this area near these cells, including PMN, suggesting dysfunction in PMN PA M2 

killing. We hypothesize that the seroma formation provides an environment where PA 

M2 can proliferate to a high concentration and disseminate to cause sepsis in 100% of 

mice infected subcutaneously with <600 CFU of PA M2. This seroma formation in mice 

is clinically relevant as subeschar fluid from humans has been shown to suppress cell-

mediated immunological function in vitro (112, 113). 

Chapter Five Overview: A collaborative work between multiple labs.  

Pseudomonas aeruginosa M2 has similar lethality in unburned mice compared to 

common laboratory PA strains, PAO1 and PA 14. However, our recent report showed 

that mice with 10% total body surface area burn are more susceptible to sepsis from PA 

M2 and demonstrate a 6-log reduction in LD50 from subcutaneous infection at the burn 
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site directly after the burn. PA M2 shows similar virulence in burned mice to PA 14 and 

increased virulence when compared to PAO1. Additionally, PA M2 lacks hepP, a 

heparinase required for PA 14 virulence in burned mice. To better understand this 

striking phenotypic difference from other PA strains employed in burn models, we 

sequenced the genome of PA M2. A total of 4136641 read pairs were obtained, providing 

an average genome coverage of 97.5X; subsequent assembly yielded a draft genome with 

187 contigs comprising 6,360,304 bp with a G+C content of 66.45%. Phylogenomic 

approaches identified 183 genes that were unique to PA M2 when compared to PAO1 

and PA 14. These genes include such functions as iron scavenging, host assault, 

restriction-modification systems, swarming motility, biofilm formation, and degradation 

of toxic aromatic compounds.  

 

Specific Aims: 

 AIM 1: To characterize the flame burn model to determine the events that occur 

immediately after the burn, which leads to a short-lived increase in susceptibility to a 

fatal PA M2 s.c. infection.  

1. Physiological characterization of tissue destruction along with survival post-

burn injury with s.c. infection. 

2. Characterization of time course of serum cytokine levels (inflammatory and 

anti-inflammatory) post-burn both with and without infection.  

3. Determination of susceptibility to PA M2 infection at distal sites post-burn. 

AIM 2: To determine the mechanism and effect of seroma formation post-burn 

injury in mice 
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1. Gross pathology of seroma formation 

2. Microbial growth in seroma in vitro. 

3. Histological evaluation of seroma (H&E, Gram-stain, and CD45) 

4. Flow cytometry of seroma  
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Chapter 2: Methods 

Ethanol-Based Burn Procedure 

Burns wounds are administered as previously described (34). Briefly, 6 to 10-

week-old female Crl:CD-1 mice (Charles River Laboratories, MA) between 28-34 grams 

had the hair on their backs clipped 24 hours prior to infection. On the day of infection, 

they were sedated with 5% isoflurane for 8 minutes. The burn induced by pressing a 

flame-resistant polymer card with a 2.5cm x 4.0cm cutout (representing ~10% of total 

body surface area) on the clipped back, followed by the application of 0.5 mL of 200 

proof ethanol spread uniformly into the cutout, ignited with a flame, and allowed to burn 

for precisely 10 seconds. Mice were infected directly after the burn by subcutaneous 

injection at the burn site with 100 μL of PBS (control) or 100 μL of bacterial suspension 

(Pseudomonas aeruginosa strain M2) ~104 CFU; a sublethal dose in sham-treated mice, 

but a 3 log LD50 for burned mice. Mice were administered with 500 μL Ringer's solution 

given intraperitoneally. Mice were allowed to recover on an HTP-1500 veterinarian grade 

heating blanket (Adroit Medical Systems, Loudon, TN). This challenge dose initiated the 

onset of clinical symptoms in the burned mice at ~18 Hpb. Sham mice had their hair 

clipped and received the same amount of anesthesia as the experimental groups but were 

neither burned nor infected. Mice were observed twice daily post-burn, unless otherwise 

specified, for clinical signs of sepsis and distress. A score of between 1 and 3 was given 

to each mouse, with 3 being normal appearance with no signs of distress and 1 requiring 

euthanasia due to severe morbidity, based on a previously described scoring system(114).  
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Burn Pathology 

Following terminal anesthesia, cardiac puncture was performed to obtain blood. 

The skin was then dissected from the burn site as follows: The surgical area was cleaned 

with 70% ethanol. The tissue was removed with a scalpel and surgical scissors, an 

approximately 1 cm -by – 1 cm square that extended from the surface of the epidermis 

through the skeletal muscle. Samples were placed in cassettes for 72 hours in 10% 

formaldehyde before being sectioned and stained with H&E. Slides were examined by a 

blinded dermatologic pathologist and imaged at 100, 400 600X magnification using a 

BZX all-in-one Microscope System (Keyence, Itasca, IL). 

 

Bacterial Preparation 

An inoculum of PA M2 (O5/FlaB), originally isolated from the gastrointestinal 

tract of a CF-1 mouse by Ian Alan Holder (115), was grown overnight to stationary phase 

from glycerol stocks in 2.0 mL of Hy-Soy Broth, containing 0.5% sodium chloride 

(American Bio, Canton, MA), 0.5% HY-Yeast (Kerry Bio-Science, Norwich NY), and 

0.25% animal-free soytone (Teknova, Hollister, CA). One-hundred twenty µL of 

overnight stationary PA M2 was transferred into 12 mL of fresh media and grown to mid-

log phase (OD600 of 0.6-0.8). Bacteria were pelleted, washed, resuspended (to an OD600 

of 0.3, corresponding to ~1x108 CFU/mL) in sterile PBS. Final dilutions were made in 

PBS to achieve the desired concentrations and verified by colony count on Tryptic Soy 

Agar (TSA) plates (Sigma-Aldrich, St. Louis, MO).  
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Heat Killed (HK) Pseudomonas aeruginosa 

Log-phase Pseudomonas aeruginosa was heat-killed to 80o C for 60 minutes in a 

water bath. Loss of viability was confirmed by plating on TSA plates incubated for 24 

hours at 37o C. 

 

LPS Purification and Lipid A Isolation 

P. aeruginosa LPS was isolated and purified using a hot phenol/water extraction 

method after growth in lysogenic broth (LB) supplemented with 1 mM MgCl2 at 37ºC 

(116). Subsequently, LPS was treated with RNase A, DNase I, and proteinase K to 

remove contaminating nucleic acids and proteins (117). Individual LPS samples were 

additionally extracted to remove contaminating phospholipids (118) and TLR2-

contaminating proteins (119). Finally, individual LPS preparations were resuspended in 

500 µl of water, frozen on dry ice, and lyophilized. To confirm the structure of the lipid 

A component of the purified LPS, lipid A was isolated after hydrolysis in 1% SDS at pH 

4.5. Briefly, 500 µl of 1% SDS in 10 mM sodium-acetate, pH 4.5, was added to a 

lyophilized sample. Samples were incubated at 100°C for 1 h, frozen, and lyophilized. 

The dried pellets were resuspended in 100 µl of water and 1 ml of acidified ethanol (100 

µl 4N HCl in 20 ml 95% EtOH). Samples were centrifuged at 5,000 rpm for 5 minutes at 

4o C. The lipid A pellet was further washed (3X) in 1 ml of 95% ethanol. The entire 

series of washes were repeated twice.  Samples were resuspended in 500 µl of water, 

frozen on dry ice, and lyophilized. Purity was confirmed by mass spectrometry as 

described (120). 
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Cell culture conditions and stimulations 

HEK-BlueTM-mTLR4 cells were purchased from InvivoGen (San Diego, CA). 

These are stably transfected with mouse TLR4 (mTLR4), myeloid differentiation factor-2 

(MD-2), cluster of differentiation-14 (CD14), and an inducible selected embryonic 

alkaline phosphatase (SEAP) reporter gene. The cells were cultured and maintained at 

37o C with 5% CO2 in complete Dulbecco's Modified Eagle Medium (DMEM) (Gibco, 

NY), supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1× HEK-

Blue selection medium (InvivoGen, San Diego, CA, U.S.A); an antibiotic mixture for 

maintenance of HEK-Blue mTLR4 cell lines. The cells were seeded at 2.5 × 104 

cells/well in a 96-well plate and stimulated for 24 h with 100 µL undiluted sera from 

sham and burned mice. Salmonella minnesota R595 lipid A (List Biological Laboratories, 

INC Lot #: MLA-24A) was used as a positive control. The activation of nuclear 

transcription factor (NF)-κB in HEK-Blue mTLR4 cells in response to TLR4 agonists 

was determined by a SEAP reporter assay at a wavelength 620 nm using a VERSA max 

microplate reader (Molecular Devices, San Jose, CA). Endotoxin levels were assessed by 

Endosafe PTS® chromogenic Limulus amebocyte lysate LAL assay cartridges (Charles 

River, MA). 

 

Bacterial Burden 

Organs (skin from the burn site, liver, spleen, and blood) were harvested post-

terminal bleeding and cervical dislocation using an aseptic technique. One mL of sterile 

PBS was added to 0.2 grams of tissue sample and mechanically homogenized with a 
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Dounce homogenizer while on ice for 10 seconds. Ten µL of 10-fold serial dilutions of 

homogenized tissues were plated on TSA and incubated at 37o C overnight. Colony 

counts were conducted to determine CFU/g of tissue. 

 

Terminal blood collections for bacterial counts, cytokine, and HMGB1 

concentrations 

Mice were anesthetized with 5% isoflurane for 8 min, placed on their backs, and 

the chest cleaned with 70% ethanol (v/v). A 25g needle attached to a 1mL syringe was 

inserted into the heart, through the skin, and 0.5 to 1.0 mL of whole blood was collected 

into appropriate tubes (heparin, ETDA, or serum separating) depending on procedures. 

 

Measurement of Cytokine Levels 

IFN-γ, TNF-α, IL-1β, IL-6, IL-17, TGF-β, and IL-10 along with IP-10, KC, MIP-

1, MIP-1α, MIP-1β, and RANTES were measured in multiplex with the Luminex 100 

reader in the Center for Innovative Biomedical Research (CIBR), Cytokine Core 

Laboratory, at the University of Maryland School of Medicine. All samples were run in 

duplicate and compared to internal controls. 

 

Measurement of HMGB1 Levels 

Serum HMGB1 was measured using a mouse-specific ELISA kit (Cloud-Clone 

cat. no. SEA399Mu, Waltham, MA) 

 

In vivo inhibition of HMGB1 with P5779 
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 P5779 was provided by Yousef Al-Abed (The Feinstein Institute for Medical 

Research, Manhasset, NY) and resuspended in sterile PBS at a concentration of 5 mg/mL. 

Burned mice with s.c. infection of <800 CFU PA M2 were separated into two groups: 

control and treatment. The treated mice were administered 500 µg of P5779 i.p. 

immediately after the burn, at 12 Hpb, and once daily for 6 days. Control mice that 

received a 10% burn and s.c. infection with PA M2 were administered 500 µL of Ringer's 

solutions, i.p. directly after the burn. Treated mice received 400 µL of Ringer's solution 

as not to increase the volume of resuscitation fluid.  

 

Clinical Observations 

 Mice were checked twice daily, unless otherwise specified, and assigned a 

symptom score of 1-3 based on signs of distress (114). They were sacrificed by either 

terminal anesthesia followed by cardiac puncture or CO2 asphyxiation followed by 

cervical dislocation at the onset of moribundity.  

 

Seroma Pathology 

Post-euthanasia, incisions were made through the eschar, which extended from 

the epidermis through the skeletal muscle and bone to reveal a 2 cm x 1 cm tissue sample 

placed into a tissue cassette and fixed in 10% formaldehyde for 3 days or encased in 

HistogelTM. Samples were sectioned and stained for H&E staining, Gram-staining, or 

IHC CD45+ staining at the Pathology Core Laboratory, University of Maryland Center 

for Innovative Biomedical Research (CIBR). Slides were examined by a blinded 
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pathologist and imaged at 600X magnification using a Keyence BZX all-in-one 

Microscope System (Keyence, Itasca, IL). 

 

Red Blood Cell Depletion 

Whole blood was collected as previously described into heparin-coated tubes. 400 

µL of whole blood was transferred to a fluorescence-activated cell sorting (FACS) tube. 

500 µL of 1X FACS buffer was added and centrifuged at 1,200 RPM for 7 min at 4o C. 

The supernatant was pipetted off and discarded. One mL of ammonium-chloride-

potassium (ACK) lysis buffer was added and incubated at room temperature for 10 min. 

Cells were pelleted at 1,200 RPM for 7 minutes at 4o C, the supernatant removed, and 

ACK lysis steps repeated. The remaining cells were resuspended in 500 mL of 1X FACS 

buffer and manually counted using a hemocytometer.  

 

Collagenase Digestion 

 Seroma samples were placed into 50 mL conical tubes and incubated at 37o C for 

2 hours with 2 mL of collagenase solution (2.5g/mL collagenase D and 200U/mL Dnase 

1). Samples were pressed through a 70 µM cell strainer. Cells were pelleted at 1,200 

RPM for 7 min at 4o C, and the supernatant was removed. The remaining cells were 

resuspended in 500 mL of 1X FACS buffer and manually counted using a 

hemocytometer. 
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Flow Cytometry 

 Single-cell suspensions prepared by ACK lysis or collagenase digestion were 

centrifuged and resuspended in Fc-block (a cocktail of mouse, rat, and hamster IgG, as 

well as anti-CD16/32 Rat anti-mouse IgG clone 2.4G2) for 15 minutes at 4o C. After this 

incubation, the primary antibodies were added to the cell suspension. The antibody panel 

used for these studies can be found in detail in Supplemental Table 4.2. Cells were 

incubated for 15 min with the antibodies at 4o C. Following this incubation, cells were 

washed, centrifuged, and resuspended in 500 µL 1X FACS buffer (BSA, EDTA, sodium 

azide, and 10X PBS). Flow cytometry was performed using the Cytek Aurora flow 

cytometer, and analysis was performed using FlowJo software.  

