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ABSTRACT
CRYSTAL J. NEELY: Cellular Mechanisms of Immune Rysction
Following Severe Burn Injury
(Under the direction of Bruce A. Cairns)

The immune system protects the body against iofeeind disease. Severe burn
injury induces profound immune dysfunction rendgniatients extremely susceptible to
infection. Although progress has been made ingied) the incidence of infection, burn
wound infection and pulmonary sepsis are still maguses of mortality. Therefore, in order
to improve patient outcome it is important to ursti@nd the immune response to infection
after burn injury. Furthermore, the immune respdofewing burn injury is dynamic and
changes over time. Therefore, elucidating the imem@sponse both early and late after burn
is also crucial.

Using a murine model of thermal injury, we chagsiged the pro-inflammatory
CD4" T cell response at various timepoints after bue detected Th17 cells in wound-
draining lymph nodes at 3, 7, and 14 days post.bAtso, there was bimodal skewing of the
Th1/Th17 T cell balance with an early predominaoic€hl cells Th17 cells late.

The innate immune response to a clinically reléyathogen was then assessed early
after burn injury. Burn mice were susceptible taearly wound inoculation with
Pseudomonas aeruginoaa demonstrated with high mortality rates and battepread

systemically. Defective bacterial clearancé?ofieruginosaarly after burn injury correlated



with polarization of neutrophils into an anti-inflenatory (N2; IL-10+ IL-12-) phenotype.
Administration of flagellin after burn injury skewéhe neutrophil response towards a pro-
inflammatory neutrophil (N1; IL-10-1L-12+) phenotgpesulting in increased bacterial
clearance.

Additional studies evaluated susceptibility torpaharyP. aeruginosanfection late
after burn injury. In contrast to early wound irtfen, burn mice exhibited enhanced
clearance of a delayed pulmonary P. aeruginos#ecigg compared to non-burn controls.
This appeared to result from to a burn-induced exdation of neutrophils within the lungs.
Collectively, these data suggests that neutropkponses vary after burn injury where they
exhibit an anti-inflammatory phenotype early aftern followed by a late and pro-
inflammatory phenotype.

This work provides insights into the cellular maglsms of immune dysfunction
following severe burn injury, as well as identifiesutrophil polarization as a novel

therapeutic target for the reversal of bacteriateptibility after injury.
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CHAPTER 1

Introduction

1.1 Burn injury

The International Society of Burn Injuries definesn as damage to the skin or other
tissues primarily caused by thermal injury. Tiygi¢ally occurs when hot liquids (scalds),
hot solids (contact burns), or flames (flame bumduce subtotal or total destruction of cells
within the localized area of exposure. The etiologipurn is not limited to the
aforementioned modes of trauma; it also includd&ten, electric, friction and chemical

injuries.

1.2 Incidence of burn

Burns are among the most common and devastatingsfof trauma. In 2004, nearly 11
million individuals required medical treatment fmurn injury making it the fourth most
common injury world-widé The global incidence of burn injury is higherrittae incidence
of tuberculosis and HIV infections combirfeth the United States, approximately 2 million
burn injuries occur annuaflyesulting in over 450,000 emergency room visiis 3500

deaths.



1.3Cost of burn care

Individuals with severe burn injury require immediapecialized care in order to
minimize morbidity and mortality. This specializedre includes aggressive fluid
resuscitation and prevention of fluid loss, regolabf body temperature, management of
severe pain, wound debridement, early excisionvamehd closure, and prevention of
infections. The cost of initial hospitalization and the soagicare of a burn patient is
approximately $200,080. However, this estimate does not include expeinsesred by
rehabilitation, vocational services, late compil@as, and disability. Although the overall
hospitalization rates from minor burn injuries hagnificantly declined over the last 50
years, the proportion of patients admitted to lmenters has increasedhis has led to an

annual cost of more than $18 billion for specialibeirn care in the United Stafes

1.4 Grading of burn wounds

Burn injuries are classified by depth and sizee $kin has 3 layers: the epidermis,
dermis, and subcutaneous tissue. The degree vétisgiry resulting from burn determines
the burn depth. A superficial or first-degree bunvolves only the epidermis and typically
heals within 3-4 days without scarrigA partial thickness or second-degree burn extend
through the epidermis and into the dermis. Thigtypburn can be further divided into
superficial or deep depending on the depth of ynjoto the dermis. Blisters are often
observed with partial-thickness burns, and they Within 1-5 weeks with some scarrihg
Full thickness burn, also known as a third-degrme® bextends through the entire dermis and

into the subcutaneous tissue; therefore, they brisiteated be excision and skin grafting



Lastly, a fourth-degree burn involves other orgasue below the skin and soft tissue, such
as muscle and boheBurn injuries are also measured by size or afé@guwy. The percent
total body surface area (TBSA) of an adult patienypically assessed by the rule of nines,
while the Berkow formula is used on childtefiaken together these classification schemes

guide fluid resuscitation and wound management.

1.5 Systemic response to burn injury

Severe burn injuries covering greater than 30% TB8Atypically followed by a period
of hypermetabolism, altered hemodynamics, vas@édaneability and edema, decreased
renal blood flow, and increased gut mucosal perifigeb The massive release of
inflammatory mediators in the wound, as well astimer tissues, is believed to impact and/or
trigger this multi-organ dysfunction. There is alsonmune suppression demonstrated by
prolonged allograft skin survival on burn woundince burn injury impairs all parts of the
immune system, patients are extremely suscepthlgection. With burns of more the 20%

TBSA, the magnitude of immune impairment is projoorl to the size of buPn

1.6 Wound infection

Since the skin is a barrier against invading paghsgit is not surprising that the risk of
subsequent burn wound infection also correlatels thi¢ size of the burn injuty”.
Immediately after admission the burn wound is obeband debrided, but it eventually
becomes colonized with microdésThese pathogens can come from the patient’s Horma
gastrointestinal and upper respiratory flora, thsfital environment, or transferred by a

3



health care worker's harld$® Gram-negative bacteria are currently the mostreom
infectious agents seen in burn centers due to threrous virulence factors and
antimicrobial resistance tralfs Burn wound infection delays epidermal maturatiod leads
to additional scar tissue formatigr® Invasion of microbes into the tissue layers betloev
dermis may also result in bacteremia and sepsisengregression to multiple organ failure

is usually fatal’*®

1.7 Pulmonary infection

Pulmonary bacterial infections are a major causeatality in burn patients. Hypostatic
pneumonia is common in patients with large burns tduhyperventilation and decreased
lung expansiofi. Hematogenous pneumonia, where the infectionrisaspby the blood from
another part of the body, is much less common m patients due to aggressive antibiotic
therapie&’. Nevertheless, both can be fatal. Inhalationripjwhich occurs in approximately
one-third of all major burns, damages the airwagosa, impairs immune cell function, and
requires intubation for airway protectfdfi®> This significantly increases a burn patient’s
risk of developing a pulmonary bacterial infecteomd in particular ventilator-associated
pneumonia (VAP}? VAP occurs when a mechanically ventilated patisvelops
pneumonia more than 48 hours after intubation.diveaprocedures such as bronchoalveolar
lavage allow more appropriate administration oftaatic therapy but have not been shown

to change the overall mortality from VAP



1.8 Pseudomonas aeruginosa

Pseudomonas aerugingsagram negative extracellular bacterium, is drnd@ most
commonly encountered infectious agents in burnersreicross the United Stateg he
organism can be isolated from environmental soysagsh as freshwater and soil. It can also
survive on surfaces contaminating the floors, kid,rand sinks of hospitaf’. Innate
immune responses are essential for controfingeruginosa Clinically, the vast majority of

cases oP. aeruginosanfection are found in patients with comprised ioma systenfé.

1.9P. aeruginosa virulence factors

P. aeruginosdhas numerous virulence factors that contribuiestpathogenesis. Surface
structures, including a single polar flagellum gadiar Type IV pili, are important for
efficient motility, adhesion, and formation of hilais. During infectionP. aeruginosacan
also downregulate synthesis of flagellin, the majamponent of bacterial flagelldth This
appears to be advantageous to the invading bacaioaing them to avoid recognition by
the host’s Toll-like receptor 5 (TLR5), and themefdimiting inflammationP. aeruginosa
also expresses two Type Il secretion systems (Ta6&pne Type Il secretion system
(T3SS). The T3SS, as well as the T2SS to a muskiextent, has been associated with
increased. aeruginosavirulence. Several of the T3SS effector protemisich are
translocated across both the bacterial cell eneetopl eukaryotic plasma membrane, can
modulate innate immune recognition of bacteriaaoget effector mechanisms of the innate

immune system. For example, Exoenzyme U (ExoUitdhinflammasome activation 1



aeruginosaand induces rapid necrotic cell deth. Also, ExoS and ExoT can inhibit

macrophage and neutrophil migration and phagocstoSi

1.10 Immune response to infection

The immune system is the body’s defense agaifesttion and disease. It detects a
wide variety of antigens derived from invading pagéns and distinguishes them from the
host’s own tissue. The immune response can bdathinto innate and adaptive immunity.
The innate immune system is non-specific, meaningcognizes and responds to pathogens
in a generic way. More specifically, it depends mgermline-encoded receptors (ie. TLRS)
to recognize features that are common to many fiés0 Most pathogens are detected and
destroyed within minutes to hours of invasion hbyate immune cells, which includes the
neutrophils and macrophages. However if a pathpgesists, the adaptive immune response
ensues. The adaptive immune system is specificansists of T and B lymphocytes. It
targets a precise pathogen by utilizing pathogetifip receptors, such as T cell receptors
(TCR), which are acquired during the lifetime oé tost. Induction of an adaptive immune
response leads to immunological memory, which esssammore rapid and effective response

on subsequent encounters with the same pathogen.