 

Statistical Analysis 

All statistics were performed on GraphPad Prism 7 (GraphPad Software La Jolla, 

CA). Log-rank test for trend was used to analyze Kaplan Meier survival curves. One-way 

ANOVA test with Dunnett's multiple comparisons test was used to analyze cytokine and 

DAMP responses between groups over time. 
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Chapter 3: A non-lethal murine flame burn model leads to a transient reduction in 
host defenses and enhanced susceptibility to lethal Pseudomonas aeruginosa 
infection 

Abstract 

Of the 486,000 burn injuries that required medical treatment in the USA in 2016, 

40,000 people were hospitalized, with > 3,000 fatalities. After burn injury, humans are at 

increased risk of sepsis and mortality from infections caused by Pseudomonas 

aeruginosa (PA), an opportunistic pathogen. We hypothesize that systemic events were 

initiated from the burn that increased the host’s susceptibility to PA. A non-lethal 10% 

total body surface area (TBSA), the full-thickness flame burn was performed in CD-1 

mice without and with subsequent PA (strain M2) infection. The LD50 for subcutaneous 

infection with PA M2 at the burn site immediately after the burn decreased by 6-logs 

with mortality occurring between 18 and 26 hours, compared with PA-infected mice 

without burn injury. Bacteria in distal organs were detected by 18 hours, concurrent with 

the onset of clinical symptoms. Serum proinflammatory cytokines (IL-6, IL-1β, IFN-γ, 

and TNF-α) and the anti-inflammatory cytokine, IL-10, were first detected at 12 hours 

post-burn with infection and continued to increase until death. Directly after burn alone, 

serum levels of HMGB1, a danger-associated molecular pattern and TLR4 agonist, 

transiently increased to 50 ng/mL before returning to 20 ng/mL. Burn with PA infection 

increased serum HMGB1 concentrations >10-fold (250 ng/mL) at the time of death. This 

HMGB1-rich serum stimulated TLR4-mediated NF-κB activation in a TLR4-reporter cell 

line. Treatment of infected burned mice with P5779, a peptide inhibitor of HMGB1, 

increased the mean survival from 23 to 42 hours (P<0.0001). We conclude that the high 
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level of serum HMGB1, which preceded the increase in proinflammatory cytokines, is 

associated with post-burn mortality. 
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Introduction: 

The American Burn Association reported 486,000 burn injuries that required 

medical treatment in 2016 and that 40,000 of these injuries led to hospitalization. Forty-

three percent of these burns were related to flames, with 17,000 burn center admissions 

and >3,000 deaths. The USA continues to see widespread wildfires that are likely to 

expose emergency responders and the public to flame-based burns. Burn size and depth 

are determined by the amount and duration of heat transferred to the skin. When the skin 

reaches 48o C, cellular death occurs and results in a first-degree burn. Once the 

temperature exceeds 72o C, the tissue is instantly destroyed (8). Burn injuries are 

classified from first to third-degree burns, with first-degree burns being superficial, 

requiring minimal treatment. Third-degree burns, described as full-thickness burns, 

extend beyond the dermal layers and destroy underlying bone, muscle, and/or tendons, 

requiring extensive medical intervention that includes skin grafting (121).  

Individuals who survive extensive full-thickness burns are at increased risk of 

developing bacterial infections that may result from contamination of the open burn 

wound outside of a clinical setting or from hospital-acquired infections during treatment 

(11). These bacterial infections can lead to sepsis, which in burn patients differs from 

non-burn induced sepsis in that the primary barrier to infection, the skin, is damaged or 

lost. This increases the period of exposure to opportunistic pathogens while the wound is 

open and is a source of continual inflammatory signaling at the wound site (20, 21). 

Pseudomonas aeruginosa (PA), a ubiquitous Gram-negative bacterium, is one of the 

most common opportunistic pathogens identified from burn wounds (122). PA does not 

routinely cause disease in immunocompetent mice or humans. Immunosuppressed 
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patients have a higher likelihood of gastrointestinal colonization with PA both before and 

after admittance into the hospital, increasing the likelihood of serious post-burn infections 

(51).  

Mice have been shown to closely recapitulate immunological transcriptomic 

responses compared to humans during burn injuries (123). Consequently, mouse burn 

models are routinely used to assess bacterial dissemination and treatment during post-

burn sepsis. More common models for producing full-thickness burns in animals are 

achieved with hot water baths or heated brass rods (35, 37). These methods are ideal for 

mimicking burns from scalds or touching hot objects but may not fully compare to a 

flame-inflicted burn. To mimic the events of flame burns, our laboratory performed an 

ethanol-based flame burn to achieve a full-thickness, 10% total body surface area non-

lethal burn (TBSA), a model that was originally developed in 1975, which revealed that 

directly after a full-thickness burn, mice are extremely susceptible to subcutaneous (s.c). 

infection from PA strain M2 (O5:FlaB) (34). A complete understanding of the immune 

response to PA colonization, dissemination, and development of sepsis post-burn in CD-1 

mice has not been fully achieved. Our findings indicate that alterations in host responses 

contribute significantly to increased susceptibility to PA M2 in CD-1 mice post-10% 

flame burn. HMGB1, a danger-associated molecular pattern (DAMP) previously 

associated with sepsis (124) and shown to activate TLR4 signaling (106), was released 

into serum within minutes after the burn, increasing TLR4-mediated proinflammatory 

signaling. Treating mice with P5779, an HMGB1 antagonist, increased the median time 

of death and survival post-burn following a s.c. infection of PA M2.  
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Results: 

A flame burn produced a full-thickness burn 

Histological analysis of skin by H&E staining at the time of the burn, in the 

absence of infection, produced a full-thickness burn that extended through the epidermal 

and dermal layers, with complete loss of cellular structure when compared to the skin of 

sham mice. The cutaneous adipose tissue and the panniculus carnosus were spared from 

injury (Fig. 3.1). 

Fig 3.1 H&E staining of sham (left panel) and burned skin (right panel):  Burned 
skin shows destruction of the epidermis and dermis layers but sparing of deeper tissues. 
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A 10% TBSA burn resulted in increased susceptibility to P. aeruginosa M2 sepsis 

and bacterial dissemination to the blood and organs. 

After receiving a 10% TBSA burn, mice were randomly assigned into five groups, 

each receiving 100 µL subcutaneously of 3.3 x 104 CFU PA M2, 3.3*104 CFU of heat-

killed (HK) PA M2, 10 pg of PA M2 lipopolysaccharide (LPS) representative of the LPS 

content of 104 CFU PA M2, 100 µl PBS, or 3.3 x 104 CFU PA M2 in the absence of burn. 

Mice were observed for clinical signs of sepsis and distress. Only mice that received a 

10% TBSA burn and were infected with live PA M2 became moribund, with the onset of 

clinical symptoms occurring between 18 and 26 hours and a mean time to death of 23 

hours. Mice in the other groups showed no symptoms, and all survived and continued to 

gain weight through the end of the experiment at seven days post-burn (Fig. 3.2A). 

Additionally, mice that received a burn alone gained weight over 7 days after the 

procedure (data not shown). Another group of mice was burned and infected with 3.3*104 

CFU PA M2. Mice were sacrificed at regular intervals between 0 and 26 Hours post-burn 

(Hpb). Bacterial burden was determined based on organ weight and blood volume. PA 

M2 was present in the skin directly after the burn and grew in concentration to >108 CFU 

per gram skin prior to spreading systemically at 18 Hpb. PA M2 was not detected in the 

blood or organs prior to the onset of clinical symptoms at 18 Hpb and rapidly increased in 

number at these sites thereafter until death (Fig. 3.2B). PA M2 was detected post-burn 

only in mice that received s.c. infection. No other organisms were detected in any of our 

experiments.  
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Fig 3.2 Skin and distal organ PA burden and mortality:  (A) Kaplan-Meier-survival 
curves of mice in response to burn with PA M2 (n=10), sham with PA M2 (n=6), burn 
+ HK PA M2 (n=6), burn + purified PA M2 LPS (n=6), and burn alone (n=6). Mice 
were observed for moribundity for 7 days. A log-rank test was used to compare 
survival between groups, ****, P<0.0001. (B) Blood and tissue were collected at 
various times from burned mice that were infected with PA M2 to determine bacterial 
burden levels. The latest time point achievable was 26 hours due to the onset of 
moribundity. 
 

 

Inflammatory and anti-inflammatory cytokines levels in the serum in response to 

the burn and infection with P. aeruginosa M2. 

We performed serum cytokine analyses to determine the global inflammatory 

response to the burn alone and the burn with infection with live PA M2, heat-killed (HK)-

PA M2, or injection of PA M2 LPS. In burned mice that received an infection with live 

PA M2, proinflammatory cytokines IFN-γ, IL-1β, and TNF-α became elevated at the 

onset of clinical symptoms (12-18 hours) and remained elevated until the mice required 

euthanasia (Fig. 3.3A-C). IL-10, an anti-inflammatory cytokine, was also elevated along 

with the inflammatory cytokines and persisted until euthanasia (Fig. 3.3D). 
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Fig 3.3 Serum cytokine concentrations post-burn with PA M2 infection:  (A) IFN-
γ, (B) IL-1β, (C) TNF-α, (D) IL-10, burn with infection. Whole blood was collected 
via cardiac puncture at indicated times after burn and immediate PA M2 infection and 
cytokine concentrations were determined. One way ANOVA was used to analyze 
serum cytokine concentrations to 8 Hpb. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 compared to sham or 8 Hpb 

 

 IL-10, an anti-inflammatory cytokine, was also elevated along with the 

inflammatory cytokines and persisted until euthanasia (Fig. 3.4A) IL-6 levels were higher 

than the range of detection in burned mice with infection by 12 Hpb (Fig. 3.4B). 

Additionally, IL-6 was increased when burned, and sham mice were injected with a 

comparable amount of HK PA M2. However, the concentration of serum IL-6 in burned 

mice was lower when compared to sham mice after injection with HK PA M2 (Fig. 

3.4C). No cytokine response was observed after injection of 10 pg of PA M2 LPS in 
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either burned or sham mice (data not shown). We assessed the concentration of activated 

TGF-β, a cytokine involved in tissue repair and immune suppression (125, 126), in the 

serum, of mice that were burned, without and with an infection, and in mice that were 

infected in the absence of a burn. Although the level of total TGF-β was elevated, we saw 

no alterations in the activated fraction of TGF- β at any time point post-burn without and 

with infection (data not shown). 

Fig 3.4 Serum IL-6 concentrations following the burn:  (A) burn alone, (B) burn 
with PA M2 infection, (C) burn with HK PA M2 injection. Whole blood was collected 
via cardiac puncture at indicated times with described treatments. One way ANOVA 
was used to analyze serum cytokine concentrations. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 compared to sham or 8 Hpb. 
 

 

Increased susceptibility to s.c. P. aeruginosa infection at the burn site wanes after 72 

hours and causes increased susceptibility at distal sites. 

We observed that unburned sham mice were relatively resistant to s.c. PA M2 

infection (LD50 was ~106 CFU) (Table 3.1). By contrast, when burned mice were 

challenged s.c. with 600 CFU of PA M2 immediately following the burn and up to 18 

Hpb, the infection was 100% lethal. When bacterial challenge occurred at 24 and 48 Hpb, 

the survival rate increased to 55% and 80%, respectively. By 72 Hpb, mice were no 

longer susceptible to sublethal challenge (Fig. 3.5).  
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Fig 3.5: Increased susceptibility to PA M2 wanes over time after burn:  Mice were 
infected s.c. with 600 CFU PA M2 at the burn site at 0 (n=10), 18 (n=10), 24 (n=9), 48 
(n=10), or 72 (n=10) Hpb. Mice were observed for 7 days and euthanized upon the 
onset of moribundity. A log-rank test was used to compare survival between groups, 
****, P<0.0001.  

 

This suggests a rapid, short-lived impairment in the host immune response to the 

burn. We also infected burned mice via routes that were distinct from the burn (i.e., 

intravenous [i.v.], intraperitoneal [i.p.], and skin outside of the burn borders [s.c., non-

burn]) immediately following the burn. We observed a 2-log reduction in the LD50 for i.v. 

and i.p. routes of infections and a 1 log reduction in the LD50 for a s.c. infection of non-

burned skin outside of the burn wound, relative to sham mice. There was also a 

noticeable difference in the time of onset of clinical symptoms and moribundity among 

all groups (Table 3.1). 
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Route of Infection 

at the Time of Burn 

LD50 Onset of 

Moribundity Sham Burned 

Subcutaneous (at 

burn site) 

106 <600 18 Hours 

Intravenous 106 104 48-72 Hours 

Intraperitoneal 106 104 24-48 Hours 

Subcutaneous (non-

burn site) 

106 105 48-72 Hours 

Table 3.1:  Reduction in PA M2 LD50 at different sites when given directly after burn: 
Mice were infected with various concentrations of PA M2 immediately post-burn via 
s.c., i.v., i.p., routes and observed for the onset of moribundity. Mice were euthanized 
when they reached a clinical score of 1 out of 3. (See Methods) 

 

Serum HMGB1 levels increase post-burn regardless of P. aeruginosa infection. 

We next assessed the levels of serum HMGB1 in the context of burn injury and 

PA M2 infection. In burned, non-infected mice, HMGB1 levels rose to over 50 ng/mL 

immediately following the burn but returned to a baseline of ~20 ng/mL after 9 Hpb (Fig. 

3.6A). In contrast, in the presence of infection, serum HMGB1 levels peaked to 250 

ng/mL (i.e., > 10-fold increase) after the burn with infection and remained elevated until 

death (Fig. 3.6B). In mice subjected to burn alone or burn with infection, increased 

HMGB1 concentrations preceded the elevation in serum cytokines. Due to the dramatic 

post-burn increase in HMGB1, a TLR4 agonist (127), we employed an HEK-BlueTM 

mTLR4-driven NF-κB reporter cell assay to determine if the sera from burned mice at 0 

Hpb was biologically active and capable of stimulating the TLR4-mediated NF-κB 

stimulation. We observed that sera from burned mice increased stimulation of NF-κB 
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activity in this assay, whereas negligible reporter activity was observed with sham mouse 

sera (Fig. 3.6C). We did not detect endotoxin in any of the sera by Limulus amoebocyte 

lysate (LAL) assay. 

Fig 3.6 Serum HMGB1 levels and TLR4 activation post-burn:  Groups of 4-5 mice 
were burned and either left uninfected or infected with PA M2. Terminal blood 
samples were then collected from mice at indicated times post-burn. (A, B) Serum 
HMGB1 levels were measured with and without PA M2 infection. One way ANOVA 
was used to compare burned and sham groups. Note that the Y-axis of B is much 
greater than A due to concentrations. (C) Serum taken from mice directly after burn 
without infection showed biological TLR4 activity. Student's t test with Welch's 
correction was used to compare burned and sham groups. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 

 

In vivo inhibition of HMGB1-mediated TLR4 signaling using P5779 

 To determine if the observed HMGB1 levels were linked to mortality, we treated 

mice with P5779, a small molecule inhibitor of TLR4 stimulation via HMGB1. P5779 

acts explicitly by blocking the MD-2-HMGB1 interaction without interfering with the 

binding of LPS to MD-2 (128, 129). All mice received a burn and a s.c. infection with PA 

M2. The treated mice were administered P5779 immediately following the burn, at 12 

Hpb and every 24 hours for 6 days (Fig. 3.7A). Starting at 18 Hpb, mice were observed 

for clinical signs of sepsis every hour. All 10 control mice required euthanasia by 26 

hours with a mean survival of 23 hours. 

In contrast, P5779 -treated mice did not begin to succumb until 26 Hpb and had a 

mean survival of 42 hours. Three mice survived to 7 days and were not included in 
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calculating the mean time of death (Fig. 3.7B). After 72 hours, surviving mice showed no 

signs of clinical disease or distress. The 3 mice that survived to 7 days were euthanized, 

and bacterial burden revealed an average of 9.60*107 CFU/g of tissue in the eschar, while 

the skin and spleen had no detectible bacteria (Fig. 3.7C). 

 
Figure 3.7 P5779 inhibition of HMGB1-mediated TLR4 signaling increased mean 
time to death and survival post-burn with s.c. infection with PA M2:  (A) All mice 
received a burn and were infected s.c. with ~800 CFU PA M2 (red arrow). Control 
mice were observed for clinical signs of moribundity and infection. Treated mice were 
administered 500 µg of P5779 i.p. immediately following the burn and at 12 hours, and 
once daily for 6 days (blue arrow). (B) Kaplan-Meier survival plot of control group 
(n=10) and treated (n=24) mice. Control mice had a mean time of death of 23 hours 
while treated mice had a mean time of death of 42 hours. Survival: 0/10 control mice 
and 3/24 P5779-treated mice. A log-rank (Mantel-Cox) test was used to compare 
survival between groups, P<0.0001. (C) Bacterial burden of surviving mice at 7 days 
post-burn + PA M2 + P5779. 
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Discussion: 

The flame-based burn procedure employed herein resulted in a non-lethal, full-

thickness burn with cellular destruction confined to the epidermis and dermis (Fig. 3.1). 

These findings were comparable to the burn depths achieved, visualized by H&E stained 

slides of burned and sham skin, by Leung et al., in their scald burn study in which they 

achieved partial and full-thickness scald burns (35). Directly after the burn, mice were 

injected with 3.3x104 CFU of live PA M2 (two logs lower than the s.c. LD50 for sham 

mice) or equivalent amounts of HK PA M2 or purified PA M2 LPS s.c.at the burn site. 

Only mice that received an injection of viable PA M2 showed clinical symptoms or had 

detectable PA at the burn site or distal organs. Furthermore, all mice that were infected 

with viable PA M2 became moribund within 26 Hpb. However, mice that received HK 

bacteria, LPS (from the challenge PA), or PBS post-burn showed no clinical symptoms or 

any signs of distress, suggesting that the burn itself is not fatal, but rather, replicating PA 

M2 are required to cause disease (Fig. 3.2A). Mice that received an infection with 1x104 

CFU of live PA M2 without a burn remained in good health and gained weight. PA M2 

could be isolated from the burn site directly after the infection and quickly increased in 

concentration. However, we did not detect PA M2 in the blood or peripheral organs prior 

to the onset of clinical symptoms. Once PA M2 was detectable in the blood and organs, 

the health of the mice rapidly deteriorated until they required euthanasia. PA M2 may 

need to replicate to a sufficiently high concentration in the skin to disseminate (Fig. 

3.2B). Therefore, treatment to prevent PA M2 sepsis should begin prior to the bacterial 

dissemination from the skin. This continued presence of bacterial at the burn site provides 

the rationale for clinical targeting the burn eschar.  
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Burned mice infected with PA M2 showed increased circulating proinflammatory 

cytokines (IL-6, IL-1β, TNF-α, IFN-γ) and a rise in anti-inflammatory IL-10 late during 

infection once clinical symptoms were observed. These data are reminiscent of the 

cytokine response to Pseudomonas aeruginosa sepsis following cecal ligation and 

puncture in mice(130). Interestingly, it has been reported that a difference in IL-10 to 

TNF-α ratio was seen in patients with severe sepsis with non-survivors having a ratio of 

>4.5, 48 hours after admission (131). The IL-10:TNF-α ratio in our study at 12 Hpb with 

infection was 6.6±2.4 and rose to 11.1±3.7 at the onset of symptoms. Future work is 

needed to determine if this ratio can be used to predict the survivability of mice in the 

burn model. 

In contrast, the only cytokine detected in mice that received a burn without 

infection was IL-6, which peaked at 24 hours and returned to baseline after 48 hours. The 

half-life of IL-6 in mice is between 8 and 12 hours, suggesting that the IL-6 response to 

the burn occurred rapidly but did not persist in the absence of a secondary insult, such as 

a superimposed bacterial infection (132). Interestingly, there was a difference in serum 

IL-6 levels between burned and sham mice that received an injection of HK PA M2. At 3 

Hpb, sham mice produced > 200% more serum IL-6 on average than mice with burn 

injury. This suggests that viable tissue at the injection site is required for an initial robust 

IL-6 response (Fig. 3.4), which has been observed in a mouse model of turpentine-

induced tissue inflammation l(133). Based on these cytokine data, we conclude that the 

flame burn produces an initial short-lived IL-6 response from the viable tissue adjacent to 

the burn site that is transient in the absence of an infection.  
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We confirmed previous data showing reduction of LD50 at distal sites outside the 

area of cellular destruction of the burn and the waning of the increased susceptibility to 

PA M2 infection at the burn site after 72 hours (Table 3.1 & Fig. 3.5) (34). Together, 

along with the transient nature of IL-6 post-burn, this suggests that there must be other 

soluble factors generated from the burned tissue that influence the general host defenses 

very soon after tissue destruction from the flame.  

High-Mobility Group Box 1 Protein (HMGB1) is passively released from necrotic 

cells and increases in the circulation directly after burns in both humans and rats (36, 106, 

134). HMGB1 is also actively released in low concentrations by responding innate 

immune cells, such as macrophages, early during bacterial infection. In the later stages of 

sepsis, hepatocytes and other somatic cells actively release HMGB1 in very high 

concentrations (135). It is likely that the massive immediate tissue destruction from the 

burn would passively release HMGB1 into the circulation, which caused activation of 

NF-κB through the TLR4-MD-2 signaling pathway. We screened serum HMGB1 levels 

post-burn, without, and with infection. After a burn without infection, serum HMGB1 

levels rose significantly to 50 ng/mL within minutes of the burn and returned to baseline 

levels within 9 hours. In contrast, burned mice that received a lethal s.c. infection with 

PA M2 exhibited serum HMGB1 levels that increased immediately after the burn and 

continued to increase to a concentration of >250 ng/mL at the time of moribundity. We 

saw an increase in TLR4-mediated NF- κB stimulation in vitro with serum from burned, 

non-infected mice when compared to sham mice suggesting that some factor(s) in the 

sera can biologically activate NF-κB through the TLR4 pathway after the burn and may 

be responsible, in part, for the observed cytokine cascade. Samples were screened for 
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endotoxin by LAL assay. No endotoxin was detected in the sera used to stimulate the NF-

κB reporter cell line; however, serum drawn at 18 Hpb with infection contained 

approximately 0.24 ng/mL of endotoxin. Disulfide-containing HMGB1 signals through 

the TLR4/MD 2 pathway causing inflammation via NF-κB activation (128, 136). There 

are three HMGB1 redox isoforms (all-thio, disulfide, oxidized), each with its own 

function (137). Only the disulfide-linked isoform is an active TLR4 agonist (138). Future 

studies should determine the isoform proportions and if the HMGB1 is passively or 

actively released after the burn with infection with PA M2 (Fig. 3.6).  

P5779 is a small molecule antagonist of the HMGB1 that inhibits the association 

between HMGB1 and MD 2, preventing HMGB1-mediated TLR4 signaling (139). P5779 

has been used to reduce mortality in mice in other inflammatory-related diseases such as 

influenza (107). To assess if circulating HMGB1, post-burn affects mortality, burned and 

infected mice were treated, i.p. with P5779 (Fig. 3.7A). Treatment of burned and infected 

mice with P5779 significantly prolonged survival, with 3 of 24 (12.5%) surviving the 

experiment's length, to 7 days (Fig. 3.7B). At 72 Hpb, the remaining three P5779-treated 

mice showed no signs of disease. The bacterial burden in the surviving mice was high in 

the eschar despite the lack of clinical symptoms. No bacteria were detected in the blood 

or spleen of the surviving mice. The survival of these mice and their lack of clinical 

symptoms after 72 hours is concurrent with the return of normal host defenses at 72 Hpb. 

The increase in survival in the P5779-treated group shows that circulating HMGB1 

contributes significantly to the inflammation generated from the burn plus infection and 

suggests that HMGB1 should be studied further as a potential therapeutic target. 

Although we saw some survival and an increased mean time to death, other factors may 
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be involved in PA M2-related mortality post-burn. HMGB1 is only one of many DAMPs: 

heat shock proteins, HSP100, mitochondrial DNA, extracellular DNA and RNA, and 

others are released post-tissue trauma and signal through multiple pattern recognition 

receptors(140). It is possible that other DAMPs as well contribute to morbidity and 

mortality in this flame-based mouse burn infection model and should be addressed in 

future studies.  

Most laboratory-based burn research studies use scalding water baths or heated 

brass rods to achieve a burn (141). These models mimic the effects from scalds and 

touching hot surfaces but may not be optimal for understanding the effects of a flame 

burn as heat may transfer into the animal differently and result in different secondary and 

tertiary effects. There are relatively few studies of flame burn models in mice. Burn size 

and final subdermal temperatures may dictate the inflammatory response and 

susceptibility or even mortality from the burn alone. Our 10% TBSA flame burn resulted 

in a non-lethal burn that increased susceptibility to PA M2 infections. The rate at which 

our mice became moribund from infection with PA is comparable to PA infections in 

mice that received a non-lethal 6 to 8% TBSA full-thickness scald burn (39). The 

lethality of the burn without infection is most likely due to the total size of the burn. 

Larger (18%) surface area burns in mice were shown to have mortality rates of 22% for 

scald burns and 11% for flame burns in the absence of infection (38). Our flame-resistant 

template produced a highly reproducible 10% TBSA burn when using Meeh’s constant of 

9.74 for CD1 mice to calculate burn area (142). Our immune responses differ from results 

found in C57BL/6 mice that received a 35% TBSA scald burn (108). These studies found 

increased IL-1β and TNF-α post-burn in the absence of infection within the first 24 hours. 
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This could be due to the larger percentage of the burn size or possibly from the heat 

transfer of the scalding water. The initial subdermal temperature of a 90o C scald burn 

and an ethanol-based flame burn is similar. However, after 9 seconds, the subdermal 

temperature from a scald-burn can be 19o C higher than a flame-burn in mice (38).  

Taken together, these data suggest that a non-lethal 10% TBSA flame-burn 

increased the susceptibility of mice to mortality from s.c. PA M2 infection even though 

there was only local destruction of the epidermis and dermis. Unlike burn models that are 

lethal in the absence of infection, this non-lethal burn model allowed us to examine the 

independent effects of the burn on the host response and identify a critical role for 

HMGB1 in burn wound sepsis. Since blockade of HMGB1 signaling post-burn increased 

survival in mice, a similar blockade of HMGB1 signaling in burn patients may allow 

additional time for further interventions.  
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Chapter 4: A non-lethal full-thickness flame burn produces a seroma beneath the 

forming eschar thereby, promoting Pseudomonas aeruginosa sepsis in mice 

 
Abstract 

 The World Health Organization estimates ~180,000 deaths occur annually from 

burn-related injuries. Many victims that survive the initial burn trauma succumb to 

bacterial infections that lead to sepsis during treatment. Although advancements in burn 

care continue to improve in high-income countries due to their burn centers and advanced 

research, low and medium-income countries continue to see high frequencies of burn 

injuries and burn-related deaths due to secondary infections. Bacterial-derived sepsis is 

the most life-threatening danger for people that survive burn injuries. Here we provide 

evidence for the first time that a subeschar seroma forms post-burn even in the absence of 

infection in mice. The seroma fills with a volume estimated at 500 µL of fluid free of red 

blood cells. The seroma fluid supports Pseudomonas aeruginosa (PA) growth and 

contains inflammatory cytokines and chemokines, which recruit immature neutrophils 

and monocytes to the seroma in the absence of endothelial breakdown. This recruitment 

of monocytes and immature neutrophils may result in sequestering these critical immune 

cells away from other tissues during a pivotal time during bacterial dissemination, 

promoting PA-mediated sepsis. 
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Introduction 

According to the World Health Organization, an estimated 180,000 deaths occur 

each year from burns and burn-related injuries, while non-fatal burn injuries are a leading 

cause of morbidity and mortality due to tissue destruction and secondary infections (5). A 

ten-year retrospective study at the Erciyes University Burn Center in Turkey showed an 

11% nosocomial infection rate of admitted burn patients with a median burn size of 10% 

(143). Although casualty care of burn patients has dramatically improved over time and 

the current survival rate of people who reach a burn center in the United States of 

America is over 95%, it is not the same for low to middle-income countries (LIC, MIC) 

(6, 110). In comparison, LIC and MIC have 10 and 62 per 1,000,000 unintentional 

childhood deaths respectively from burn injuries, whereas in high-income countries 

(HIC), 1 in 1,000,000 children died from unintentional burn injuries each year (6). One 

reason for these discrepancies is the level of care provided in HIC at dedicated burn 

centers, accredited by the American Burn Associate (ABA). These burn centers provide 

admitted patients with wound care (to include debridement, eschar excision, and 

grafting), resuscitation, stabilization, and rehabilitation (18, 144, 145). Non-burn centers 

do not have the capabilities to perform such procedures. Specifically, advance care is 

delayed for Soldiers requiring evacuation from combat zones who received severe burn 

injuries. Although debridement, eschar excision, and grafting are routine procedures in 

burn units, Soldiers who receive a significant thermal injury in combat do not have these 

procedures performed until they are evacuated from the combat zone to a burn center 

days after the initial injury. This delay in advanced care can lead to an increased risk of 

complications (146). 
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A severe burn injury can lead to increased capillary permeability and a reduction 

in vascular volume. Fluid resuscitation is administered to supply organs with the required 

fluid (18). However, fluid resuscitation has its challenges; if too much fluid is 

administered, the risk and likelihood of edema is increased (19). In rare cases, fluid from 

resuscitation in burned patients may collect between tissues within compartments, such as 

muscle tissue, lead to intracompartmental sepsis (IS) (147, 148). Additionally, subeschar 

fluid has been shown to have immunological relevance and is capable of cell-mediated 

immune suppression (112, 113). In other traumas and surgeries, fluid can fill spaces 

between tissues and form seromas (149). Seromas have been shown to support bacterial 

growth and colonization (150). Here we present what we believe to be the first non-lethal 

mouse burn model that produced a seroma. A subcutaneous inoculation of <100 CFU of 

Pseudomonas aeruginosa (PA) strain M2 at the burn site resulted in 100% mortality 

between 18 and 26 hours (34). 

Following a burn, necropsy revealed in this modal a large seroma was situated 

between the panniculus carnosus and the underlying skeletal muscle. This fluid formation 

was observed in mice that received either a superimposed subcutaneous infection with 

PA M2 or no infection post-burn. The seroma was estimated to be ~500 µL in volume 

(~25% of the fluid volume within the circulation) and was completely translucent and 

gelatinous in texture when separated from the surrounding tissue. The fluid supported the 

in vitro growth of multiple strains of PA at a rate equivalent to that in fortified bacterial 

culture media. In the absence of infection, the seroma was reabsorbed at the same rate as 

the increased susceptibility to PA M2 sepsis waned (Brammer et al.,). Histological 

analysis showed leukocyte infiltrates regardless of infection; with infection, massive 
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cellular necrosis was also observed. Local cytokine and chemokine concentrations were 

elevated in the seroma before appearing in the circulation, and leukocyte recruitment was 

evident by 12 hours post-burn (Hpb). At 12 hours, we showed by flow cytometry that 

neutrophils were the prominent CD 45+ cell recruited to the seroma, with a small 

percentage of macrophages. Neutrophils within the seroma showed a reduced surface 

expression of CD62L and an increased surface expression of Ly6G, suggesting active 

recruitment to the seroma. Thus, a nutrient-rich seroma was formed post-burn that 

provided PA a reservoir for exponential growth and recruited immature neutrophils and 

monocytes, depleting them from the circulation and possibly from critical sites required 

to fight the PA infection seroma. 
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Results 

A 10% TBSA flame burn produced a seroma formation below the forming eschar. 