1.11 Toll-like receptors

Toll-like receptors (TLRs) are pattern recognitreceptors that respond to pathogen-

associated molecular patterns (PAMPs) and endogestess signals termed danger-



associated molecular patterns (DAMPS). In humaesethre 10 known TLRs, whereas 12
have been characterized in nift&ach TLR recognizes and is activated by a small
assortment of microbe-derived molecules. For exeniibR2, TLR4, and TLR5 are

involved in control ofP. aeruginosanfection by recognizing outer membrane lipopnasei
LPS, and flagellin, respectivéR?’. TLRs are expressed by immune cells and a widetyar

of non-immune cells. TLR signaling induces the esgion of hundreds of genes required for
the inflammatory response, including inflammatoyyokines, chemokines, antimicrobial
molecules, and major histocompatibility complex (8IHand costimulatory molecules
important for adaptive immune activati8nAlthough TLRs act primarily to initiate an innate

immune response, some adaptive immune responseBcited by TLR signaling.

1.12 TLR and burn injury

Over the last ten years, numerous laboratories heported alterations in TLR
expression and/or responsive following burn injuBothin vitro andin vivo studies have
shown that TLR2 and TLR4 responses are heighteewaelen 1-7 days after burn injdty
Upon TLR stimulation, macrophages, dendritic celfglyd T cells from burn mice have
increased cytokine production compared to non-bomrols®*° The precise mechanism
responsible for TLR hyper-responsiveness after byumny is unknown. However, there is
evidence to suggest that increased cell surfaceession of TLR proteiris **and increased
phosphorylation of p38 MAP kina&ea component of the TLR signaling cascade, both
contribute. Our laboratory has also shown thadatdys after burn injury, macrophages

have a significant reduction in TLR2 and TLR4 exgsien, as well as diminished cytokine



secretion upon stimulatidh Conversely, there is upregulation in TLR4 exgi@s on

memory CDZ and CD8 T cells at 14 days after bdfn

1.13Neutrophils

Neutrophils are considered the first respondeti®immune system since they are
quickly recruited from the vasculature to the sitenfection. Non-activated human
neutrophils can survive up to 5 days, while acadateutrophils can survive 1-2 days in
tissue&®. During an inflammatory response, neutrophilsatected to tissues by
chemokines, such as human interleukin-8 (IL-8) ouse keratinocyte-derived cytokine
(KC), secreted by resident mast cells and macraggiag here are three strategies that
activated neutrophils use to directly attack inmgdpathogens. The first is phagocytosis, a
cellular process in which receptor-bound pathogeasngulfed by the cell membrane to
form an internal phagosome. The phagosome fusésthtlysosome leading to intracellular
killing of the pathogen. Neutrophils also undergooaidative burst during phagocytosis
which generates a variety of toxic products th#p destroy the engulfed pathodan
Degranulation, which is the release of antimicrbbyaotoxic molecules from secretory
vesicles called granules, is another mechanismropts use to eradicate invading
pathogen¥. Lastly, neutrophils can release neutrophil exdtatar traps (NETs) that are

composed of antimicrobial proteins bound to DNAilbpathogen§'.



1.14Neutrophils and burn injury

Neutrophil function is significantly impaired aftieurn injury although the timing and
extent is still unclear. One study showed that roganils have decreased Fc receptor-
mediated phagocytosis, as well as a 50% reduatiantriacellular killing, after burn injury.
This group also showed that the ability of circugtneutrophils to undergo oxidative burst
gradually declines during the first two weeks afterrn injury®. Another study reported that
there is an increased number of neutrophils irpthh@oneal cavity and an increase in
neutrophil oxidative burst at one day after BriNeutrophils have also been reported to be
immunosuppressive after burn injury as demonstriayetheir secretion of IL-10, a potent

anti-inflammatory cytokine, upon TLR2 stimulati8n

1.15 Macrophages

Macrophages reside in every tissue of the bodyath they are sometimes called by
other names such as microglia, Kupffer cells, astdaclasts. Upon infection, circulating
monocytes are rapidly recruited to the tissue, whieey differentiate into tissue
macrophagesd. Macrophages play a central role in the initiatiinflammation, primarily
through phagocytosis, release of inflammatory dyte; oxidative burst, and antigen
presentatioff. During antigen presentation, the macrophageriatly digests pathogens,
binds resulting peptide fragments to MHC molecudesl then presents the peptide-MHC
complexes on its surface to T lymphocyfesAlthough macrophages are capable of antigen
presentation, they are not particularly effectivéhés during a primary immune response

because they do not migrate to secondary lymphagjans®. Macrophages are also



remarkably plastic and can change their functipih&notype depending on the
environmental cues they receive. For example, aopaage can be polarized towards a pro-
inflammatory phenotype (M1) marked by productiorilefl2, as well as other pro-
inflammatory mediators, when activated in the pneseof interferon-gamma (IFN®*.
However, if a macrophage is later exposed to ILgldcocorticoids, or immune complexes

in the presence of the TLR ligands, it can exhahitanti-inflammatory phenotype (M2, IL-

10" IL-12)%>°8

1.16 Macrophages and burn injury

Macrophages are reported to be hyper-responsiiaviag burn injury. Upon
stimulation, macrophages exhibit exaggerated priwluof IL-1, IL-6, transforming growth
factor (TGFB), prostaglandin E2 (PGE2), and reactive nitrogeermediates (RN1J™°,
Previous studies have implicated macrophage hypeétsen the increased susceptibility to
bacterial sepsis following burn inju3?° In addition, recent evidence suggests that severe
burn injury results in a shift of macrophage paation towards an M2 phenotyPe These
M2 macrophages have reduced capacity to kill bedteathogens. Soluble factors released
by these cells inhibit macrophage conversion aflesg macrophages to a M1

phenotyp&'®2
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1.17 Dendritic cells

Similar to macrophages, dendritic cells (DCs) agable of both phagocytosis and
antigen presentation. However, DCs are not diyectlolved in immediate pathogen
clearance; instead their primary function is amtigeesentatioti. Immature DCs are present
in all peripheral tissue and constantly samplestireounding environment for invading
pathogens. When an immature DC phagocytoses agathi begins to mature by
upregulating cell-surface receptors that act aseceptors in T-cell activation. It also
upregulates CCR7, a chemotactic receptor thattgii2€s to secondary lymphoid orghs
Once inside a lymphoid organ, DCs act as antigesgnting cells to initiate antigen-specific
immune responses. DCs also secrete a varietytokiogs, such as IL-12, that are protective

against a number of infectio$>

1.18 Dendritic cells and burn injury

A significant reduction in DCs has been reportiéerdourn injury. More specifically,
two DC subsets, myeloid DCs (mDCs) and plasmacyd@d (pDCs), are decreased in
peripheral blood of burn patiefits Also, the number of circulating mDCs and pDCpeaps
to directly correlate with the severity of burn jftte and size) and incidence of infecfidrin
a murine model, antigen presentation by dendrélts @and subsequent activation of CO4
cells was not impaired after b§fnHowever, reduced TLR9 expression and activation o

DCs has been implicated in skewed T cell functifveraurn injury®.

11



1.19 Th17 Cells

Until recently, CD3CD4" T cells were divided into pro-inflammatory Th1 K-
producing) or anti-inflammatory Th2 (IL-4-producinecell®. However, a newly discovered
subset of CD4T cells, called Th17 cells, have been shown toetedL-17, IL-21, and IL-
22, but do not secrete IFN-or IL-4"%"2 |L-17 activates macrophages and promotes the
production of inflammatory cytokines, which incled@imor necrosis factar{TNF-o) and
IL-1B. Subsequently, these cytokines recruit neutrephikites of infectioff. For example,
IL-17 receptor deficient mice have reduced neutilapleruitment, increased bacterial loads,
and high mortality rates after challenge witlebsiella pneumonidé Furthermore,
overexpression of IL-17 in the lungs results imealized increase in TN&-and IL-18, as
well as enhanced neutrophil accumulation Engneumoniaelearanc€. IL-17 receptor
deficient mice are also more susceptible to inéectiith Candida albican€. IL-21, another
cytokine secreted by Th17 cells, acts on epithekdls and is involved with antimicrobial
peptide productioff’®, tissue repaff, and epithelial cell proliferatiéh differentiatio’f?, and
survivaf®. Together, these findings suggests that the maictibn of Th17 cells is to

promote antimicrobial immunity at mucosal interfece

1.20 Th17 cells and burn injury

Murine models have revealed local and systemic/Tre&ponses following burn
injury. At the burn wound, Th17 cytokines IL-17 ahd22 appear to be elevated within 3
hours of the insulf. Moreover, elevated levels of IL-17 have been pkeskin cardiac tissue

at 3 hour® and in the circulation at 1 and 7 days after bojury®. Also, analysis of adult

12



and pediatric burn patient serum has shown thaf/llis elevated within 1 week after
injury®”®8 Another recent study examined Th17 cell develagrirepatients with full
thickness burns and revealed that peripheral bioolonuclear cells isolated from these
patients had a decreased production of IL-17 ipalse tcC. albicansantigen stimulation
compared to healthy contr8isSince burn patients are highly susceptibl€ talbicans

infection, enhancing the IL-17 response after bojury could be beneficial.