 At 3 Hpb, mice were euthanized, and a traverse incision was made from the top of 

the eschar through the underlying skeletal muscle and bone to reveal a cross-sectional 

view. A fluidic layer was observed below the eschar but above the skeletal muscle. The 

fluid extended outside of the edges of the burn eschar (Fig. 4.1A). The eschar was gently 

removed, using forceps and surgical scissors to reveal a transparent gelatinous formation 

separate from the skeletal muscle and the skin. The fluid was easily manipulated with 

forceps. The fluid layer appeared to replace the subcutaneous fascial plane (Fig. 4.1B). 

When a deeper incision was made, an approximate 1cm by 2 cm skin flap, which 

included the eschar and gelatinous fluid layer, was removed using forceps and scissors. 

Gentle scraping with a scalpel revealed an estimated 500 µL of completely transparent 

material with some veinous formations running through the seroma, although none 

terminated within the seroma (Fig. 4.1C). These observations were made both with and 

without a subcutaneous infection with PA M2 immediately after the burn. 



63 
 

 

Figure 4.1 Gross observation of seroma formation under the forming eschar:  (A) 
Three Hours post-burn (with or without infection), a gelatinous fluid layer built up 
under the burn site and protruded past the borders of the burn. The Blue arrows 
highlight the borders of the seroma layer. The black arrow designates the spine. (B) 
The seroma fluid forms in the fascia, which separates the skeletal muscle from the 
cutaneous layers. In non-burned mice, the fascia plane is a thin film overlaying the 
skeletal muscle. (C) A 1 cm x 2 cm skin flap of the eschar (white arrow) was removed; 
the seroma fluid (three clear zones marked by the red arrow came from the skin flap of 
one mouse) was removed by gently scraping with a scalpel. 
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Seroma fluid originates from the circulation. 

 Our next goal was to observe the anatomical origins of the seroma fluid. Mice 

were injected with 20 mg FITC-dextran 4 kd intravenously (i.v.) 15 minutes prior to the 

burn. The (4 kd) size was chosen due to its small size and the likelihood of diffusion from 

the circulation to the seroma. The burn was administered 15 minutes post-i.v. injection of 

FITC-dextran. Seroma fluid was collected 3 Hpb without infection and assessed for 

FITC-dextran concentration. Burned mice that received i.v. FITC-dextran showed an 

average of 2.8 mg/g FITC-dextran in the seroma. (Appendix B Fig. 4.1). The lack of 

seroma formation in unburned mice results in no appropriate control. These data show 

that the fluid in the seroma is derived primarily from the circulation.  

Seroma fluid supports the growth of Pseudomonas aeruginosa (PA) in vitro 

 As previously reported, PA infection is more lethal following a burn in our model. 

We hypothesized that the seroma promotes the growth of PA. To assess the PA's ability 

to replicate in the seroma, mice without infection were sacrificed at 3 Hpb. Seroma fluid 

was harvested by scraping with a scalpel as described above. A two-tenth gram of seroma 

fluid was suspended in 3 mL of PBS and homogenized. Four different strains of PA (925 

CFU of PAO1(laboratory strain), 3600 CFU of SBI-N (IATS 06), 7000 CFU of PA14 

(clinical isolate), and 650 CFU of PA M2 [intestinal isolate from a CF-1 mouse, IATS 

05]) were inoculated into either seroma suspension or an equivalent volume of HySoy 

broth and incubated at 37o C with shaking. To assess bacterial growth, cultures were 

sampled every 2 hours to determine CFU/mL by serial dilution and plating on TSA agar. 

All four PA strains replicated at equivalent rates in the seroma suspension as they did in 

fortified bacterial culture media (Fig. 4.2). The equivalent growth of PA strains in the 
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seroma suspension compared to fortified growth media suggests that the seroma is a 

nutrient-rich environment that allows PA to grow to high concentrations locally before 

dissemination throughout the mouse. 

 

 

Figure 4.2 In vitro growth curve of different Pseudomonas aeruginosa strains in 
seroma suspension and fortified growth media:  PA strains (A) PA 14, (B) PAO1, 
(C) SBI-N, and (D) PA M2 were grown at 37o C on a shaker for 10 hours in either 
HySoy broth or seroma suspension. OD600 readings were taken every hour to determine 
bacterial growth. 

 

Histology showed a short-lived seroma formation between the panniculus carnosus 

and the skeletal muscle/adipose tissue. 
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 Mice were burned and sacrificed at 3, 6, 12, and 18 Hpb. Deep, transverse 

incisions were made of the eschar that was immediately placed into 10% formalin for 72 

hours. Observation of sham tissue sections showed a compact fascial plane (red arrow) 

between the panniculus carnosus and the underlying skeletal muscle (blue arrow), ~57 

µm in thickness (Fig. 4.3A). By 3 Hpb, the panniculus carnosus and the skeletal muscle 

were separated by an influx of fluid with an average thickness of 1.18 x 103 µm. The 

fluid contained haphazard collagenous material with rare fibroblasts and lymphocytes 

(Fig. 4.3B). By 6 Hpb, the seroma could be seen extending beyond the burned border of 

the skin (black arrow) (Fig. 4.3C, Appendix B Fig. 2). By 12 Hpb in the absence of 

infection, the seroma was reduced in thickness to ~567 µm (Fig. 4.3D). However, a large 

influx of cells was observed throughout the seroma. The seroma was almost resolved at 

18 Hpb (Fig. 4.3E). The seroma was observed under two viable tissue layers. The burn 

did not damage the subcutaneous adipose tissue and the panniculus carnosus. 

 

Figure 4.3 H&E staining of seroma over 18 hours:  (A) Subcutaneous fascial plane 
in unburned skin averages a depth of 57 µm (red arrow). Blue arrows designate the 
boundaries between the panniculus carnosus and the skeletal muscle/adipose tissue. (B) 
3 Hpb, fascial plane increased to an average thickness of 1.18 x 103 µm. (C) 9 Hpb, the 
average thickness was 1.15 x 103 µm. (D) At 12 Hpb, the average thickness reduced to 
567 µm. As the seroma condenses, a large influx of cells was seen filling the area. (E) 
At 18 Hpb, the fluid layer was reduced to <200 µm. Scale bars are 300 µm. 
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Additionally, no apparent cellular breakdown of the panniculus carnosus or the 

underlying skeletal muscle/adipose tissue suggests that the cellular infiltrates were 

actively recruited. 

 

Seroma contains bacteria, lymphocyte infiltrates, and cellular necrosis 

 To characterize the composition of the seromal fluid, seroma samples were 

collected at 12 Hpb, using forceps and a scalpel from burned mice, with and without a 

subcutaneous infection with PA M2. We chose 12 Hpb based on our observation of 

robust cell infiltration (Fig. 4.3D A portion of the seroma was placed into HistogelTM and 

processed according to the manufacturer's protocol to be evaluated by pathologists for 

cell populations and tissue pathology. At 12 Hpb without PA infection, the seroma 

showed edematous haphazard collagenous material, interpreted as collagen fibers and 

fibroblasts, with small mononuclear cells that appeared to be fibroblast nuclei and rare 

scattered lymphocytes (Fig. 4.4A). Although at 12 Hpb with PA M2 infection, the 

appearance was similar, the seroma contained increased numbers of leukocytes and 

cellular necrosis (Fig. 4.4B); Further Gram stain analysis showed Gram-negative rods 

(GNR) throughout the seroma and in proximity to granulocytes (Fig. 4.4C). 

Immunohistochemical (IHC) CD 45+ staining of seroma from mice 12 Hpb without PA 

infection revealed numerous leukocytes, pathologist review determined primarily 

neutrophils (predominantly bands), along with more densely pack collagenous material 

were present (Fig. 4.4D). However, by 12 Hpb with PA M2 infection, increasingly more 

cellular infiltrates were seen, mainly neutrophils (predominantly bands) and less densely 
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packed collagenous materials (Fig. 4.4E). These data suggest the active recruitment of 

immune cells into the seroma. 

 

 
Figure 4.4 Histological examination of Histogel seroma sections:  (A) H&E stain, 
12 Hpb without infection, mainly fibroblasts with rare lymphocytes. (B) H&E stain, 
12Hpb with s.c. PA M2 infection, similar to (A) but increased cellular necrosis. (C) 
Gram stain, 12 Hpb with s.c. PA M2 infection showed GNR throughout and in 
proximity to PMNs. (D) IHC, 12 Hpb without infection CD45 staining shows mainly 
PMNs (bands) with more densely packed collagenous material. (E) CD45 IHC, 12 Hpb 
with s.c. PA M2 infection, many more PMNs (bands) with less packed collagenous 
material. Scale bars are 50 µm. All images at 600X with oil emersion. 

 

Seroma Cytokine and Chemokine concentration  
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 To determine how these inflammatory cells are recruited to the seroma, we 

performed cytokine and chemokine analysis on sera and seroma samples from burned 

mice with and without PA M2 infection. Seroma samples were collected from euthanized 

mice at 12 Hpb to determine the cytokine and chemokine profile within the seroma. In all 

cases, cytokine and chemokine levels within the seroma were higher in PA M2-infected 

mice when compared to non-infected mice. Proinflammatory IL-1β, IL-6, and TNF-α 

were significantly elevated in the seroma with infection at 12 Hpb (Fig. 4.5A-D). IL-10, 

an immunosuppressive cytokine, was also elevated at the 12 Hpb in the seroma of 

infected mice (Fig 4.5E). 

 

Figure 4.5 Cytokine concentrations in the serum and seroma with (PA) and 
without (NI) infection:  (A) IL-1B, (B) IFN-γ, (C) IL-6, (D) TNF-α, and (E) IL-10. 
One way ANOVA with Tukey’s multiple comparisons test was used to analyze 
chemokine concentrations. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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 Likewise, chemokine concentrations of CXCL10 (IP-10), CXCL1 (KC), CCL2 

(MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), and CCL5 (RANTES) were elevated in the 

seroma in comparison to the serum. In each case, infected mice had higher levels of IP-

10, MCP-1, MIP-1α, MIP-1β when compared to uninfected mice (Fig 4.6A, C, D, and 

E). These data suggest that active recruitment of monocytes and PMN's to the seroma 

during infection is secondary to the production of chemokines. 

 

Figure 4.6 Chemokine concentrations in the serum and seroma with (PA) and 
without (NI) infection:  (A) IP-10, (B) KC, (C) MCP-1, (D) MIP-1α, (E) MIP-1β and 
(F) RANTES. One way ANOVA with Tukey’s multiple comparisons test was used to 
analyze chemokine concentrations. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

Cellular profile of the blood and seroma post-burn 

 We employed flow cytometry and cell phenotyping to profile the cell types 

present within the seroma (Appendix B Table 4.2). At 12 Hpb, whole blood and seroma 
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fluid was collected after PA M2-infected burned mice after terminal anesthesia. Only 

whole blood was collected from sham mice. Recovered cells from the circulation of 

sham-treated mice averaged 10.1 x 106 cells/mL. Circulating cells of burned mice 

infected with PA M2 12 Hpb averaged 2.3 x 106 cells/mL, and the seroma content was 

16.0 x 106 cells/g (Appendix B Fig. 4.3). Complete blood count (CBC) with differential 

showed a transient shift in the ratio of neutrophils to lymphocytes ratio from 0.16 to a 

peak of 0.57, at 12 hours, which returned to 0.17 after 72 hours in the absence of 

infection (Appendix B Table 4.1). We performed flow cytometry on seroma samples 

post-burn at 12 hours with and without infection to profile the CD 45+ cellular content of 

the seroma. Gating strategies for flow cytometry are shown (Appendix B Fig. 4.4). 

Primarily two cell types were detected: neutrophils (CD11b+, Ly6G+) and macrophages 

(CD11b+ F4-80+). Neutrophils made up 94.3% of CD45+ populations in the seroma 

fluid; macrophages accounted for only 3.3% of all CD45+ cells within the seroma. As 

neutrophils were the dominant cell type, they were further classified by surface markers 

Ly6G and CD62L to assess activation, recruitment, and function (Fig. 4.7) (151). Post-

burn neutrophils showed increased expression of Ly6G in the seroma in both infected and 

non-infected burned mice when compared to the circulation suggesting increased 

activation. Ly6G expression was highest in the seroma of infected burned mice (Fig. 

4.8A). With infection, CD62L surface expression in the seroma neutrophils at 12 Hpb 

was reduced to almost undetectable levels, suggesting an immature state and that the 

neutrophils have reached their point of migration (Fig. 4.8B). These data suggest that 

immature neutrophils (bands) were directed to the seroma and not to the circulation. 
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Additionally, these neutrophils are actively recruited to the seroma and are not passively 

entering the seroma. 

 

Figure 4.7 Immune cell populations in the seroma:  Percentage of macrophages and 
neutrophils in the seroma, with and without PA M2 infection (n=3, per group). 

 

 

Figure 4.8 Seroma neutrophil recruitment and activation at 12 Hpb with (PA) and 
without (NI) infection:  gMFI of (A) Ly6G, (B) CD11b, (C) CD62L of neutrophils 
from blood and seroma of sham, burned + PA M2, and burn without infections. One 
way ANOVA with Tukey’s multiple comparisons test was used to analyze chemokine 
concentrations. *P<0.05, **P<0.01. (n=3, per group) 
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Discussion 

Post-burn sepsis continues to be a leading complication for severe burn survivors 

(152). Our non-lethal 10% total body surface area burn (TBSA) flame burn of outbred 

CD1 mice allows for dissociation of events caused by the burn itself and the events 

caused by complications from a superimposed bacterial infection (Brammer et al.,). We 

previously observed a significant accumulation of fluid beneath the burn eschar, even in 

the absence of infection. The fluid had a gelatinous consistency that was very malleable 

but did not freely separate from the surrounding tissues. The fluid extended beyond the 

burn boundaries, suggesting low restriction, the opposite effect of intercompartmental 

sepsis, an unusual complication of burns in humans (148, 153). (Fig. 4.1). Due to the 

large, estimated fluid volume observed (~500 µL), we hypothesized that the circulatory 

system (~2 mL in mice) is a large enough reservoir to contribute to the fluid flux. FITC-

dextran (4 kd) has been used to assess gut permeability in mice 154 extensively. To 

validate the source of fluid flux, we administered FITC-dextran intravenously to 

uninfected burned mice. High concentrations of FITC-dextran were found in the seroma 

fluid 3 Hpb (Appendix B Figure 4.1). This high concentration of FITC-dextran in the 

sub-eschar fluid suggests that the fluid was derived from the circulation. When 

homogenized in PBS, this fluid supported the growth of multiple strains of PA at a rate 

comparable to that of fortified HySoy broth. PA grows well in this fluid in vitro and may 

act as a reservoir for the expansion of PA before systemic dissemination. 