1.21 Remaining questions

The data outlined above describes the complexituoh injury and in particular the
profound immune impairment observed following bufbetter understanding of the basic
mechanisms underlying burn-induced immune dysfonatiay lead to development of novel
therapeutic options. This body of work attemptdigsect specific aspects of the immune

response following burn injury, specifically by denining their contributions to infection.
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CHAPTER 2
Th17 (IFNy IL-17") CD4" T cells generated after burn injury may be a novetellular
mechanism for post-burn immunosuppression
2.1 Summary
The mechanism responsible for initiating and cdhtrig the immunosuppressive

response following burn injury remains unknownehgukin-17 (IL-17) secreting Th17
(interferon (IFN)y "IL-177) cells are a novel subset of CDR cells associated with a weak
pro-inflammatory response that antagonizes thergtammatory Thl (IFNy'IL-17")
response. Given that transforming growth factorEJ43and IL-6 mediate Th17 cell
development, we hypothesized that burn injury mayegate Th17 cells that could mediate
post-burn immunosuppression. Following a 20% totaly surface area burn in female
C57BL/6 mice, wound-draining lymph nodes were hsiwe 3, 7 or 14 days after injury.
CD4" T cells were enriched by magnetic selection, éma €ytometry was used to identify
intracellular IL-17 and IFNrin CD3'CD4" T cells. Additional purified CDID4" T cells
were cultured with Th17- polarizing IL-6 and T@GHRer four days, and flow cytometry was
again used to identify intracellular IL-17 and IRNR CD4" T cells. The number and
percentage of preformed Th17 cells was signifigagtéater in burn mice compared to sham
at all timepoints. In addition, the ratio of Th1&lls to Th1 cells was significantly higher in
burn mice compared to sham at 14 days post bueseltifferences were eliminated in
Th17 polarizing conditioni vitro. CD4" T cells never generated both IL-17 and HN-
These results demonstrate for the first time thet7Tcells (IFNyIL-177) are spontaneously

generated after burn injury. Given that Th17 c@fN-y'IL-17") are antagonistic to Thl



(IFN-y*IL-17") cells, these results suggest a novel mechanismifating and controlling

post-burn immunosuppression that deserves furtivesstigation.

2.2 Introduction

CD4' T-helper (Th) cells have been classically divided pro- (Th1) or anti-
inflammatory (Th2) T cells based on the type obéjes they produce after stimulation
However, a newly discovered subset of CD4ells, called Th17 cells, has been shown to
secrete interleukin (IL) -17 but not interferon Iy or IL-4**. Recent studies have
suggested that the main functions of IL-17 arectovate macrophages and to promote their
production of inflammatory cytokines. Subsequetiigse cytokines, which include tumor
necrosis factors (TNF-o) and IL-1B, recruit neutrophils to sites of infectibriFor example,
IL-17-receptor deficient mice have reduced neutilagleruitment, increased bacterial loads,
and high mortality rates following challenge wittebsiella pneumonideFurthermore,
overexpression of IL-17 in the lungs results im@alized increase in TNé&-and IL-13, as
well as enhanced neutrophil accumulation Engneumoniaelearancé IL-17-receptor
deficient mice are also more susceptible to infectiith Candida albican Since these
pathogens primarily cause infection in individuaith suppressed immune systems, this has
led to the belief that Th17 cells are weak proanfmatory cells.

Naive CD4 T cells are regarded as being able to differemtiadvards one of four
lineages; Thl, Th2, Treg or Th17 depending on nfaatprs such as strength of antigen
stimulation and cytokine microenvironment. Diffetiation of naive CD4T cells towards a
Th17 phenotype requires the presence of transfgrgniowth factor (TGFB and IL-6, while

IL-23 is believed to play a role in the maintenant&h17 effector functioi'’. This
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differentiation process requires a unique transiompfactor, RORyt, to induce transcription
of the IL-17 gen¥. Additionally, cells genetically deficient in teaster transcription
factors required for Thl and Th2 differentiatiorvé@ither undiminished or enhanced Th17
developmerft Together these findings indicate that Th17 calésa lineage distinct from
Thl and Th2 cells. Furthermore, cytokines secrbtedifferentiated Th1l and Th2 cells
inhibit formation of Th17 cells (Figure 2.1). Comsely, when naive CD4 cells are
exposed to TGIB-in the absence of IL-6, they express forkhead®®xXFoxp3), which is the
master transcription factor that drives inductiéfroxp3+ regulatory T cells (Treb)
Therefore, the presence of IL-6 switches the deraknt of naive CD4T cells from a Treg
pathway to a Th17 pathway.

Severe burn injury causes a dangerous immune mgtebn. Much research effort has
been expended into defining the immune consequefnaern in terms of lymphocyte
cytokine identity*>® One model of burn injury suggests there is adrapiset of a systemic
inflammatory response characterized by the prodnaif pro-inflammatory cytokiné® % If
this pro-inflammatory state is uncontrolled, patsecan experience early multiple organ
dysfunction syndrome and de#ttPatients surviving this period are then thoughdevelop
a compensatory anti-inflammatory response chatizetéby immune suppression and
decreased resistance to infectfon

We and others have defined CDhd CD8 T cell population changes both early and
late after burn in patients and animal models. Aften injury, there is an early (hours to
days) pro-inflammatory response followed by a doitards an anti-inflammatory
phenotype in both the CD4nd CD8 T cell compartments ?* 23 More specifically, CD4

T cells begin to produce the pro-inflammatory cytels IFNy and IL-2 on stimulation,
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which are defining characteristics of Thl cellsattdition, macrophages produce ThFL-

1B, and IL-6 as well as other pro-inflammatory cytws’. Furthermore, the level of TGF-
increases gradually in the burn wound throughastghasg *® Following this phase after
burn, the pro-inflammatory state of the immune eysswitches to an anti-inflammatory
response characterized by over-production of BEF® as well as a switch in CDA cell
responses from a Thl to a Th2 (IL-4) phenofypEhis manifests itself as decreased antigen-
specific proliferation, diminished cytokine secogtiand cytotoxic T lymphocyte activify®?

40, 41.

Since most patients develop immune failure daygdeks after injury, we have been
interested in both CO8nd CD4 T cell function during the first two weeks aftejury. We
have previously demonstrated profound alteratiartbe cytokine profile late after burn
injury. CD8' T cells, crucial for anti-pathogen and anti-allaftimmune responses, are
impaired immediately post-burn but experience iasegl proliferation and have a unique and
dramatic altered cytokine profile later after b(ta days)® %> *° *! This functional
enhancement is characterized by a selective pedpheell lymphopenia that drives a
homeostatic increase in “spontaneous” memory-lik8Tand CD4 T cells in the
periphery* %% Since elevated TGF-and IL-6 levels are found following bury injuryew

hypothesize that CD4Th17 cells are generated after burn injury in aineumodel of burn.

2.3 Methods and materials
Animals
Wildtype C57BI/6 (B6) mice were purchased from T@cd=arms, USA. All mice

used in the study were maintained under speciticqaeen-free conditions in the American
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Association of Laboratory Animal Care-accreditedudnsity of North Carolina Department

of Laboratory Animal Medicine Facilities.

Mouse Burn Injury

Six to eight week old (15-20g weight) female B6 eweere used as subjects in all
experiments. All protocols were performed in aceoick with the National Institutes of
Health guidelines and approved by the Universitilofth Carolina IACUC as previously
described. Briefly, animals were anesthetized with inhalatad isoflurane vapor (Pitman-
Moore, Washington Crossing, NJ) and their dorsdlfe&ank hair clipped. A full-contact burn
of approximately 20% total body surface area (TB®A} produced by applying a copper
rod, heated in boiling water, to the animal's dor&nd flank for 10 seconds. Four
applications of a 65g rod (1.9 cm in diameter) wesed to produce the wound, and previous
biopsies of the wounds demonstrate full-thicknegareeous burn with visible unburned
muscle beneath. Mice were resuscitated with aapetitoneal (IP) injection of Lactated
Ringer's solution (0.1 ml/g body weight) and wereeg a subcutaneous injection of
buprenorphine (2 mg/kg body weight) for pain cohimumediately after burn injury.
Animals were returned to individual cages and weovided food and morphinated waget
libitum throughout the experiment. Sham controls withO#eTBSA burn underwent all the
described interventions except for the actual lmjury. There is a negligible mortality
(<1%) after burn injury with this protocol. Animalgere sacrificed where indicated,
splenocytes and cells from axillary, brachial, iimgl, lumbar and caudal peripheral lymph

node (PLN) were prepared for culture or CD4+ T peliification.
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CD4+ T cell purification

Cell suspensions were prepared from PLN of mice4'CDcells were negatively
selected by depletion of CDSVIHC Class IT, CD116 and other cell types using the BD
iMag Mouse CD24 T Lymphocyte Enrichment Set according to the maaiufrer’'s
instructions (Becton Dickinson, San Diego, CA).s'imethod routinely provides us with

greater than 90% pure CD7 cell populations.

T cel stimulation for cytokine analysis

Splenocytes, bulk PLN cells or purified CD® cells from burn and sham mice (1 x
10 cells/ml) cells were stimulated with PMA (Lug/rSimga Aldrich, St. Louis, MO) and
ionomycin (Lug/ml; Sigma Aldrich, St. Louis, MO)rfa total of 4 hours in 1ml of complete
RPMI (10% fetal calf serum) in 24 well flat-bottgotates. Brefeldin A (3.0ug/ml;
eBioscience, San Deigo, CA) was added for the Bri@burs of culture to retain cytokines

within the cell.

Th17in vitro cell polarization

Purified CD4 T cells from burn and sham mice (1 X &6lls/ml) cells were
stimulated with plate bound anti-mouse CD3 antib@dyg/well; Becton Dickinson, San
Diego, CA ) and soluble anti-mouse CD28 antibodyg(tl; BD Pharmingen, San Diego,
CA) in the presence of IL-6 (50ng/mL; BD Pharming8an Diego, CA ) and TGF-
(Ing/ml; PeproTech, Rocky Hill, NJ) cytokines fotogal of 4 days in 0.5ml of complete
RPMI (10% fetal calf serum) in 48 well flat-bottgotates. Serum was collected from burn

mice and added to cultures where indicated ata fitution factor of 1/10.
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Flow cytometric analysis

The panel of monoclonal antibodies used for flgtometric analyses were anti-
ROR=+t (AFKJS-9), anti-CD8 (53-6.7), anti-CD8 (145-2C11), anti-CD4 (L3T4), anti-IFN-
Yy (XMG-1.2) (BD Pharmingen, San Diego, CA) and dhfi7 (eBio17B7) (eBioscience, San
Diego, CA). Intracellular staining for cytokinesthROR«t was performed using standard
methods™. Four and five-color analysis was performed usitagdard methods. List mode
data were collected on a FACS Cyan (Dako, Ft. @lliCO) and analyzed using Summit

software (Dako, Ft. Collins, CO).

Statistical Analysis
Data were analyzed using Student's t-test forgethalar cytokine, absolute number
and ratio differences. Statistical significance waned as p<0.05 unless indicated

otherwise.

2.4 Results

Th17 cells exist in wound-draining lymph nodes buhot in spleen following burn injury
We and others have previously shown a dynamic ehanthe CD4 and CD8 T cell

compartments at various timepoints following severmmn injury with the most dramatic

changes occurring at 3 and 14 days after #iitn In order to examine whether pre-formed

Th17 cells exist within peripheral immune siteshatse timepoints, we utilized a model of

contact burn injury in wildtype female B6 mice. {Sekere harvested from spleen, inguinal

and axillary PLN at 3 or 14 days after a 20% TB®Atact burn or sham injury. Wound-
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draining PLN have been previously shown to exhiiarked lymphocyte alterations after
burn injury? *** T cells were stimulated with mitogen, and staddatracellular cytokine
staining employed to identify CDZLD4 IL-17" (Th17), CD3 CD4 IFN-y* (Th1l), CD3
CD8' IL-17" (Tc17) and CD3CD8' IFN-y* (Tc1) cells using flow cytometry. At 3 days
following burn or sham injury, we found an incredgercentage of Thl cells in the spleen
(as reported previousty) and inguinal PLN but no increase in IL-17 prodigcCD4 T cells
(Figure 2.2). In contrast, there was a signifiagaotease in the amount of Th17 cells found in
the axillary PLN of the burn mice when comparedhtam mice (Figure 2.3). We did not
observe any expression of IL-17 by CDBcells (data not shown). At 14 days post-burn and
sham injury, we found a burn-dependent increasledrmpercentage of Th17 cells present in
both the axillary and inguinal PLN but not the gpiéFigure 2.3). The percentage of Thl
cells in all sites studied was significantly love¢rday 14 versus day 3, corresponding to the
suppressed pro-inflammatory state observed lage laftrn injury. Again, we did not observe
any expression of IL-17 by CD{ cells at day 14 (data not shown). At all timepsiand in
all organs studied, we did not observe at dualtpesCD3" CD4" IL-17" IFN-y" T cells.
Stimulation of CD4+ T cells by mitogen, such asA°&hd ionomycin, is well known
to quickly and dramatically downregulate CD4 coetor expressioff. In order to better
guantify the proportion and absolute numbers of 7/Tedlls in the wound-draining lymph
nodes, we repeated the above experiment but atitiz8D4 T cell purification step prior to
mitogenic stimulation. At 3, 7 and 14 days follogiburn or sham injury, we harvested cells
from various wound-draining PLN and pooled celtsrireach mouse to ensure enough cells
were present for subsequent CO4cell purification and stimulation. At all timejmds there

was a statistically significant burn-dependentéase in the percentage of viable C4
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cells that were Th17 cells, as well as in the alisahumber of Th17 cells, when compared to
sham (Figure 2.4).

We also confirmed RORt expression using an anti-RORantibody at these
timepoints. ROR# staining was concurrent with IL-17 expressior, foat with IFN-y
expression at day 7 post burn, further confirmimgse are Th17 cells (Figure 2.5). R@R-
was also expressed in Th17 cells at day 14, asceeghebut there was also significant
expression within Thl cells. The plasticity of {Hel/Th17 lineage is an emerging concept in
the current literature (12), and we are activelgsping this as a mechanism for Th17

production within burn mice.

Burn injury induces a dynamic alteration in the Th1/Th17 balance

Current studies demonstrate that strong inflanonatiediated by cytokines, such as
IL-6 and TGFB, results in Th17 differentiation of CDre-T cells (Figure 2.1). In order to
define the kinetics of Th17 to Thl differentiatiafter burn injury, we calculated the ratio of
the absolute number of Th17 cells (COED4 IL-177) to the absolute number of Thi cells
(CD3' CD4' IFN~y") for each timepoint after sham or burn injury. Eomparative purposes,
we defined the sham mice having a Th17/Th1 ratib.@fat each timepoint and normalized
each burn mouse ratio to the sham. At day 3, wergbd a significant shift of the pro-
inflammatory T cell phenotype towards a Thl respdnsurn mice compared to sham, in
agreement with previous studi$? This shift was lost at day 7 after burn when¢her
appeared to be equilibrium of Th17/Th1 balancelamo the sham mice. At day 14, there
was a statistically significant difference betwdemn and sham with skewing of the pro-

inflammatory CD4 T cell response to a Th17 phenotype in burn micepared to sham
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(Figure 2.6). These data suggest that althoughbserge an increase in Th17 cell number
and percentage at all timepoints, there are ineseasTh1 cells at day 3 and day 7 after
burn, with day 3 having an overt burn-dependent fEsponse. We predict that day 14
represents a period after burn where the pro-inflatory CD4 T cell response is beginning

to bias towards the weaker pro-inflammatory Thl&rmitype.

CD4" T cells from burn and sham mice have a similar ality to polarize towards a
Th17 phenotype

Various cytokines are known to polarize a prdaimimatory response towards a
Th17 phenotype, such as IL-6 and T@&HL-23 is known to “fix” this phenotype in place.
As a possible cellular mechanism for increased Tdevelopment, we assessed the ability of
CD4' T cells isolated from burn and sham mice to paéiri vitro towards a Th17-
phenotype. We also tested whether serum collecbea hurn mice was able to aid in the
ability to polarize. Serum was collected and CD4ells were purified from PLN 3 and 14
days following burn or sham injury. The CD#% cells were activateith vitro via T Cell
Receptor (TCR) ligation with anti-CD3 antibody aanati-CD28 costimulation in presence of
IL-6 and TGFB for four days, which has been previously showprtomote Th17
differentiatiorf' > Sham and burn T cells were also stimulated irpteeence or absence of
burn serum. Th17 and Th1 CD#% cells were identified after each culture comtititilizing
intracellular cytokine staining and flow cytometAt both 3 and 14 days, CD4+ T cells from
burn mice had an equivalent ability to polarizdtd7 cells when compared to sham in the
presence of know polarizing conditions (Figure 2V predicted that as the Th17
phenotype was maximal at day 14 and the presenite2¥ or some other unidentified

serum factor would also be maximal at this timepdhadition of 14 day burn serum had no
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effect on Th17 polarization / stabilization of shamburn CD4 T cells (Figure 2.8), nor was
there no significant difference between the respaoserum alone and to any of the
treatments shown in Figure 2.8. These data sugjgatsburn injury has no inherent effect on
the ability of CD4 T cells to bias towards a Th17 phenotype umieitro polarizing

cytokine conditions. For example, serum from burcenmay not contain any soluble

factors, such as IL-23, which affects Th17 poldiore >**

2.5 Discussion

Many variables contribute to the development, l&gn, and effector functions of
CD4" Thi, Th17, and regulatory T cells. We hypothesihed burn injury would have a
profound effect on the balance of Th1/Th17 T cdllse main reasoning behind this was that
certain cytokines known to promote Th17 polarizatioe present after burn injury, namely
IL-6 in the serum and TGE+n the burn wound.

When examining bulk and CD4urified T cell populations, we observed an insgea
in percentage of CD4cells that were expressing IL-17 (Figures 2.2-th3)LN draining the
burn wound. However, these cells were not detaat#ite spleen. This localization of the
Th17 cells might be due to higher concentration§@F-3 in the draining PLN, or cells
trafficking to the PLN from the wound where theyrevnitially formed. The increase at day
14 compared to day 3 of Th17 cell number in thé Butell cultures from axillary and
inguinal PLN (Figures 2.2-2.3) suggests that tgeas generated from burn accumulate
over time or increase later after burn, with a gmesspread into more distal PLN (but not
into the spleen). The Th17 response is observatepdlly in the axillary and inguinal PLN.

However, it should be noted that because of thew&aperform our burn injury,
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corresponding lymph nodes are approximately equaidigo the burn wound. However, it
does appear that proximity to the wound correspomd$17 expansion (Figure 2.2).

To eliminate the possibility of underestimating #iesolute number of Th17, due to
likely downregulation of the CD4 co-receptor durihgell stimulation, we purified the
CD4" T cell population prior to culturing. In order generate enough cells for this selection
process, various wound-draining PLN were colleeted pooled together for each mouse.
With the addition of the CD4T cell-purification, we also saw a significant iease in the
number of Th17 T cells in wound draining PLN acragimepoints compared to sham
(Figure 2.4). While the percentage and cell nundiféerences between burn and sham are
statistically significant, the values are modesiisTs likely due to the inefficiency and low
sensitivity of intracellular cytokine staining @&wvealing polarized T cell subsets. We
identified RORyt staining within these cells to confirm their pbé&pe.

While the proportion and absolute number of Thadllsare important to study, the
role of the Th1/Th17 balance has been postulatéeiag key for overall pro-inflammatory
status in human and animal studies. Indeed, after Wwe observed a dynamic shift in this
ratio. To account for variability between intracddlr cytokine staining between experiments,
we defined the sham as having a Th1/Th17 ratio@fafieach case so that data from
different experiments could be compared. In agreemith previous studiés 2 we
observed an early significant shift of the proanfimatory T cell phenotype towards a Thl
response in burn mice compared to sham. Thiswh#tlost at day 7 after burn, but at the
day 14 timepoint, there was a clear skewing ofpifeeinflammatory CDA T cell response to
a Th17 phenotype in burn mice compared to shanu(&ig.6). These data suggest that an

increase of Thl cells at day 3 and day 7 after bifgets the increased Th17 differentiation
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we observed meaning that Th1l-promoting effectsuof lover-ride the Th17-polarizing
effects of IL-6 and TGH-produced in response to burn injury.