We chose to classify this as a seroma and not edema, as fluid buildup was only 

seen between the skeletal muscle and the panniculus carnosus and not within any other 

tissues. Additionally, the fluid alone was capable of supporting PA growth. PA is a 
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critical opportunistic pathogen that colonizes and infects post-surgical seromas (150). 

This seroma was short-lived and, in all non-infected mice, receded at a rate that 

correlated with decreased susceptibility to PA-mediated mortality (Brammer et al.,). The 

seroma reached a maximum expansion at 3 Hpb, and cellular infiltrates were seen by 12 

Hpb (Fig. 4.3). IHC and flow cytometry analysis showed that the cellular infiltrates were 

CD45+ cells indicating immune cell recruitment. Red blood cells were not detected in 

any of the seroma samples. Taken together, these data suggest active recruitment of 

leukocytes into the seroma following a burn, and not from a breakdown of vascular 

endothelium (Fig. 4.4).  

Our data suggest that monocytes and PMN’s were actively recruited to the seroma 

by proinflammatory cytokines IL-1β, TNF-α, and IL-6 (Fig. 4.5). Additionally, 

chemokines such as CXCL10 (IP-10), CCL2 (MCP-1), CCL3 (MIP-1α), and CCL4 

(MIP-1β) were elevated in the seroma before the serum (Fig. 4.6). Together, these data 

demonstrate an environment that recruits monocytes and PMN's, potentially poised for an 

immune response. CBC with differential cell counts showed an increased ratio of 

neutrophils to lymphocytes at 12 Hpb, an indicator of increased risk of sepsis 

(Supplemental Table 1) (154). Therefore, cells may be directed to the seroma from the 

circulation instead of vital organs resulting in a reduction in host defenses at a critical 

time during infection.  

Using flow cytometry, we employed an immune phenotyping panel on cells 

harvested from the seroma and the blood to determine cellular infiltrates' cell population. 

CD45+ gating of the seroma revealed that neutrophils and macrophages were in 

abundance (Supplemental Figure 4). With >90% of the recruited cells being neutrophils 
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in PA M2-infected mice by 12 Hpb. We focused on Ly6G and CD62L, surface markers 

associated with activation, recruitment, and function (151). Ly6G surface expression 

measured by geometric mean fluorescence intensity (gMFI) on neutrophils was high in 

the seroma of PA-infected mice post-burn compared to neutrophils in non-infected 

burned mice and the circulation of sham mice suggesting an activated state. These 

activated neutrophils almost completely lacked CD62L surface expression, indicating 

they were now primed to carry out neutrophil-activated functions at the point of 

recruitment (155). Additionally, histological analysis showed toxic granulation from 

granulocytes within the seroma and many Gram negative rods (GNR) near PMN. 

However, as observed in Gram stains, the bacteria continued to multiply and were not 

seen inside the PMN, suggesting the neutrophils were in a dysfunctional state.  

To our knowledge, this is the first report of a non-lethal flame-burn murine model 

that consistently forms a sub-eschar seroma, even in the absence of infection, which 

appears to have a critical function in the development of PA-mediated sepsis post-burn. 

With a superimposed infection, the seroma served as a proliferation reservoir for PA 

beyond that which infects the skin surface. Leukocytes, including a large population of 

immature (bands) and activated neutrophils, were actively recruited to the seroma, which 

may reduce the availability of these critical immune cells to fight the spreading PA 

infection in other tissues. No red blood cells were observed within the seroma, suggesting 

a breakdown of the vascular endothelial was unlikely and that the immune cells were 

recruited to the seroma and not passively transferred. Gram negative bacteria were seen 

near but not within PMNs, suggesting recruited PMNs in the seroma are dysfunctional, 

despite expressing activation markers. 
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Additionally, all of these events occur before the onset of clinical symptoms of 

moribundity. This seroma may be readily visible in mice due to the anatomical structure 

of mouse skin and the two adjacent muscle layers of the skeletal muscle and the 

panniculus carnosus. It is likely that seroma formations occur in humans but are not 

observed. Further investigation of the formation and function of the seroma is critical to 

understanding the increased susceptibility to PA-mediated sepsis post-burn.   



77 
 

Chapter 5: Draft Genome Sequence of Pseudomonas aeruginosa strain M2, an 

opportunistic pathogen employed in the Holder burn model (Collaborative work 

between the Gillespie, Rasko, and Cross Laboratories) 

 

 To identify genetic factors that possibly underpin increased PA M2 virulence in 

burned mice, we sequenced this bacterial strain’s genome and performed robust 

phylogenomic analyses to accentuate its unique characteristics. This newly sequenced 

genome was compared to the less-lethal PAO1 and the comparatively lethal PA 14 (39, 

156). Dozens of genes were identified using this approach. However, hepP (a heparinase 

required for increased PA 14 virulence in burned mice (156) ) was not found in the PA 

M2 genome. This suggests that other genes are responsible for this virulant phenotype. 

Identifying these genes could provide a promising screening tool for clinicians to assess 

the severity of disease in PA-infected burn patients based on the genetic contents of PA 

isolated. 

 Visualization of PA M2 using transmission electron microscopy revealed typical 

PA phenotypic characteristics, including long unipolar flagella and bacterial clustering 

(Fig. 5.1A). Genome sequencing, yielded a total of 4,136,641 read pairs at an average 

genome coverage of 97.5X (Fig. 5.1B). A robust draft genome assembly included 187 

contigs with an N50 of 117,496 bp. The assembly characteristics, including genome 

sequence length (6,360,304 bp), %GC (66.45), and the number of coding sequences 

(6061), are all typical of previously sequenced PA genomes (157) 

To better understand PA M2’s evolution within PA, we estimated a genome-based 

phylogeny for PA M2 and 91 additional PA strains (Fig. 5.1C). PA M2 grouped with PA-
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12-4-4(59) (NZ_CP013696.1), a non-airway clinical strain isolated from the blood 

culture of a burn patient (158). This clade occurs with most other PA strains (67%) that 

have minimal divergence from the selected outgroup (PAO1). Strain PA14 and a 

minority of the analyzed genomes (33%) have substantial divergence in the estimated tree 

(brown shading; (Appendix C Fig. 1)). Despite this, strain characteristics (source, patient 

information, geography, etc.) segregate randomly across the phylogeny. 
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Figure 5.1 Characteristics of PA M2:  (A) Electron microscopy showing a single 
bacterium with unipolar flagella (left) and a group of bacteria tightly clustered (right). 
(B) Genome sequencing and assembly statistics for PA M2. (C) Phylogeny estimation 
for PA M2 and 91 other PA strains. Tree is based on SNP divergence and computed 
using NASP. Branch support is determined from 1000 bootstrap pseudoreplications.  
PA M2 is noted with the yellow arrow.  Brown shading, divergent clade. Asterisks 
denote strains PAO1 and PA14 

 

. 
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Two phylogenomics-based approaches were employed to hone in on genes 

defining PA’s unique phenotype this mouse burn model (Fig. 5.2). First, we employed a 

Large Scale BLAST Score Ratio (LS-BSR) analysis between PA M2, PAO1, and PA 14 

utilized in burn models (159). Briefly, subjects from “all-against-all” blastp searches with 

PA M2, PAO1, and PA 14 sequences were ranked by normalized scores (i.e., BLAST 

score of the best hit in the query genome divided by the BLAST score of the gene of 

interest to itself). Using a BSR score of ≥ 0.8 as a threshold (~80% aa identify over 80% 

length of the interrogated peptide), 183 proteins were recovered that are 1) entirely 

unique to PA M2 (n = 61), or 2) unique to PA M2 and only strain PA14 (n = 6), or 3) 

highly divergent (BSR score ≤ 0.4 equating to less than 30% identify over 30% of the 

peptide) in PA M2 relative to strains PAO1 and PA 14 (n = 76), or 4) highly divergent in 

PA M2 relative to only strain PA 14 (n = 12), or 5) minimally divergent (BSR score 0.4 ≤ 

X ≥ 0.8) in PA M2 relative to strains PAO1 and PA14 (n = 28) (Fig. 5.2A). While most 

of these 183 proteins have homologs in other PA genomes, they capture a large swatch of 

genetic divergence between strains collectively used in burn models and are thus 

reasonable candidates for genotypes responsible for the aggressiveness of PA M2 post-

burn in mice. The 183 LS-BSR-generated proteins were parsed by their single occurrence 

(n = 55) or clustered nature (n = 128) on assembled contigs. Proteins were then binned 

into predicted functional categories created to generalize the distribution of annotations, 

hits to the NCBI Conserved Domains Database (160), and predictions using SMART 

(161). Minimal bias in predicted protein functions was observed before or after a blastp-

based manual assessment for each protein, which pruned out predicted pseudogenes (i.e., 

proteins comprising < 40% of most other PA or other bacterial homologs) and short 
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spurious ORFs with no blastp hits to the NCBI nr database (Fig. 5.2A). Of the remaining 

proteins (n = 127), 10 are predicted to synthesize pyoverdines, siderophores with 

characterized roles in virulence and biofilm formation (162, 163). Six other proteins are 

involved in iron scavenging, with two encoded within a cluster of pyoverdine-encoding 

genes, raising the possibility that PA M2 sequesters and uptakes host iron in a manner 

that differs from strains PAO1 and PA14. 

Other functional categories enriched within these PA M2-distinct clusters include 

degradation of toxic aromatics and fimbriae/pili biogenesis (Appendix C Figure 2). For 

the latter, four type I fimbriae proteins are clustered with four proteins involved in 

sensing stimuli, signaling, or transcriptional regulation, with the overall profile of this 10 

gene cluster possibly comprising an RcsCDB signal transduction system that regulates 

swarming motility (164). The largest cluster (n = 14) encodes proteins with diverse 

functions (e.g., metabolism, drug efflux and regulation) and a putative sialidase with 

several bacterial neuraminidase repeats. A second probable neuraminidase (pfam15892: 

BNR_4) was found is in a three-gene cluster and was detected in only a few other PA 

genomes. This protein, along with two non-clustered proteins predicted as a C80 

peptidase (cd20500) and a BapA prefix-like domain-containing protein with many Ig 

domains and T1SS RTX-like signal are candidate secreted effectors worthy of 

investigating for roles in PA M2 colonization post-burn. Proteins with general functions 

in DNA replication, cell division, and DNA repair were found to be enriched in three PA 

M2-defining clusters (Appendix C Figure 2). Overall profiles for these clusters hint at 

mobile genetic elements (MGEs) that carry genes for DNA insertion and recombination. 

One cluster encodes a bacterial PIWI module, a restriction endonuclease fold enzyme, 
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and a DinG family helicase, which collectively comprise an RNA-dependent restriction 

system thought to restrain transcription of invading DNA (i.e., phages, plasmids, or 

conjugative transposons) by utilizing RNA guides (165). A second cluster is also 

predicted to function in defense, as it carries genes characteristic of BacteRiophage 

EXclusion (BREX) systems (166), including the BREX-3 system phosphatase PglZ, 

DNA helicases, a DNA methylase, and sirtuin-like domain that likely regulates the 

element. The third cluster carries genes encoding DNA repair (RadC), methylation 

(Dam), and phosphorothioation enzymes (DndB), a RecB-like endonuclease, and an 

integron-like integrase/recombinase (NCBI conserved domain cd00796) likely 

constituting a mobile modification system that inserts 7-deazaguanine derivatives in 

DNA (167). These three protein clusters collectively illustrate PA M2’s acquisition of 

MGEs to modify genomic DNA, possibly for defense against phage and other invasive 

DNA and suggest a restriction-modification system. 

Our second phylogenomics-based approach entailed predicting lateral gene 

transfer (LGT) between PA M2 and more distant bacteria. Depending on the set of 

analyzed genomes, the PA accessory genome can comprise 81% of total genes and is rich 

in genes with diverse functions, duplications, and MGEs (168, 169). Aside from 

environmental strains, clinical isolates also harbor diverse genes of the PA accessory 

genome (170). Accordingly, we analyzed all PA M2 proteins with HaloBlast, a method 

that determines the predominant sequence similarity across restricted hierarchical 

taxonomic databases (171). This approach determined that 99% of PA M2 proteins have 

a widespread distribution in other PA M2 genomes (Fig. 5.2B). For the remaining 

proteins (n = 60), blastp searches determined 39 are either pseudogenes or short spurious 
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ORFs (Appendix C Figure 2). The degree of pseudogenization increases linearly for 

proteins predicted to be acquired from non-pseudomonad bacteria, indicating that most 

LGTs from distant microbes (particularly Neisseria spp.) are disintegrating from the PA 

M2 genome. Eliminating pseudogenes from the small pool of predicted LGTs from more 

distant microbes allows for evaluating bona fide LGTs that have been selected for in the 

PA M2 genome. For the remaining proteins (n = 21), 12 were also identified in the LS-

BSR analysis (Appendix C Figure 2), supporting their uniqueness in PA M2 relative to 

strains PAO1 and PA14. The other nine proteins are hypothetical (n = 3) or have 

predicted functions (i.e., transport, iron acquisition, DNA modification, transcriptional 

regulation, or metabolism) and are either not detected in most PA genomes or have 

stronger similarity in distantly related bacteria. Their relevance to the biology of PA M2 

remains to be determined. 

 Finally, the cluster described above that is predicted as a mobile modification 

system involved in 7-deazaguanine (or derivatives) insertion into DNA was also detected 

using HaloBlast (inset in Fig. 5.2B), with the majority of similar sequences occurring in 

genomes from non-gammaproteobacterial bacteria (Appendix C Figure 2). Curiously, 

five diverse PA genomes were found to carry these genes, not only in a similar 

contiguous fashion but with strict conservation (100% aa identity). These genomes have 

diverse isolation histories unrelated to PA M2: str. PABL012 (blood from a patient in 

Chicago, Illinois, AXR28215), str. PSA00040 (urine from a patient at University of 

Pittsburgh Medical Center, MBG5741906), str. PSA00018 (blood from a patient at 

University of Pittsburgh Medical Center, MBG5887200), str. UMB1204 (urine, 

Maywood, IL, MWW64768), and str. T2101 (adult male sputum, Bangkok, Thailand, 
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QGQ03306). Strikingly, the second gene in this cluster (annotated as a hypothetical 

protein) was determined to be highly analogous to the sodium-dependent phosphate 

transporter PHO-4 originally described in the red blood mold Neurospora crassa (156). 