These results suggest that day 3 representsapdrovert burn-dependent Thl
responses to antigen. Since IFNs known to inhibit naive CD4T cells development
towards a Th17 pathway, this would likely impaat #bility of the patient to recruit
neutrophils to sites of infections. Likewise, IL-Eanother cytokine driving differentiation
into Th1l cells. While it has been shown that indgc stronger Thl-response by IL-12
administration can protect against cecal ligatiod puncture sepsis in mitesuch a
response has not been specifically studied witheetsto the role of Th17 cells and
pathogens that require rapid neutrophil clearaaaePseudomonaKlebsiellaand
Candidg mediated effectively by Th17 cells. Indeed, whenm mice are challenged with
Pseudomonas aeruginggaiey experience high levels of mortality withind23 days
following injury correlated with an overt pro-inftamatory responé& Therefore, driving
differentiation at these early tim points towardBhd.7 differentiation pathway could be a
potential benefit for patients.

In contrast to the early pro-inflammatory Thl phasappears that day 14 in our
mouse model represents a period after burn wherprtitinflammatory CD4T cell
response is tempered, appearing to bias towardeithé phenotype on stimulation. This is a
period of time we have previously defined as havingjue and dramatic altered cytokine
profile after burn injury, with exaggerated cyto&iresponses but no clear dominant Thl or
Th2 phenotype. Since elevated T@&nd IL-6 levels are found following bury injuryew
hypothesize that CO&h17 cells are generated late after burn injuryla@cbme the

dominant Th phenotype.
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The mechanism for this Th17-dominance is curremtiglear. The driving force for
the Th1/Th2 cytokine imbalance at day 14 after bojury appears to be intense homeostatic
expansion of “spontaneous” memory-like Cizd CD4 T cells as a consequence of
lymphopenia early after burn injury. Th17 cells@bften defined as possessing a memory-
like phenotype, have not yet been studied as ketansequence of homeostatic
proliferation. Another potential mechanism is thifL7 polarization can be driven in vitro
and in vivo by innate stimulation through Toll-liReceptors. (TLR). We have shown
altered Toll-like Receptor (TLR) expression on iteneells (e.g. macrophages express lower
TLR) and adaptive cells (T cells express higheelewf TLR) late after burn injuf§ *°
Therefore, we predict that T cells are stimulatedatly or indirectly via innate cells to
various innate stimuli produced by burn injury, Is@s endogenous innate signaling

moleculed®>8

released from the burn wound. While the resulggest that burn serum did
not affect Th17 polarization of sham CD® cells duringn vitro stimulation under TGB-
and IL-6 conditions, the serum levels of such eedogs innate signaling molecules might
not be high enough to detect any differences. Exygats to test the role of innate
stimulation after burn in affecting adaptive T aeléponses are underway.

Attempts to improve the T cell response to bujarinby manipulating cytokines has
been largely been unsuccessful and are not geperaployed in the clinic. Our data
suggests why cytokine manipulation may be unsutwesgor example, the CD4T cell
phenotype after burn injury is dynamic and mayasebe set along a certain pro-
inflammatory phenotype when pro-inflammatory cytas, such as IFM-or IL-2, are being

administered. In addition, we have shown previotis immune dysfunction is clearly

more of a late, rather than early, problem aftpminas infection, sepsis, and multiple system
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organ failure develop weeks to months after bupuryn Thus, the majority of lymphocyte
studies that focus solely on the early respon$eito injury (less than 10 days) or have been
given an additional insult, such as cecal ligaiod puncture, may have missed an important

characteristic of the T cell response to injury.
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Figure 2.1. Th17 cells are a distinct lineage of GO T cells.Naive CD4 T precursors
(Thp) can differentiate towards either Thl, ThZbd7 phenotype. Differentiation of naive
CD4" T cells towards a Th17 phenotype requires thegmigs of transforming growth factor
(TGF) and IL-6, while IL-23 is required for the mainteca of Th17 effector function.
Unique cytokines secreted by differentiated ThINEWH and Th2 (IL-4) cells inhibit
formation of Th17 cells.
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Figure 2.2. Wound-draining lymph nodes and the spkn contain Th17 cells 14 days
after burn injury. Cells were harvested from spleens, as well asmagand axillary
peripheral lymph nodes (PLN), 3 or 14 days follogvan20% total burn surface area, full-
thickness burn or sham injury. Bulk PLN cells wetienulated in vitro and intracellular
cytokine staining was performed and flow cytometsged to measure IL-17 and IBRN-
production by CD3CD4 cells. Representative examples of the flow cytoynkistograms
for each lymphoid organ are provided.
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Figure 2.3. Percentage of CD4T cells that produce IL-17 are significantly highe in
burn compared to sham.Cells were harvested from spleens, as well asnaggand axillary
peripheral lymph nodes (PLN), 3 or 14 days follogvan20% total burn surface area, full-
thickness burn or sham injury. Bulk PLN cells wetienulated in vitro and intracellular
cytokine staining was performed and flow cytometsed to measure IL-17 and IBRN-
production by CD3CD4' T cells. Data are expressed as mean +SEM; 0.p5; **p< 0.005
compared to matched sham controls by Students {tte4-6 mice/group).
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Figure 2.4. Frequency and absolute number of Thl7edls is significantly greater in the
wound-draining lymph nodes of burn mice at all timgoints examined.Splenocytes and
peripheral lymph node (PLN) cells were harveste8l ator 14 days following a 20% total
burn surface area, full-thickness burn- (black lsaigham- (white bar) injury. CD4T cells
were enriched by negative magnetic selection antukdted in vitro. Intracellular cytokine
staining was performed and flow cytometry useduartify IL-17° CD4" T cells. Data are
expressed as mean +SEM, £ p.05 compared to matched sham controls by Stusletgst
(n = 4-6 mice/group).
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Figure 2.5. CD4+ T cells that produce IL-17 also gress ROR«t. Cells were harvested
from inguinal and axillary PLN, 7 days or 14 dafteaa 20% TBSA, full-thickness burn
injury. CD4+ T cells were enriched by negative metgnselection and stimulated in vitro.
Intracellular cytokine and ROR-staining was performed, and flow cytometry wasdi®o

gate Th1l7 (IL-17+ CD4+) and Thl (IFN- CD4+) T cells. Representative RQRstaining

is shown in each gated population. Numbers reptesean RORy fluorescent units +
standard error of the mean, *p <= 0.05; compardd miatched isotype control by Student's t
test (n = 4-6 mice/group).
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Figure 2.6 Th17/Th1l ratio is dynamic following burninjury. Cells were harvested from
various peripheral lymph nodes at 3, 7 or 14 daljewing a 20% total burn surface area,
full-thickness burn or sham injury. Negative magmnselection was performed to enrich the
CD4' T cell population. CD4cells were stimulateth vitro before intracellular cytokine
staining was performed, and flow cytometry useduantify IL-17° CD4" T cells. For each
timepoint, the average sham Th17/Th1 ratio wasitsgt0. For each burn mouse, its
Th17/Th1 ratio was normalized to the correspondimgm ratio. A ratio above 1.0 represents
a skew in the pro-inflammatory response to a ThHighptype, while a ratio below 1.0
indicates that a Th1 phenotype is dominant. ¥{h0005 compared to matched sham
controls by Student’s t test (n = 4-6 mice/group).
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Figure 2.7. CD4 T cells from burn and sham mice have similar abities to polarize to
Th17 cells.Cells were harvested from various peripheral lympties at 3 or 14 days
following a 20% total burn surface area, full-thielss burn or sham injury. CDB cells
were enriched by negative magnetic selection aitdred with plate bound anti-CD3,
soluble anti-CD28, IL-6, and TGF{or 4 days. IL-17 and IFN-production by CD3CD4"
cells was analyzed using flow cytometric stainiRgpresentative examples of the
histograms for each timepoint are provided.
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Figure 2.8. Burn serum does not contain a solubl@agtor that increases that ability of

CD4" T cells to polarize to a Th17 phenotypeCells were harvested from various
peripheral lymph nodes at 14 days following a 20%ltburn surface area, full-thickness
burn or sham injury. Burn serum was also colleetet¥4 days following burn injury. CD4

T cells were enriched by negative magnetic selecti®ells were then cultured with plate
bound anti-CD3, soluble anti-CD28, IL-6, and TGk the presence or absence of burn
serum for 4 days. IL-17 and IFNproduction by CD3CD4" cells was analyzed using flow
cytometric staining. Isotype refers to staininghwgotype control antibodies. Data expressed
at mean £SEM (n=4-6 mice/group).
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CHAPTER 3

Flagellin treatment prevents increased susceptibtly to systemic bacterial infection
after injury by inhibiting IL-10 ¥ IL-12" neutrophil polarization

3.1 Summary

Severe trauma renders patients susceptible totiofecin sepsis, defective bacterial
clearance has been linked to specific deviatiorteerinnate immune response. We
hypothesized that the innate immune modulationemies during sepsis also contribute to
increased bacterial susceptibility after severerra A well-established murine model of
burn injury, which was used to replicate infectfollowing trauma, showed that wound
inoculation withPseudomonas aeruginogaickly spreads systemically. This correlated with
apoptosis of dendritic cells and memory CO8cells, as well as differential Toll-like
receptor expression on a variety of innate immueiks.cThe systemic IL-10/IL-12 axis was
also skewed after burn injury with infection asigaded by a significant elevation in serum
IL-10 and polarization of neutrophils into an aimtflammatory (N2; IL-10" IL-12")
phenotype. Infection with an attenuatedaeruginosatrain (\cyaB was cleared more
efficiently than the wildtype strain and was asata with an increased pro-inflammatory
neutrophil (N1; IL-10L-12") response in burn mice. This suggests that nehitrop
polarization influences bacterial clearance aftenbnjury. Administration of a TLR5
agonist, flagellin, after burn injury skewed theautrephil response towards a N1 phenotype

resulting in an increased clearance of wildtipaeruginosafter wound inoculation. These



findings, for the first time, detail specific al&ions in innate cell populations after
burn injury that contribute to increased suscelitiyttio bacterial infection. In addition, it
identifies neutrophil polarization as a therapetdiget for the reversal of bacterial

susceptibility after injury.