Of relevance to PA biology, expression of a PHO-4 homolog in the hyperthermophilic 

archaeon Pyrococcus furiosus was increased by approximately 3-fold in response to iron 

limitation (172). The physiological connection between iron scavenging and genome 

modification with 7-deazaguanine (or derivatives) is unclear, though the curious profile 

of this MGE is a fascinating aspect to explore in the biology of PA M2. 
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Figure 5.2 Phylogenomics analysis of PA M2:  (A) LS-BSR analysis for PA M2 and 
strains PAO1 and PA14. Venn diagram illustrates the 183 PA M2-defining proteins 
either absent in the other strains or highly divergent from PAO1 and PA14 counterparts 
(BSR score ≤ 0.4 equating to less than 30% identity over 30% of the PA M2 protein).  
Pie charts show predicted functional categories for single or clustered proteins before 
and after manual evaluations for pseudogenes and spurious ORFs. (B) HaloBlast 
analysis for all PA M2 proteins.  Concentric halos depict hierarchical taxonomic 
databases increasing in divergence from the center.  Ellipses capture the results from 
merging the top 10 scoring subjects from each database search; e.g., in the 
“Pseudomonadaceae minus Pseudomonas” box, four query PA M2 proteins had all top 
ten hits to this database, whereas another five queries had the majority of their top ten 
hits to this database.  The dashed box encloses the predicted mobile modification 
system involved in 7-deazaguanine (or derivatives) insertion into DNA: Dam, D12 
class N6 adenine-specific DNA methyltransferase (pfam02086); PHO-4, phosphate 
transporter (pfam01384); DmdB, DNA-sulfur modification protein (pfam14072); 
RadC, DNA repair and recombination protein (COG2003); YchG, predicted nuclease 
of restriction endonuclease-like (RecB) superfamily (COG4804); INT, integron-like 
integrase/recombinase (cd00796). 
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To sum, our recent report demonstrated that, while displaying similar lethality to 

PAO1 and PA 14 strains in unburned mice, PA M2 exhibits LD50 that is 6-logs lower 

than PAO1 and comparable lethality to PA 14 in burned mice (156). Additionally PA M2 

lacks the required heparinase that provides PA 14 with increased virulence post-burn in 

mice. This prompted sequencing PA M2’s genome and using phylogenomics approaches 

to accentuate its unique characteristics. Dozens of genes were identified by this approach, 

with diverse functions like iron scavenging, host assault, defense against invasive DNA, 

swarming motility, biofilm formation, and degradation of toxic aromatic compounds. 

While most probable LGTs are common to the PA accessory genome, a few instances of 

predicted LGT with divergent microbes illuminate novel MGEs that are heretofore 

uncharacterized for roles in PA biology. Our collective analysis, which entails probing 

genotype for observed phenotypic differences between PA strains, provides a promising 

screening tool for clinicians to assess disease severity in PA-infected burn patients. 

This chapter was carried out in collection with the laboratories of Drs. Joseph 

Gillespie, David Rasko, and Alan Cross.  
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Chapter 6: Discussion 

 The burn model used in this dissertation resulted in a full-thickness 10% 

non-lethal TBSA burn (Fig. 3.1). Other laboratories use full-thickness burns, but most 

use scalding and heated brass rods as a heat source, and the TBSA varies between 

laboratories (33, 35-37, 108, 141). To our knowledge, ours is the only laboratory 

currently employing a flame-based burn on mice. Depending on the overall burn size, 

mortality can result from the burn alone (38). The significance of our model was that it 

allowed for the observation of inflammatory events related to the burn independently 

from those caused by a superimposed infection with PA M2 post-burn. Subcutaneous 

infections with PA M2 of non-burned mice had an LD50 of >106 CFU. However, all 

infections, as low as 102 CFU within the burn site immediately following the burn with 

PA M2 were lethal, with a mean time of death of 23 + 5 hours. Injections in the burn site 

immediately following the burn with either HK PA M2 or purified LPS from PA M2 

showed no clinical effects, suggesting that living, replicating PA M2 were required to 

cause disease and mortality post-burn. This reduction in LD50 lasted only 72 hours (Figs. 

3.2 & 3.5). Infections at distal sites, to include i.v., i.p., and s.c. infection of skin outside 

of the burn wound also showed reduced LD50, but not to the same extent of infection at 

the burn site (Table 3.1).  

Although bacteria were detected in the skin immediately following the infection, 

PA was not detected in the blood or internal organs until the onset of clinical symptoms, 

~18 Hpb, at which time the mice quickly deteriorated and succumbed to the infection 

(Fig. 3.2). Before death, we observed increases in proinflammatory cytokines. The 

immunosuppressive cytokine IL-10 increased as the infection progressed, as did 
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proinflammatory cytokines (Figs. 3.3 & 3.4). The first detection of cytokines in the 

circulation is very close to the time point in which bacteria can be detected outside of the 

skin, suggesting cytokines may not be the most viable biomarkers for predicting 

outcomes. However, an exception to this is the ratio of IL-10 and TNF-α in the serum. 

This ratio has been linked to an increased risk of septic complications in humans (131). In 

this model, we saw an increase in the IL-10:TNF-α ratio at 12 Hpb. This ratio should be 

assessed to determine if it can be a reliable predictor of outcomes post-burn with 

infection.  

Other than cytokines, the DAMP, HMGB1, rises immediately following the burn 

and returns to non-burned levels within 9 Hpb; in contrast, with a superimposed infection 

circulating HMGB1 levels continue to increase until death, making it a potential target 

for therapeutic intervention (Fig. 3.6). The HMGB1 antagonist P5779 increased the mean 

time of death of mice post-burn with infection from 23 + 5 hours to 42 + 27  hours 

resulted in 12.5% of the mice surviving for 7 days, something never seen in our 

laboratory previously (Fig. 3.7). Future studies will be carried out to determine if P5779 

synergizes with antibiotics to extend the window of time for antibiotics to improve 

clinical outcomes. 

 While conducting other experiments, we noticed a seroma beneath the forming 

eschar during routine necropsy after 3 hours (Figs. 4.1, 4.3, and 4.4). In the absence of 

infection, it receded within 72 hours. This correlated with the return to normal LD50 3 

days post-burn (Figs. 3.5 & 4.3). The seroma formed between two layers of healthy 

contractile muscle tissues and should not be confused with edema. Both in the presence 

of an infection and without the fluid build-up was seen between the skeletal muscle and 
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the panniculus carnosus, suggesting the trauma from the burn caused the initial 

formation, even though it is beneath two viable tissue layers that are not destroyed by the 

flame burn. The fluid from the seroma proved to be an excellent growth medium for PA, 

as four different strains of PA grew just as well in seroma suspension as they did in a 

fortified bacterial culture medium (Fig. 4.2). Future studies should reveal if the seroma 

suspension supports the growth of other bacteria to determine if this is Pseudomonas 

aeruginosa specific. Based on the histological analysis, the seroma forms in place of a 

fascial layer. The only cells found in this area were phenotypically fibroblasts. Cytokine 

and chemokine assays show an inflammatory state and recruit neutrophils primarily to the 

seroma (Figs. 4.5 & 4.6). Increased attention should be given to the resident fibroblast of 

this fascial plane to see if they are the signaling cell that initiates the seroma. 

After a superimposed infection with PA M2, the bacteria were immediately 

detectable at the injection site but were not detectable in the blood or organs until after 12 

Hpb (Fig 3.2). In the surviving mice treated with P5779, bacteria were still detected in 

high numbers in the burn eschar (Fig. 3.7). However, the mice did not show clinical signs 

of infection or any distress. The presence of bacteria in the eschar of mice that survived 7 

days during P5779 treatment suggests the burn caused transient events that allowed PA to 

cause morbidity and mortality for a short period. Being the burn is non-lethal in the 

absence of infection and that PA M2 requires 6 logs more CFU to cause mortality in the 

absence of a burn led to the following hypothesis: inflammation caused by PA infection 

and the immune response to the burn led to a systemic environment that favors sepsis. 
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Current work in progress: 

Transcriptional evaluation between mouse and PA gene expression in different 

tissues over time during systemic infection post-burn.  

To determine the immune interaction between the burn and PA infection, 

transcriptional profiling of different mouse tissues at different times through the infection 

process may identify potential therapeutic targets. One viable technology to assess these 

interactions is the NanoString nCounterTM system, which allows quantification of 

eukaryotic and prokaryotic mRNA without ribosome depletion or nucleic acid 

amplification (173). A custom NanoString nCounter panel was developed to determine 

what these responses were and define where and when they occurred. Mouse genes were 

selected from the NanoString Immunology panel (mouse) (174). PA genes were selected 

based on analysis of PA M2 genomic comparison with PAO1 and PA14 and a previously 

defined code set for cystic fibrosis (175). In total, 67 mouse genes and 39 PA M2 genes 

were selected (Appendix B Table 1). 

Skin, liver, spleen, and blood were collected at various times post-burn with and 

without infection and processed into RNAtotal by Trizol extraction followed by RNA 

clean-up using NEB Monarch Total RNA Miniprep Kit. RNA was confirmed to be pure 

and intact using Nanodrop and northern blots. All RNA was stored at -80o C (Appendix 

B Table 2). This work was conducted before the discovery and characterization of the 

seroma. Seroma samples should be added to the sample pool and prioritized in testing 

with the NanoString nCounter panel. One area to explore is the CD 45- cells in the 

seroma soon after the burn as they are most likely not recruited to the area and could be 
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the first cells to initiate signals to both cause the seroma and recruit immune cells to the 

site. 

We know that the seroma is formed within the first three hours post-burn from our 

visual observations; it was then confirmed via histological analysis and characterized by 

flow cytometry. Identifying early expression of cytokines and chemokines within the 

seroma cells could potentially explain immune cell recruitment and the fluid requirement 

to the seroma. Chemokine data from the seroma shows the recruitment of neutrophils and 

monocytes (Fig. 4.6). Approximately 50% of cells within the seroma were CD45+. The 

remaining CD45- cells, possibly residential cells, may be the cells responsible for 

recruiting immune cells to the seroma. Based on histological analysis, they are most 

likely fibroblasts responding to signals from the destroyed tissue above the subcutaneous 

fascial plane (Fig 4.4).  

 

Evaluation of DAMPs: 

 We have shown that HMGB1 is associated with mortality post-burn following a 

s.c. infection with a low concentration PA M2. However, blocking HMGB1-MD 2-

mediated inflammation due to TLR4 signaling almost doubled survival time and, most 

importantly, survival, which has not been seen in this model previously (Fig. 4.7). 

HMGB1 is only one of many DAMPs that are passively released from necrotic cells. 

Cytochrome B, S100, mitochondrial DNA, and extracellular DNA all serve as DAMPs 

when released from their standard location into the extracellular milieu to initiate and 

exacerbate an inflammatory immune response through different PRRs (176). Over the 
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last 4 years, serum samples have been collected from mice at various time posts post-

burn, with and without infection (Supplemental Serum Bank Table). These serum 

samples were processed before discovering and classifying the seroma. Seroma samples 

should be included with these serum samples and screened for known DAMPS starting 

with time points soon after the burn to determine if the DAMPs release from the burn are 

responsible for the immunosuppressive events. Additionally, it may be important to 

screen samples later in the course of infection to see if DAMPs are released from the 

cellular damage caused by PA. 

 

Seroma formation: 

 Murine skin is anatomically different from human skin (177). Notably, mice have 

thinner skin and the panniculus carnosus, a thin contractile muscle between the cutaneous 

tissues and the skeletal muscle/adipose tissue, which is not found in humans other than a 

few small areas of the neck, hands, and scrotum (177). To our knowledge, our description 

of the post-burn seroma is the first to be reported in a mouse model. It is reasonable that 

this physiological formation happens in humans but may not be as pronounced. In 

accredited burn centers in the USA, the standard treatment is to provide early 

resuscitation, escharotomy, debridement, and topical treatments (18, 145). However, in 

much of the world, LIC/MIC cannot provide this level of care (6). Future work should 

focus on the formation and function of the seroma after such interventions as varied 

volumes of resuscitation fluid and surgical interventions such as escharotomy and 

debridement. Due to the size and physiology of mice, not all interventions might be 

possible. The domestic pig has an extensive panniculus carnosus located mainly on the 
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ventral side, opposite of most laboratory burn injuries (178). Observations should be 

made in current pig burn models to see if a seroma forms on the ventral side post-burn.  

Our ~30 g mice are currently resuscitated with 500 µL of Ringer's solution 

directly after the burn. Optimal resuscitation for burn patients is 2 mL X %TBSA X kg 

over 24 hours (179). Too much fluid resuscitation in humans can lead to "fluid creep," 

leading to edema and intracompartmental sepsis (19, 147). It is possible that our volume 

of fluid resuscitation is not optimal and is contributing to the seroma formation. Future 

experiments should evaluate if reducing or increasing the volume of Ringer's solution 

affects the size or duration of the seroma. 

 

Seroma in vitro growth conditions 

 Four different strains on PA were shown to grow as rapidly in seroma extract as 

they do in fortified bacterial growth media. We should screen other burn-wound-

associated bacteria such as Acinetobacter, Enterobacter, Klebsiella, Escherichia, and 

Proteus to see if the supportive growth of PA is PA-specific or if the seroma provides 

rich growth conditions for all bacteria (122). 

 

P5779, an HMGB1 antagonist, treatment post-burn with PA infection 

 Three of twenty-four mice survived over the seven-day experiment while 

continually being treated with 500 µg of P5779 per day post-burn with infection. 

Additionally, mice that were treated but did not survive lived considerably longer than 
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their non-treated control group. As previously stated, this suggests that the TLR4-

mediated inflammation caused by the circulating HMGB1 is partially responsible for the 

mortality in this model. Future experiments will need to evaluate the inflammatory 

profile of cytokines during P5779 treatment in the serum and seroma, such as IL-6, IL-

1β, and TNF-α over time to see if there is a reduction. Although we did not see a 

statistically significant difference in IFN-γ and IL-10 in the seroma, we saw a trend 

suggesting an increase. Our time points may need to be adjusted, and future studies 

should include the measurement of cytokines, chemokines, DAMPs, and PAMPs as they 

all play essential roles in the immune response. If there is no reduction seen, other 

downstream targets of NF-ĸB need to be examined.  

 Additional treatments should be assessed in this P5779-treatment model. Drugs 

such as gentamicin, customarily used to treat PA infections, can cause toxicity if given 

into high concentrations (180). However, since P5779 extends the time of death post-

burn, synergized antimicrobial treatments could provide shorter treatment windows and 

the use of reduced drug quantities to achieve bacterial clearing and increased 

survivability.  

 

IL-10:TNF-α ratio as a predictor of survival 

When infected at 0 Hpb, the LD100 of PA M2 is <600 CFU, but when infected 

with <600 CFU at 24, 48, and 72 Hpb, mice have a 50, 80, and 100% survival rate, 

respectively. The IL-10:TNF-α ratio has been shown to predict sepsis in humans in a 

retrospective study (131). We saw a difference between the IL-10:TNF-α ratio between 
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burn alone (100% survival) and burn with infected mice (0% survival). A blind study 

using the IL-10:TNF-α as a predictor of survival could increase this model's ability to 

serve as a platform for future therapeutic intervention experiments.  

 

Splenic response post-burn 

 We harvested and processed spleens for flow cytometry and H&E staining from 

each mouse in Chapter 4. Preliminary analysis showed fewer neutrophils in the spleen 

during infection, although there was an increase in the total number of cells, with a 

greater surface expression of CD11b at the onset of clinical symptoms. Prior to the onset 

of symptoms, before detectable bacteria, Ly6G expression increased, and Ly6C 

expression decreased. More robust data analysis and interpretation are now required to 

identify the cellular alterations in the spleen post-burn with and without infection. 

Additionally, fixed unstained cells were frozen and could be re-evaluated with additional 

markers. Half of each spleen was fixed and stained for H&E; unstained blocks are 

available for more specific staining and microscopic evaluation.  