3.2 Introduction

Each year traumatic injury accounts for over 4Qdiamlemergency room visits and 2
million hospital admissions across the United $fa®evere trauma predisposes patients to
infection resulting in an overall infection rate3#%. Infectious complications, such as
sepsis and pneumonia, increase the length of ladigption and cost of treatmeht.
Furthermore, infection increases the mortality afteauma patients by 5-fold

In healthy individuals, the innate immune systefffigantly clears most invading
bacteria. Neutrophils, which are considered tre#-fesponders of the innate immune
system, have a wide variety of anti-microbial fuoes including phagocytosis, oxidative
burst, release of granule proteins, and generafioreutrophil extracellular traps (NET$)
Macrophages and dendritic cells are also phagg@amid antigen presentation and pro-
inflammatory cytokine secretion (such as tumor agisrfactor [TNFJe and interleukin [IL]-
12) by these cells shape the adaptive immune resh&hToll-like receptors (TLRs), which
recognize conserved microbial products, are vidabetection of invading pathogens, and
their signaling leads to the induction or suppr@s&f hundreds of inflammatory genes that
further influences the developing immune respdne Specific populations of adaptive
cells, for example memory CD§ cells, also have innate anti-bacterial functitheg
operate independently of T Cell Receptor engagere@ollectively, these innate immune

responses lead to clearance of the invading bacteri
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During sepsis, defective bacterial clearance haa beked to alterations in the innate
immune response. More specifically, apoptosis-iedutepletion of immune cells leads to
immunosuppression during sep8i¥. TLR expression and signaling is often alteredileg
to hypo- or hyper-responsiven&s$® In addition, macrophages and neutrophils tertzeto
polarized into an anti-inflammatory phenotype dudkR-signaling by danger-associated
molecular patterns (DAMPS) released from damagsiié® 2 These polarized
macrophages (M2) and neutrophils (N2) secrete aigbunts of IL-10, a potent anti-
inflammatory cytokine. IL-10 can limit tissue danedgy dampening the exaggerated
production of pro-inflammatory cytokines observenlidg sepsis and induce tissue hedffng
%5 However, excessive IL-10 has been shown to hénuisital for bacterial clearance by
attenuating protective pro-inflammatory cytokingsch as IL-12% We hypothesized that
these innate immune modulations observed duringisefso contribute to increased
bacterial susceptibility after severe trauma.

Burn injury is a very common form of trauma worldde with long lengths of
hospital stay and substantial patient mortality ttua high prevalence of infectith
Utilizing a well-established murine model of bunmjury to replicate infection following
trauma, we found that burn mice were highly susbgy to systemic wildtypeP.
aeruginosanfection after wound inoculation. A rigorous syuaf systemic innate cell types
revealed significant burn-mediated apoptosis ofidén cells and memory CDST cells, as
well as differential TLR expression on a varietyirofate immune cell populations. We also
found that the systemic IL-10/IL-12 axis was skewé@ér burn injury and infection
demonstrated by a substantial elevation in serwd0lL Furthermore, a significant number

of neutrophils, but not macrophages, were polarizlan IL-10 IL-12" N2 phenotype. To
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confirm if neutrophil polarization played a rolebacterial clearance after burn injury, mice
were then infected with an attenuafdaeruginosatrain \cyaB. We found that better
clearance ofcyaBcompared to the wildtype strain was associateld antincreased N1
response in burn mice. Also, we were able to skeneutrophil response towards a pro-
inflammatory N1 phenotype by the administratioradLR5 agonist, flagellin, immediately
after burn injury. This correlated with an incredslearance of wildtype. aeruginosafter
wound inoculation. These findings, for the firshdé, detail specific alterations in innate cell
populations after burn injury that contribute tormased susceptibility to bacterial infection.
Furthermore this work reveals neutrophil polarizatas a potential therapeutic target for the

reversal of bacterial susceptibility after injury.

3.3Methods and materials

Animals

Wildtype C57BL/6 (B6) mice were purchased from Tracd-arms (Hudson, NY).
All mice used in the study were maintained undexcg pathogen-free conditions in the
Animal Association of Laboratory Animal Care-acdted University of North Carolina
Department of Laboratory Animal Medicine Facilitiddl protocols were approved by the
University of North Carolina Institutional Animala@e and Use Committee and performed in

accordance with the National Institutes of Healtidglines.

Mouse burn injury
Eight to 12 week old (>18 grams), female B6 miceenesed for all experiments.
Animals were anesthetized by inhalation of vapatrim®flurane (Baxter Healthcare,

Deerfield, IL) and had their dorsal and flank hdipped. A subcutaneous injection of
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morphine (3mg/kg body weight; Baxter Healthcase3 gi@en prior to burn injury for pain
control, and an intraperitoneal injection of laethRinger’s solution (0.1mL/g body weight;
Hospira, Lake Forest, IL) was given immediatelyafiurn injury for fluid resuscitation. To
create a full-contact burn of approximately 20%kdiody surface area (TBSA), a 65-g rod
copper rod (1.9 cm in diameter), heated to 100°€ wgd. Four applications of the rod, each
for 10 seconds, to the animal’s dorsal/flank pradlthe wound. Previous studies analyzing
skin biopsies of the burn wound have demonstratldHickness cutaneous burn with

visible unburned muscle beneath when following gnscedure. Animals were returned to
individual cages, provided food and morphinatedena libitum and monitored twice a

day. Sham controls with 0% TBSA underwent all diésedt interventions except for the

actual burn injury. There was negligible mortaliyl %) after burn injury alone.

Bacterial strainsand preparation

Wildtype P. aeruginosastrain PAK and an attenuated isogenic mutantrstaaiking
the adenylate cyclase gergaB (AcyaB) were obtained from M. Wolfgang (University of
North Carolina, Chapel Hill, NGJ. Bacteria were grown from frozen stock at 37°C
overnight in Luria-Bertani (LB) broth then trangfed to fresh medium and grown for an
additional 2 hours until they reached mid-log grloywhase. Cultures were centrifuged at
12,000 x g for 30 seconds, and the pellet wash#dimL of 1 % protease peptone in
phosphate buffered saline (PBS +1%PP). Followisgand wash, the bacterial
concentration was determined by assessing optaaity at 600nm. After diluting the

bacteria to obtain the desired concentration,ribeulum was verified by plating serial 10-
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fold dilutions on LB agar plates containing 25ug/imjasan (Sigma-Aldrich, St. Louis,

MO), and colony forming units (CFUs) were enumetatter incubation at 37°C overnight.

Animal infections

Twenty-four hours following burn or sham injury,caiwere anesthetized by
intraperitoneal injection of Avertin (0.475mg/g lyodeight; Sigma-Aldrich). A
subcutaneous injection of bacteria was injectetiénmid-dorsal region. For burn mice, this
was in unburned skin surrounded by burn woundialréixperiments monitored survival
until 120 hours post infection (hpi). In subsequexperiments, mice were sacrificed at 48hpi
to enumerate bacterial load and analyze immunensgs. In select experiments, mice were
administrated flagellin two hours prior to infegtioUltrapure flagellin fronsalmonella
typhimurium(InvivoGen; San Diego, CA) was given intraperitalfygat a concentration of

0.125ng/100ul per mouse.

Determination of P. aeruginosaOrgan Burden

At time of sacrifice, a 5mm skin biopsy of the iaitinjection site, the left lobe of the
liver, and the lungs were aseptically removed dadgul in 0.5mL of LB broth. The tissues
were homogenized using 3.2mm stainless steel lzeata BulletBlender (Next Advance;
Averill Park, NY). Serial dilutions of tissue hogenates were plated on LB agar containing
irgasan P. aeruginosaelective media), and CFUs were enumerated afsgnight

incubation at 37°C.
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CD11b" Cell Enrichment

Cell suspensions were prepared from spleens of. 16id& 15 cells were positively
selected using the BD Imag Mouse CD11b Magnetitidkas according to manufacturer’s
instructions (BD Biosciences). This method rougirgrovided a highly enriched population

of CD11b cells.

In vitro stimulation

Following the CD11b enrichment, both CDIHnd CD11bcells were resuspended
in RMPI containing 10% fetal bovine serum to ackié@cells/mL. Cells were plated in a
48 well plate and cultured for 6 hours with 0.1ul/of lipopolysaccharide (LPS; Sigma-
Aldrich) at 37°C at 5% C® During the last 4 hours of the stimulation, ¥l of

brefeldin-A solution (eBioscience; San Diego, CAgsmadded to block protein secretion.

Flow cytometric analysis

Splenocytes were incubated with anti-mouse CD1@&?Biosciences; San Jose,
CA) at a concentration of 1ug per million cells $omin at 4°C to block Fc receptors. The
panel of mAbs used for flow cytometric analysesenamti-Grl (RD-8C5), anti-CD11b
(M1/70), anti-Ly6C (AL21) , anti-Ly6G (1A8), anti{@l1c (N418) , anti-F4/80 (BM8), anti-
CD3 (145-2C11), anti-CD4 (RM4-5), anti-CD8 (53-6.a\ti-CD44 (IM7), anti-NK1.1
(PK136), anti-TLR2 (6C2), anti-TLR4 (MTS510), afi-R5 (85B152.5), anti-IL-10 (JES5-
E16E3), and anti-IL-12 (p40/p70), which were pussthfrom BD Biosciences,
eBiosciences, and BioLegend (San Diego, CA). leltalar staining was performed using

BD Cytofix/Cytoperm Kit (BD Bioscience). Apoptosigas evaluated by LIVE/DEAD
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(Fixable Dead Cell Kit; Invitrogen, Grand IslandyNand CaspACE™ FITC-VAD-FMK
staining (Promega; Madison, WI). Data were colléar a Dako CyAN and analyzed using

Summit software (Dako; Carpinteria, CA).

Serum Cytokine assays

Submandibular bleeds were performed on mice poiorgan harvest. Serum was
collected using MicroTubes with gel and followin@nufacturer’s protocol (IRIS
International, Westwood, MA). Serum IL-10 and IL{&®els were determined using the BD

Cytometric Bead Array (Becton Dickinson, San DieGé,).

Statistical analysis

Data were analyzed using Student’s t test for difiees in CFU recovery, cell
staining, and cytokine assays; log-rank analysis wged to test differences in mouse
survival. GraphPad Prism version 5 was used foattadyses. Statistical significance was

defined ag< 0.05 unless indicated otherwise.

3.4 Results

Burn mice, but not sham mice, developed a systeniitfection following wound
inoculation with wildtype P. aeruginosa

Initial studies assessed survival of burn and simare following wound infection
with wildtype P. aeruginosatrain PAK. At 24 hours following burn or sham gedure,
mice were anesthetized and given a subcutaneaion of bacteria (2x£p2x1d, or
2x10° CFUs/mouse) at the mid-dorsum. There was 100%\vstiof sham mice, even with

the highest dose of 2x1CFUs (Figure 3.1A). Burn mice, however, exhibitedrtality that
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was dose dependent (Figure 3.1A). Mortality oéatéd burn mice was seen as early as 1
day after inoculation. To evaluate bacterial @deae in burn and sham mice, animals were
inoculated 2x1HCFUs of wildtypeP. aeruginosand various tissues were harvested 48
hours post-infection before significant mortalitgcarred. As shown in Figure 3.1B, sham
mice had no bacteria recovered from skin biopsi¢seinjection site, while all burn mice
had bacteria detected in their skin samples. Eurbre, the amount of bacteria recovered
from the skin of burn mice was 1-4 logs higher tHaninitial inoculum. This suggests
bacterial recovery was not solely due to a lac&l@&rance, but that bacteria actively
replicated in the skin. Distal organs were alsdyaal to examine bacterial dissemination.
The liver and lungs of sham mice had no detectiaddteria, whereas the organs of burn
mice had a high bacterial load (Figures 3.1C-FesEhdata show that burn mice develop a

systemic infection by 48 hours following wound intation with wildtypeP. aeruginosa

Splenic dendritic cells and memory CD8T cells preferentially underwent apoptosis
after burn and infection

Since innate immune cells, such as neutrophilsyopaages, and dendritic cells, are
essential for control and clearancePofaeruginos, we hypothesized that these specific
cell populations would be diminished in the splédlowing burn and infection. In order to
perform a systemic and detailed quantificationarfious immune cell populations after burn
injury and infection, we devised a flow cytomettaining panel and gating scheme (Table
3.1). The absolute number of splenic neutrophitsmacrophages, as well as a Ly6G
CD11b myeloid population, were similar in all treatmenoups (data not shown). However,
infected burn mice had a significant reductionha &bsolute number and frequency of

splenic dendritic cells compared to uninfected bamd infected sham mice (Figure 3.2A and
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3.2B). Memory CD8T cells were also reduced in number and frequésliywing the
combination of burn injury and infection (Figur@@.and 3.2D).

To determine if the reduced number of splenic diéndrells and memory CD8T
cells in infected burn mice was due to increasdiddeath by apoptosis, a hallmark of burn
injury and sepsis’ 33 cell viability and caspase activation were evida All dead cells
were positive for caspase activation suggesting liael undergone apoptosis rather than
necrosis (Representative histogram, Figure 3.3A)nfdcted burn mice had a higher
percentage of apoptotic dendritic cells than urttege shams. Infection following burn
injury led to a significant increase in apoptosiattwas not observed in the infected sham
mice (Figure 3.3B). A similar response was obs@fee splenic memory CDST cells
(Figure 3.3C). Burn injury and/or infection didtnocrease the frequency of apoptosis for
all other immune cells analyzed (data not showiifjese data suggest that burn injury alone
causes a significant increase in apoptosis of gpteEndritic cells and memory CD§ cells
and that bacterial infection after burn causesvam greater increase in the apoptosis of

these cells.

Innate cell populations had altered TLR expressionvith the combination of burn
injury and infection

We and others have shown that Toll-like recept&RITmMRNA®* **and proteir?
levels change after burn with an increase observ@D11b cells at 3 days following
thermal injury. Since TLR2, TLR4, and TLR5 are itwex in control ofP. aeruginosa
infectionby recognizing outer membrane lipoproteins, LP$, fiagellin, respectiveRf>°
we hypothesized that decreased bacterial cleadtereburn injury was due to reduced

expression of these TLRs on innate immune cell;igJéow cytometric analysis, there was
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no detectable change in the relative expressidtheoTLR2, TLR4, or TLR5 after burn
injury alone. Likewise, all treatment groups haditr TLR expression on their splenic
dendritic cells and memory CD§ cells with or without infection (data not showr)pon
bacterial infection, splenic neutrophils and Ly6GD 116 myeloid cells from burn mice had
significantly reduced TLR2, TLR4 and TLR5 expresstompared to uninfected burn and
infected sham mice (Figure 3.4A and 3.4B). In castirsplenic macrophages from infected
burn mice had increased TLR2 and TLR4 but unchaig#tb expression compared to
uninfected burn and infected sham mice (Figure B.4khese data demonstrate that the
innate cell populations that survive the burn-irethapoptosis have specific alterations in

TLR expression.

Infection following burn injury resulted in a systemic increase in IL-10

Macrophages and neutrophils can be polarized irdo(M1/N1) and anti-
inflammatory states (M2/N23%%. Formation of anti-inflammatory IL-10L-12" M2 and N2
cells has been shown to occur after TLR stimulagpamticularly in the context of injury
where there is release of tissue DANfPMany studies have shown that IL-10 is deleterious
whereas IL-12 is beneficial for clearancePofaeruginos® 22 Therefore, we hypothesized
that infected burn mice would have a skewing inlth&0/IL-12 axis towards an IL-10
response. Three days following burn or sham treatpthere was no detectable IL-10 in the
serum (data not shown). Infection of burn miceultesl in a substantial elevation of serum
IL-10 while infection of sham mice did not induae l&-10 response (Figure 3.5A). Burn
and sham mice also had no detectable IL-12 at dhage post treatment (data not shown).

However, infection caused an increase in serum2ifet both groups of mice (Figure 3.5B).
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In summary, infection following burn injury led gopredominant systemic IL-10 response,

while infection after sham treatment induced arl B response.

Infected burn mice had an increased polarization oheutrophils, but not macrophages,
into an IL-10" IL-12" phenotype

Infected burn mice had a systemic anti-inflammatesponse following infection,
which was marked by elevated serum IL-10 levelsrdfore, we hypothesized that the innate
cells were polarized towards an anti-inflammatdngmotype (IL-10 1L-12") following burn
and infection. Splenocytes were harvested at 48hwost infection and underwent
intracellular staining for cytokine analysis withidurther stimulatiorin vitro. 1L-10
producing Gr1 CD11b cells were readily detected in the spleen of tifiected burn mice
(representative histogram, Figure 3.7A). Due te¢h@ata along with previous reports about
IL-10 production by innate cells following burn imj*® **, we focused our subsequent
studies on these cell types. Splenocytes were i@t 48 following infection then
underwent CD11b enrichment by magnetic selectioB11l’ (macrophages, neutrophils,
inflammatory myeloid cells, and dendritic cells)iseas well as cells from the CD11b
portion (memory CD8T cells and other immune cells), were culturethimpresence of LPS
and brefeldin-A to measure intracellular accumaolatf IL-10 and IL-12. Cell surface and
intracellular staining indicated that neutrophilerethe major immune cell type producing
IL-10 in the spleen. Furthermore, infected burneriad a significantly higher percentage of
splenic neutrophils producing IL-10 than infectéas mice (Figure 3.6B). As for IL-12
production, infected burn mice had a significatbhyer percentage of splenic neutrophils,

dendritic cells, and macrophages producing thislgge than infected sham mice (Figure

3.6C-E). These data, along with the serum cytok#sponse, suggest that following burn
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injury, the immune system mounts an inapproprigstesnic IL-10 response with neutrophils

exhibiting a N2 phenotype upon bacterial infection.

Increased resistance of burn mice to systemic infeen with an attenuated strain ofP.
aeruginosa correlated with reduced N2 polarization of neutroghils

P. aeruginosatrain PAK, lacking the adenylate cyclase encodieigecyaB,
(AcyaB) has been previously reported to be attenuatad adult mouse model of acute
pneumonia, despite wildtype growithvitro*2. We predicted that burn mice could control
infection with theAcyaBstrain better than wildtype PAK. Also, we hypatized that
differences in the innate immune responsadgaBand wildtypeP. aeruginosanfection
would reveal mechanisms that contribute to enhabeeterial clearance and thus identify
potential targets for immune modulation. Twentysfbours following burn or sham
treatment, mice were given a subcutaneous inje¢8roh0d* CFUs/mouse) of wildtypP.
aeruginosa PAK) or the isogenic attenuated mutatityaB). At 48 hours following
infection, skin biopsies at the injection site whegvested to measure localized bacterial
clearance. Distal organs were also harvestedsesadacterial dissemination from the
injection site. Regardless Bf aeruginosastrain, infected sham mice had no bacteria
recovered from their skin, liver, and lung samgeta not shown). Infection with wildtype
PAK or AcyaBfollowing burn injury resulted in a similar badedrioad at the injection site
(data not shown). In contrast, burn mice infectéth wcyaBhad significantly less bacterial
recovery in the distal organs than burn mice irgéatith wiltype PAK (Figure 3.7A and
3.7B). These data indicate that burn mice are mesistant to developing systemic infection
with an attenuated strain Bf aeruginosdahan with wildtype. Therefore, burn mice retain

some antibacterial activity which allows for impealcontrol of the attenuated strain.
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Infection of burn mice, regardless of bacteriahisty caused an elevation of serum IL-10
compared to sham mice (Figure 3.7C). In contragction with theAcyaBmutant
following burn injury resulted in a significant irease in serum IL-12 levels relative to
wildtype PAK (Figure 3.7D). In both treatment gpsuthe main source of IL-10 in the
spleen was neutrophils. Also, the percentage lehgpneutrophils producing IL-10 was
similar in burn mice infected withcyaBand those infected with wiltype PAK (Figure 3.7E).
As for IL-12 productionAcyaBinfection resulted in a higher percentage of 1L-12
neutrophils within the spleen (Figure 3.7F). Henfsction withAcyaBfollowing burn
injury results in a higher percentage of IL=X2lls within the spleen and an increase in
serum IL-12. We also analyzed other aspects oihthete immune response, but found no
significant difference between the two infectioB8pecifically, infection with th&cyaB
caused a similar reduction in the number of spldeiudritic cells and memory CD§ cells
in burn mice (data not shown). Also, TLR2, TLR#&d TLRS5 expression on the various
immune cells was comparable between wildtype PAK/scyaBinfected burn mice (data
not shown). These data suggest that the reducedsitslity to AcyaBin the burn mice is

due to a skewing of the IL-10/IL-12 balance to atective IL-12 response.