 

Correlation in higher animals 

 The results outlined in this dissertation have all been carried out using outbred 

CD-1 mice. As in most research, it comes a time to move up the developmental ladder. 

We should move our flame-based burn into larger animals such as rats, rabbits, and pigs. 

As previously mentioned, skin anatomy is different between mice and men with the 

presence of the panniculus carnosus muscle layer. Domestic pigs provide an opportunity 
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to evaluate the seroma formation between these muscle layers as they contain a 

significant panniculus carnosus connected to the skeletal muscle by a fibrous network 

(178). Pigs are a great surrogate animal for replicating human skin (141). Once 

correlative data is achieved in those animal models, applications in humans will be 

assessed. Surgical interventions such as debridement and escharotomy may not be 

possible in mice and could be assessed in pigs.  

Human Implications 

 The work performed in this dissertation and the proposed work must be translated 

to humans. P5779 proved to be a potential therapeutic to extend life and survival in 

infected mice post-burn. P5779 treatment, along with other medical interventions, could 

potentially reduce the occurrence of post-burn sepsis. Additionally, treatment with P5779 

could reduce the quantity of antibiotics required. Physiologically the seroma recruits 

neutrophils, which possibly depletes their availability in other tissues during widespread 

infection. This seroma may form in humans but is not as readily seen in HIC due to 

advanced care in dedicated burn centers, including escharotomy and debridement (144). 

It is possible that during wound care PMNs, which are recruited to the seroma, are being 

removed. 

This non-lethal mouse burn model, now with the addition of the P5779-treatment 

model, provides a robust platform for future work to pull apart the events caused by the 

burn and those caused by the pathogen to learn better how to keep burn survivors alive 

and free of life-threatening infections. 
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Appendix A: Supplemental Material for Chapter 4: 

 
Appendix A Figure 4.1 FITC-dextran fluid tracking into the Seroma:  FITC-
dextran was found in the seroma fluid 3 Hpb, non-infected in mice were injected with 
20 mg i.v. 15 minutes before the burn. (N=3) 
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Appendix A Figure 4.2 The seroma extends beyond the edge of the burn injury by 
9 Hpb:  The black arrow shows the edge of the burn injury, with destroyed cells to the 
right and healthy cells to the left. Blue arrows indicate seroma between the skeletal 
muscle and the panniculus carnosus. (200X magnification) 
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Appendix A Figure 4.3: Depletion of leukocytes from the circulation post-burn 
with infection.  Total live cells were determined by microscopic counting with a 
hemocytometer and trypan blue dye exclusion. N=3 mice per group 
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Appendix A Figure 4.4 Flow cytometry gating strategies for neutrophils and 
macrophages 
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Appendix A Table 4.1 Serum Neutrophil to Lymphocyte Ratio in the circulation 
post-burn without infection (NI):  CBC with differential counts determined the 
neutrophil to lymphocyte ratio post-burn in non-infected mice over 72 hours, with a 
peak at 12 Hpb. 

 

 

Appendix A Table 4.2 Flow cytometry antibodies 

Antibody Flurochrome Manufacturer Clone  Dilution 
CD45R PacBlu Biolegend RA3-6B2 1 to 300 
CD11b BV480 BD Biosciences M1/70 1 to 100 
CD45 BV570 Biolegend 30-F11 1 to 200 
CD11c BV711 Biolegend N418 1 to 200 
Ly6C BV785 Biolegend HK1.4 1 to 2000 
CD3 Spk550 Biolegend 17A2 1 to 100 
Ly6G PerCP Biolegend 1A8 1 to 66 
CD62L Alexa 700 Biolegend MEL-14 1 to 100 
Zombie  NIR Biolegend   1 to 1000 
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Appendix B: Supplemental Material for Chapter 5: 

Appendix B Figure 5.1 
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Appendix B Figure 5.2 
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Appendix B Figure 2 (continued) 
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Appendix B Figure 2 (Continued) 
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Appendix B Figure 2 (Continued) 
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Appendix B Figure 2 (Continued) 
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Appendix C: Supplemental Material for Chapter 6: 

Appendix C Table 1 

Cust
omer 
Ident
ifier Target Sequence 

Ab
l1  

CAGGTCCATCCTCTCTGGTCCTTACCTTGATGACAAGGATCCAGC
CTTCTGGTGTTTTTGAGCATTTCAAAGGTCTGCATAGAAAGGAAC
AGCCACTAGG 

Ar
g1  

GTACATTGGCTTGCGAGACGTAGACCCTGGGGAACACTATATAAT
AAAAACTCTGGGAATTAAGTATTTCTCCATGACTGAAGTAGACAA
GCTGGGGATT 

Bcl
2  

GGCCTTCTTTGAGTTCGGTGGGGTCATGTGTGTGGAGAGCGTCAA
CAGGGAGATGTCACCCCTGGTGGACAACATCGCCCTGTGGATGA
CTGAGTACCTG 

C1
qa  

CAGTGCCCGGCTTCTATTACTTCAACTTCCAAGTGATCTCCAAGT
GGGACCTTTGTCTGTTTATCAAGTCTTCCTCCGGGGGCCAGCCCA
GGGATTCCCT 

C3  

AAGACTTCCTAAAGAGGCAAGTGCTGACCAGTGAGAAGACAGTG
TTGACAGGAGCCAGTGGACATCTGAGAAGCGTCTCCATCAAGATT
CCAGCCAGTAA 

C8
a  

GCAGTGCCATTACATATCAGTCCTGGGGGAGATCGTTAAAGTATA
ACCCTGTTGTTATCGATTTTGAGATGCAGCCTATCTACCAGCTACT
GCGGCACAC 

C9  

TCCTTGCCTCAAACAAAGGTTTCGCTCAAGAAGCATTTTAGCCTT
CGGACAGTTTAATGGGAAAAGCTGTGTTGATGTTTTGGGAGACAG
ACAAGGCTGT 

Ca
sp1  

GACAATAAATGGATTGTTGGATGAACTTTTAGAGAAGAGAGTGC
TGAATCAGGAAGAAATGGATAAAATAAAACTTGCAAACATTACT
GCTATGGACAAG 

Ca
sp3  

GAGGCTGACTTCCTGTATGCTTACTCTACAGCACCTGGTTACTATT
CCTGGAGAAATTCAAAGGACGGGTCGTGGTTCATCCAGTCCCTTT
GCAGCATGC 

Ca
sp8  

TTTCATTCAGGCTTGCCAAGGAAGTAACTTCCAGAAAGGAGTGCC
TGATGAGGCAGGCTTCGAGCAACAGAACCACACTTTAGAAGTGG
ATTCATCATCT 

Ccl
2  

TCTTCAGCACCTTTGAATGTGAAGTTGACCCGTAAATCTGAAGCT
AATGCATCCACTACCTTTTCCACAACCACCTCAAGCACTTCTGTA
GGAGTGACCA 
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Appendix C Table 1 (Continued) 
 

Cc
l20  

GCAGCAAGCAACTACGACTGTTGCCTCTCGTACATACAGACGCCT
CTTCCTTCCAGAGCTATTGTGGGTTTCACAAGACAGATGGCCGAT
GAAGCTTGTG 

   

Cd
40  

GCTGCCCAAACCCGGTTACCTGATTTTGATCCCTGGGACTTCATGG
TAAAAGGGAGAGAACCAAATCCAGAGGGTTGTCATTTGACCTCCA
TGTGTGCTC 

Cd
44  

CATATTGCCTCTCCAGCAGTCCAATCCTTAGGCATTGCTTTCCAGC
GGGGTGGGAGATCAGGTGTACTGGTTACATACTCTCTTTATAGAC
TCCCTTCTG 

Ch
il3  

ATTGTGGGATTTCCAGCATATGGGCATACCTTTATCCTGAGTGACC
CTTCTAAGACTGGAATTGGTGCCCCTACAATTAGTACTGGCCCAC
CAGGAAAGT 

Cx
cl1  

TGCTAGTAGAAGGGTGTTGTGCGAAAAGAAGTGCAGAGAGATAG
AGTTTAGTATTATGTTTTGTATGTATTAGGGTGAGGACATGTGTGG
GAGGCTGTGT 

Cx
cl1
0  

AGGACGGTCCGCTGCAACTGCATCCATATCGATGACGGGCCAGTG
AGAATGAGGGCCATAGGGAAGCTTGAAATCATCCCTGCGAGCCT
ATCCTGCCCAC 

Cx
cr1  

TCTCTTAGGAGCCCACTTGATTGAAGATACTTGCGAACGCCGCAA
TGACATTGACCAGGCCCTGTATATTACTGAGATCCTGGGCTTTTCT
CATAGTTGT 

Cx
cr2  

CCTTGCCTGTCTGGGCTGCATCTAAAGTAAATGGATGGACTTTTG
GCTCAACCCTGTGCAAGATATTCTCATACGTGAAGGAGGTTACCT
TCTACAGCAG 

Cx
cr5  

ACCGTGCCTTTCTCTTAACCAAGCAGAAAGCTGAAACCGATCTAC
TTTAGGTAGCTGTCTGGTTCCAACCTAACCAGCATTGGGTCAGCC
CCATGTTACT 

Dd
x5
8  

GTACACATCACATTTGCGGAAATACAACGATGCACTCATCATCAG
TGAGGATGCACAGATGACAGACGCTCTAAATTACCTCAAAGCCTT
CTTCCACGAT 

Fa
sl  

CATTTAACAGGGAACCCCCACTCAAGGTCCATCCCTCTGGAATGG
GAAGACACATATGGAACCGCTCTGATCTCTGGAGTGAAGTATAAG
AAAGGTGGCC 

Fc
er1
a  

GAGAAATCTGTACTGACCTTGGACCCACCATGGATTAGAATATTT
ACAGGAGAGAAAGTGACCCTTTCCTGCTATGGGAACAATCACCTT
CAAATGAACT 

Fc
er1
g  

CTATAGCCAGCCGTGAGAAAGCAGATGCTGTCTACACGGGCCTGA
ACACCCGGAGCCAGGAGACATATGAGACTCTGAAGCATGAGAAA
CCACCCCAGTA 

 
 
 



110 
 

Appendix C Table 1 (Continued) 
 
Fc
gr
1  

GAGACAGTTCCACACAATGGTTTATCAACGGAACAGCCGTTCAGA
TCTCCACGCCTAGTTATAGCATCCCAGAGGCCAGTTTTCAGGACA
GTGGCGAATA 

Fc
gr
2b  

TTGGTTCCCAATGGTTGACTGTACTAATGACTCCCATAACTTACAG
CTTCCCAACTCAAGACTCTTCTGCTATCGATCCACACTGCCACTAA
AATTAATC 

Fc
gr
3  

TCTGACCTCCACCATCCACCATGGCAGGTGCACACAATAAATTAA
AATGTCATGTATATTTTTAAACAAGAGACAGGGGCAGGCTAAGGG
TTGATGGCAT 

Fc
gr
4  

GGCGATCCAGGGTCTCCATCCATGTTTCCACCGTGGCATCAAATC
ACATTCTGCCTGCTGATAGGACTCTTGTTTGCAATAGACACAGTGC
TGTATTTCT 

Fc
grt  

GCCTCGGATAATTCCTCAGTGCCCACGGCTGTGTTTGCCCTCAATG
GTGAGGAGTTTATGAAATTCAACCCAAGAATCGGCAATTGGACTG
GGGAGTGGC 

Ga
pd
h  

AGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTT
CGATGCCGGGGCTGGCATTGCTCTCAATGACAACTTTGTCAAGCT
CATTTCCTG 

Ifn
g  

CTAGCTCTGAGACAATGAACGCTACACACTGCATCTTGGCTTTGC
AGCTCTTCCTCATGGCTGTTTCTGGCTGTTACTGCCACGGCACAGT
CATTGAAAG 

Igf
2r  

TGCATCTGCTTGCCAGATGAAATATGAAAATCATGAGGGCTCCTT
GGCAGAGACTGTATCCATCAGTAACTTGGGAGTTGCAAAGATAGG
CCCTGTGGTG 

Il1
0  

GGGCCCTTTGCTATGGTGTCCTTTCAATTGCTCTCATCCCTGAGTT
CAGAGCTCCTAAGAGAGTTGTGAAGAAACTCATGGGTCTTGGGAA
GAGAAACCA 

Il1
3  

AGCTACACAAAGCAACTGTTTCGCCACGGCCCCTTCTAATGAGGA
GAGACCATCCCTGGGCATCTCAGCTGTGGACTCATTTTCCTTTCTC
ACATCAGAC 

Il1
8  

ACTTTGGCCGACTTCACTGTACAACCGCAGTAATACGGAATATAA
ATGACCAAGTTCTCTTCGTTGACAAAAGACAGCCTGTGTTCGAGG
ATATGACTGA 

Il1
a  

ACCTCTGAAACGTCAAAGATGTCCAACTTCACCTTCAAGGAGAGC
CGGGTGACAGTATCAGCAACGTCAAGCAACGGGAAGATTCTGAA
GAAGAGACGGC 

Il1
b  

GTTGATTCAAGGGGACATTAGGCAGCACTCTCTAGAACAGAACCT
AGCTGTCAACGTGTGGGGGATGAATTGGTCATAGCCCGCACTGAG
GTCTTTCATT 
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Appendix C Table 1 (Continued) 
 

Il4  

TGCTTGAAGAAGAACTCTAGTGTTCTCATGGAGCTGCAGAGACTC
TTTCGGGCTTTTCGATGCCTGGATTCATCGATAAGCTGCACCATG
AATGAGTCCA 

Il6  

CTCTCTGCAAGAGACTTCCATCCAGTTGCCTTCTTGGGACTGATGC
TGGTGACAACCACGGCCTTCCCTACTTCACAAGTCCGGAGAGGAG
ACTTCACAG 

Ira
k1  

AGGTGGAACAGCTATCAAGGTTTCGTCACCCAAATATCGTAGACT
TTGCTGGCTACTGTGCAGAGAGTGGCTTATACTGCCTTGTTTATGG
CTTCTTGCC 

Ira
k2  

AGAAAGGCTTTTGGGTTTGCCCGGAGACAGGCTTTTCTGGAGTGA
AGCAGATGTCGTCCAAGCAACTGAGGACTTTGACCAAAGCCACC
GAATCAGCGAG 

Ira
k3  

AGCGTATTGATAGGAATAGCCAAAGCCATCCAATACTTGCACAAC
ACTCAGCCGTGCGCCGTCATCTGTGGCAACGTTTCCAGTGCAAAC
ATACTCTTGG 

Ira
k4  

TTGATCCTCAAGAAGGGTGGAAGAAATTAGCAGTAGCTATCAAA
AAGCCGTCCGGCGACGACAGATACAATCAGTTCCATATAAGGAG
ATTCGAAGCCTT 

My
d8
8  

GCTGCAGGCTCAGCTGTTTTCTCCCCAGCAGCGAGGTTTGCATCTT
CTTATTCCTTTCACGTTCTCTACCATAGAGGCAATGTCATGGTCCC
TCTCAGGG 

No
d2  

CTGTGACGAAGGGGTATATTCTCTCGCAGAAGGACTCAAGAGAA
ATTCAACTTTGAAATTCTTGAAACTGTCCAACAATGGCATCACCT
ACCGGGGTGCA 

No
s2  

CCCCCCTCCTCCACCCTACCAAGTAGTATTGTACTATTGTGGACTA
CTAAATCTCTCTCCTCTCCTCCCTCCCCTCTCTCCCTTTCCTCCCTT
CTTCTCC 

Pe
ca
m1  

ACACCTGCAAAGTGGAATCAAACCGTATCTCCAAAGCCAGTAGC
ATCATGGTCAACATAACAGAGCTGTTTCCCAAGCCGAAGTTAGAG
TTCTCCTCCAG 

Pol
r1b  

TGCCTTTCACTGAGAGTGGCATGATGCCGGACATTCTGTTTAATC
CTCACGGGTTTCCCTCCCGTATGACCATAGGTATGTTAATCGAGA
GCATGGCTGG 

Pp
arg  

ACCAAGTGACTCTGCTCAAGTATGGTGTCCATGAGATCATCTACA
CGATGCTGGCCTCCCTGATGAATAAAGATGGAGTCCTCATCTCAG
AGGGCCAAGG 

Ptg
s2  

CCATCAGTTTTTCAAGACAGATCATAAGCGAGGACCTGGGTTCAC
CCGAGGACTGGGCCATGGAGTGGACTTAAATCACATTTATGGTGA
AACTCTGGAC 
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Appendix C Table 1 (Continued) 
 

Ra
g1  

GAAGCACGGGAGTGGGCCCGCAGTTCCAGAAAAGGCCGTTCGTTT
CTCTTTCACAGTCATGAGAATTACGATAGAGCATGGTTCACAGAA
CGTGAAGGTG 

Ra
g2  

GAAGATCCTGGGGACTCCACTCCCTTTGAAGACTCAGAGGAATTT
TGTTTCAGTGCTGAAGCAACCAGTTTTGATGGTGACGATGAATTTG
ACACCTACA 

Re
tnl
a  

GAATACTGATGAGACCATAGAGATTATCGTGGAGAATAAGGTCAA
GGAACTTCTTGCCAATCCAGCTAACTATCCCTCCACTGTAACGAA
GACTCTCTCT 

Rp
l1
9  

GCCTCTAGTGTCCTCCGCTGCGGGAAAAAGAAGGTCTGGTTGGAT
CCCAATGAGACCAATGAAATCGCCAATGCCAACTCCCGTCAGCAG
ATCAGGAAGC 

Tb
p  

GTGGCGGGTATCTGCTGGCGGTTTGGCTAGGTTTCTGCGGTCGCGT
CATTTTCTCCGCAGTGCCCAGCATCACTATTTCATGGTGTGTGAAG
ATAACCCA 

Tg
fb
1  

GGAGTTGTACGGCAGTGGCTGAACCAAGGAGACGGAATACAGGG
CTTTCGATTCAGCGCTCACTGCTCTTGTGACAGCAAAGATAACAA
ACTCCACGTGG 

Tl
r2  

GCAGGCGGTCACTGGCAGGAGATGTGTCCGCAATCATAGTTTCTG
ATGGTGAAGGTTGGACGGCAGTCTCTGCGACCTAGAAGTGGAAAA
GATGTCGTTC 

Tl
r4  

AACGGCAACTTGGACCTGAGGAGAACAAAACTCTGGGGCCTAAA
CCCAGTCTGTTTGCAATTAATAAATGCTACAGCTCACCTGGGGCTC
TGCTATGGAC 

Tl
r5  

CTGGGGACCCAGTATGCTAACTTGACCATTGGTCCAGGGGCTTTC
AGAAACCTGCCCAATCTTAGGATCTTGGACTTGGGCCAAAGCCAG
ATCGAAGTCT 

Tl
r9  

GGCCACAATTTCAGTTTTGTGACCCATCTGTCCATGCTACAGAGCC
TTAGCCTGGCACACAATGACATTCATACCCGTGTGTCCTCACATCT
CAACAGCA 

Tn
f  

TGGATCTCAAAGACAACCAACTAGTGGTGCCAGCCGATGGGTTGT
ACCTTGTCTACTCCCAGGTTCTCTTCAAGGGACAAGGCTGCCCCGA
CTACGTGCT 

Tr
af
1  

ACCTGTCCCTCTTCATCGTGATCATGAGAGGAGAATACGATGCTCT
CCTGCCCTGGCCTTTCAGGAACAAGGTCACCTTTATGCTACTTGAC
CAGAACAA 

Tr
af
2  

CAGAACTGTGCTGCCTGTGTCTATGAAGGCCTGTATGAAGAAGGC
ATTTCTATTTTAGAGAGTAGTTCGGCCTTTCCAGATAACGCTGCCC
GCAGAGAGG 
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Appendix C Table 1 (Continued) 
 
Tr
af
3  

GGTTGGGGTCAGTGCAGACAGCTGCAGACTGTTCTAAAGTTCCGT
TCTTATCTCTGATGGCACACCTCTCGTGTTCAGTTCTATTACCCAA
AAAACAAAG 

Tr
af
4  

CAGTTACCACTTAAGCTGGCATCTCCAGTCCATACCTCACCAAAG
ACAAGTGCTGCTTAGCGGGGCTGTCTATATCAGTAATAACCATGT
GTGTGTATGT 

Tr
af
5  

AAGACGACACACTGTTCTTGAAAGTGGCCGTGGATTTAACTGACT
TGGAGGATCTGTAGTGTTACCTGATAAGGAAACTTCTCAGCACAG
GAAAAGGTGT 

Tr
af
6  

GTGCTGTGTCCATGGCATATGAAGAGAAAGAGATCCATGATCAAA
GCTGTCCTCTGGCAAATATCATCTGTGAATACTGTGGTACAATCCT
CATCAGAGA 

Al
gD  

GGGCCAACAAGGAATACATCGAGTCGAAGATCCCGCACGTCTCCT
CACTGCTGGTCTCCGACCTCGACGAAGTGGTGGCGAGTTCCGATG
TGCTGGTGCT 

Cu
pB
5  

GGTCTGGTGGGGGAGAACTTCACCACTGCCTGGGGGCCGGAGGC
GGTCATCGAGAACGCCCACAGCAACGTCCATGTGGCTGCACAGTC
CACCGAGCGCA 

ex
oT  

GGAAAAGTACCTGGGCAGACAGCCTGGTGGCATCCACAGTGACG
CCGAAGTGATGGCGCTTGGTCTCTACACCGGCATTCACTACGCGG
ACCTGAATCGC 

Fa
bZ  

ACCTGCCTCATCGCTATCCTTTCCTGCTGGTGGATCGGGTGGTAGA
GCTGGACATCGAGGGCAAGCGCATTCGCGCCTACAAGAATGTCAG
TATCAATGA 

Fts
H  

GAAGGCGTCACCACTGGCGCTTCCAACGACATCATGCGTGCTACC
CAGTTGGCGCGGAACATGGTGACCAAGTGGGGTCTGTCCGAGAA
ACTCGGCCCGC 

La
sL  

CGGCAAGGAAGCGCCTTGCTCGCCGCACATCTGGGAACTCAGCCG
TTTCGCCATCAACTCTGGACAGAAAGGCTCGCTGGGCTTTTCCGA
CTGTACGCTG 

Lp
xC  

TCAGCTTCGAGATCGATTTCGATCATCCGGTCTTCCGTGGTCGCAC
CCAGCAGGCCTCGGTCGATTTCTCCAGTACTTCCTTCGTCAAGGAG
GTCAGCCG 

Ph
oP  

CCAGCAACAACATCCAGAAATCCAAGTCGCTGAACCGCAACCTGA
ACAGCCCGAACCTCGACAAGGTGATCGACAACACCGGCACCTGG
GGCATCCGCGC 

Op
rL  

AAGCCGCTCTGCGTGCGATCACCACCTTCTACTTCGAGTACGACA
GCTCCGACCTGAAGCCGGAAGCCATGCGCGCTCTGGACGTACACG
CGAAAGACCT 
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Appendix C Table 1 (Continued) 
 

Pa
gP  

TGCGACCTTCCGCAACTCGTTCAGCCAGCGCTCCAACTACGCCTAC
CTGGGCAAGCGTTTCGACAGTGACAGCTACCCGGTCTACCTGAAG
CTCACCGGC 

Fli
H  

GAAGCCGGGCAAGCAGCCGGCGCTCTACGAGATCCTGGCGCCGGC
CTTCGTCGTCAACTTCAACCAGAACGGCCGGCAGCGCTACATGCA
GGTCGGCGTC 

Ep
tA  

ATCCTCTATACCGACCACTTCCTGACGAAGGTGATCGAATTGCTCA
AGCGGAATGCCGACAAGCGCGATACGGCGATGATCTACGTGTCCG
ACCACGGCG 

Ts
e3  

CCACCGGCGTCAATCCGACCGACCTGCCGTCCATTGCCTTCGGCG
ACCAGCTCAAGCTGCTCAACAAGGACCCGGCGACCGTCACCAAGT
ACAGCAACCC 

Fe
o
B  

GCGGCGCGCTGGTGATCTTCTCCCTGTACCTGCTCGGCATCGTCGT
GGCGATCCTCACCGGGCTGTTGCTCAAGCACACCTTGATGCGCGG
CGAGGCCTC 

Pa
gL  

GGCCAGTCGGTCGGCGTTCGGGCGATCCACTATTCCAACGCCGGC
CTGAAACAGCCGAACGACGGTATCGAGTCCTACAGCCTGTTCTAC
AAGATCCCGA 

Pc
a
H  

CACGGCGGCCTGCCCCAGGGCGAGCGCATCATCATGTTCGGCCGG
GTCTTCGACCAGTACGGCAAGCCGGTCCCGCACACCCTGGTGGAG
ATGTGGCAGG 

Pc
rV  

AGTCCTGCAGGCACGTCGGCAGCCCGGTGCGCAGTGGGATCTGCG
CGAGTTCCTGGTGTCGGCCTATTTCAGCCTGCACGGGCGTCTCGAC
GAGGATGTC 

Pil
Q  

TTACCTGGGGCGGCTGTTCCGGCGTGATACCGTCACCGACCGGAA
AAACGAACTTCTGGTTTTCCTGACACCGCGGATCATGAATAATCA
GGCCATCGCA 

Pl
c
H  

CTGACCAGCAACCCCGAGGTCTGGGCCAGGACCGTGTTCATCCTC
AACTACGACGAGGGCGACGGCTTCTATGACCACGCCAGCGCCCCG
GTGCCGCCGT 

Pl
C
N  

GTGTCCTGGATCGTCGCCCCGGCCAAGTACTCCGAACACCCCGGC
CCGTCCAGCCCGATCTGGGGGGCCGAGTACACTTCCTGGGTACTC
GACGCGCTGA 

Pv
dL  

GCGGGTCGGCTTGCGCGACGATTTCTTCGAGCTCGGCGGGCATTC
CCTGCTGGCCACCCGCATCGTCTCGCGCACCCGCCAGGCCTGCGA
CGTCGAACTG 

W
aa
A  

GAGAGCATCGCCGCCGCGCCGATGGTGCGGGCGCTGCTGGAGCGC
CATCCGCAGCTGCCGGTCACCGTCACCTGCATGACCCCGACCGGC
TCGGAGCGCA 
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Appendix C Table 1 (Continued) 
 
B
N
R  

GGACGGAGCAGCCGTTGCAAGCGCCTCCAGGAGCCAAGCGGGCC
GACCTCAACCTGATGGGGCTGTTTGCCGACAACCACGGCACCCTG
TACGCCACGGC 

C
ob
H  

CGCCAGTCGTTCGCCACCATCCGCGCCGAAGCGAACCTCGCCGGC
ATCCCGGCCGACCTTGAAAAGCTCGCGGTCAGGGTGATCCACGCC
TGCGGCATGG 

Ft
s
X  

GTGCGCCCGCGTCGTTTATCCGCCGCCCCTTCCTTTATCAGGCTAT
GTGGCAGAGTATCTTCTCCGCCGCCGTCAGCTTAGGGCTTTGCGGT
TGGCTGCT 

G
nt
R  

CGGCAGTTCGCCTCGGTGGAAAAGAGGCGGAAGAAAGCTATCTCC
GGGAGGGGGAGGCCATACTGGATGCGGTGCCGATAAATGCCTCGG
CAGAAGAGAC 

L
ys
R  

ACCCACCGCATCCAGCAATTGGAGCATTTCATCAATGCCCCGCTGT
TCCACCGCAGCACTCGCCATGTGCGTCTTTCCGAGGTTGGCGAGAC
CTACTACA 

Ph
zS  

TACATCGACCAGAGCGGCGCCACGGTATGGTCCGAGCCGCGCGGG
GTGGAAGCCGGCAACGCCTATCCGCAGTACTCGATCCATCGCGGC
GAACTGCAGA 

Pi
lC  

GAATGGTGGCTAGTCGTCCTCATCGGATTATTCAGCGCCAGCTTCG
CCATCAAGGAATCGCATAAGCGTTCAGTAAATTTCCGTAACACGG
TAGACCGCT 

Pv
d
E  

TCGATCCTGTCCAACATCGGCACCAACTACGTCGGCCAGAAGGTC
ATCGCCCGGCTGCGCAAGACCCTCGGTGGCCGGGTGTTGTCCGCC
CCGATCGAAC 

R
ha
S  

AGCGACGAAAGTAAACTCAATGTACAGGAGGCCCAAAATACCTAT
GGTCCGCTGAGAGCAAAGGAGAAAAGGCTCCAAATCGTCGAGAG
CATGGACACAT 

T
1S
S  

AGCACGGTGATTCTCACCGACGGCAACGGCAATCCGATCGCCGAG
GTCACCGCCGACGGCAGCGGCAACTGGACCTACACCCCGTCCACG
CCGATCGCCA 
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Appendix C Table 2 

Current RNA in Freezer, ng/uL 
          

Treatment Blood Skin Spleen Liver 
SHAM 388.6 1147.8 1505.8   
SHAM 314.9 1240.7   1703.7 
SHAM   2379.3     
SHAM         
0hpb 727.5       
0hpb 545.1       
2hpb 247.4       
2hpb 53       
6hpb 170.8 1738.4 1404.5 1556.9 
6hpb 128.7 1663.4 1049.8 1618.2 
6hpb 355.7 1245.4 1742 1615.9 
12hpb 231.1   1668 1411.2 
12hpb 296.2 724.4 1316.4 1601.5 
12hpb 144.8 802.1 1870.1 1327.3 
18hpb 358.1 175.1 1762.4 1877.4 
18hpb 187.2 122.5 1061.2 1658.6 
20hpb 299.8 132.8 1135.4 1850 
20hpb 289.1 1280.9 1006.4 1422.4 
22hpb 426 163.3   1710.7 
22hpb 269.1 132.3   1884.7 
24hpb 74.9 75.6 1348.5 1455.8 
24hpb 270 135.2   1338.5 

          

Burn with M2  
Not a high enoug 
concentration   
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