Treatment of mice with flagellin after burn injury enhanced clearance of wildtypé.
aeruginosa

Flagellin, the ligand of TLR5, has been shown wréase IL-12 productigft *3
Therefore, we hypothesized that flagellin admiaistn prior to infection could improve
clearance of wildtyp®. aeruginosan burn mice by increasing the protective 1L-12
response. Burn mice received an intraperitoneattign of flagellin (.125ng/mouse) two

hours prior to subcutaneous infection with wiltyp&K. Forty-eight hours following
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infection with or without pretreatment with flagell various organs were harvested to
determine bacterial load. Pretreatment with flagelld not affect bacterial recovery from
skin biopsies at the injection site (data not showtlowever, there were significantly less
bacteria recovered from the liver and lungs of buice pretreated with flagellin compared

to untreated controls (Figure 3.8A and 3.8B). Téatuced bacterial load in the periphery
correlated with an increased percentage of IL-b2lpcing neutrophils whereas IL-10
production by neutrophils was unchanged (Figur€&8d 3.8D). These data suggest that a
single treatment with flagellin after injury is §iafent to reduce the systemic infection of

wildtype P. aeruginosdy skewing more neutrophils towards a pro-inflartonaphenotype.

3.5 Discussion

Severe trauma results in a period of immune impamirthat predisposes patients to
infectious complications, such as sepsis. Howdherspecific mechanisms that contribute
to diminished bacterial clearance are not cleagfyned. In this study, we utilized a murine
model of severe burn injury and challenged micé aitlinically relevant pathogen to reveal
specific trauma-induced deviations in the innatenime response that contribute to
increased susceptibility to infection. Within 48une of wound inoculation with a wildtype
strain ofP. aeruginosgdPAK), the bacteria replicate to a high titer apdesd to distal organs
resulting in bacterial sepsis. In this model, bujory and subsequent bacterial infection
induces rapid apoptosis of splenic dendritic catid memory CDBT cells. Neutrophils and
Ly6G" CD11b myeloid cells, which escape apoptosis, have deetk@LR expression. In
addition, neutrophils are profoundly polarized iatoanti-inflammatory (N2; IL-10L-12")

phenotype.
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Furthermore, we hypothesized that some antimict@fiector functions are retained
after severe burn injury and that amplifying thessponses therapeutically can enhance
bacterial clearance even if in face of overt immaunppression. To identify these potential
targets, mice were infected with an attenuated muteP. aeruginosastrain PAK (AcyaB).
We found that burn mice have greater contrahofaBinfection than wildtype PAK
infection, which is exhibited by reduced bacteredovery systemically. By comparing
various aspects of the innate immune responsppéas that increased neutrophil
polarization towards a pro-inflammatory phenotyjé;(IL-12" IL-10") contributes to
improved clearance dfcyaBin the periphery. We next investigated the effestess of
flagellin, a natural TLRS5 ligand that can inducel® production, as a therapeutic agent in
our modef* *3 We found that treatment with flagellin after bumjury enhances clearance
of wildtype P. aeruginosan the periphery and increases the percentage b2 Iproducing
neutrophils in the spleen. Nevertheless, IL-1@poion by splenic neutrophil remained
elevated compared to sham controls. These datesuthgt although infection following
burn injury polarizes neutrophils towards an anfiammatory phenotype, flagellin
administration can tilt this back towards a prdanimatory response that is beneficial for

bacterial clearance.

Previous studies have attempted to delineate aellaéchanisms underlying the
increased susceptibility to infection after injuiithis study utilized a very precise panel of
antibodies for the flow cytometric identificatiof gpecific innate cell populations so that
their role in infection after burn injury could better assessed. Using cell surface markers
CD11b, CD11c, F4/80, Grl, Ly6C, and Ly6G, we caadly define neutrophils,

macrophages, a Ly6GCD116 myeloid population, and dendritic cells (Table)3.A
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distinct GrI CD11b sub-population was found to exist that we defiaganemory CD8T
cells (Table 3.1). Using such an in depth staiagel and gating scheme allowed for
guantification of various immune innate cell popigias after injury that has not been

reported to date.

It is apparent that the immune system is very sigagio stress as seen by large-scale
apoptosis of immune cells after sepsis, infectaorg trauma. Depletion of splenic dendritic
cells is characteristic of sepsis and many typdsaoferial infections’ ***> Here we reveal
that splenic dendritic cells are susceptible tgpapsis after burn injury alone, and
subsequent bacterial infection magnifies apoptofisisese cells. A similar response was seen
for the memory CD8+ T cells after burn injury wehd without infection. While
glucocorticoid-mediated apoptosis of activated lTsa@curs within the first two days after
injury®?34 we demonstrate for the first time that, coupléthwacterial infection, there is
also significant loss of the memory CD8+ T cell gawriment early after injury. Collectively,
these data suggest that burn injury “primes” ddiedeells and memory CD8+ T cells to be
more susceptible to apoptosis upon bacterial aingdle Further studies are required to define
the role of dendritic cells and innate memory COB8gells in controlling bacterial infection

after injury.

Macrophages, neutrophils, and LyBGD116" myeloid cells survive the apoptotic
event observed after burn injury and acute infectio various models of trauma, a Gr-1
CD11b cell population, also defined as an immature inflaatory monocyte, has been
shown to arise. Some controversy exists as to weh¢lese Gr-1CD11b cells are
analogous to the Myeloid-derived Suppressor CBMIBSC) that mediate T cell suppression

in the tumor microenvironmefit Our laboratory has recently described that boduced
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Grl" CD11b cells indeed suppress T cell proliferafiband polarize T cells towards a Th2-
anti-inflammatory respon&&suggesting they mimic aspects of MDSC functiorD9Cs
employ various mechanisms, such as arginase, laiidnitric oxide production, to inhibit T
cell proliferation and activatidfi®X. This study did not reveal IL-10 secretion by Ly6G
CD11b myeloid cells after burn injury and/or an acutetbgal infection, but we predict that
these cells become a predominant population attiatepoints after burn injufy due to
continuous myelopoeisis. Further work is requiedetermine if and how these cells impact

both the innate and adaptive arms of the immunesytater after burn injury.

As for the remaining innate cells populations, weearved neutrophil, but not
macrophage, polarization in our model system. Pmaon of adaptive immune cells, such
as naive CD4T cells into a Th1 or Th2 phenotype, is well ebsiled”. However, the
polarization and plasticity of innate immune celpplations has only been recently
recognized. Most of the information within the @edriginates from tumor research and
focuses on macrophage polarizatfonAlthough the details are still unclear, therkitere
suggests that the local microenvironment in whicelais activated determines the cell’'s
subsequent phenotype and that changing this miemo@ment can skew polarization of the
cell population. For example, a macrophage cagpoberized towards a pro-inflammatory
phenotype (M1) marked by production of IL-12, adlae other pro-inflammatory
mediators, when activated in the presences offermr+>*. However, if a macrophage is
then exposed to IL-10, glucocorticoids, or immunenplexes in the presence of the TLR
ligands, it can exhibit an anti-inflammatory pheypet (M2, I1L-10 1L-127) °>°% In our
model system, we find that neutrophils, not maceg@s, are the main innate immune cell

population that is polarized. It appears thatatiée following burn injury skews neutrophils

66



towards an anti-inflammatory phenotype. Yet whecenare administered flagellin, they
exhibit a mixed N1/N2 phenotype that correlatedeihthanced bacterial clearance in the
periphery. In the context of sepsis, a predomihhtesponse is detrimental since the robust
pro-inflammatory cytokine production by the macragls can exacerbate tissue darffage
Also, an overt M2 response is believed to deleterioy significantly impairing bacterial
clearanc®. Thus, a mixed M1/M2 response appears to be iflgirig sepsis. Our data
support the idea that a mixed N1/N2 response estageficial after sepsis; however, future

research is needed to delineate this correlationare detail.

Since infectious complications are a main causeartality after traumatic injury, it
is essential to identify biomarkers of infectiordadrug targets to improve control of
invading pathogens. Numerous studies have linkgkl tirculating levels of IL-10 with poor
outcome following burn injury, sepsis, and a wigeiety of bacterial infectiod8 In our
model system, serum IL-10 is elevated in infectechbmice, regardless of strain, but not in
uninfected controls. Collectively, this suppotts tise of IL-10 as a useful biomarker of

bacterial infection.

Taken together these data detail specific chaimgesate cell populations following
burn injury that contribute to increased suscelitiyttio bacterial infection and reveal
neutrophil polarization as a therapeutic targetiierreversal of bacterial susceptibility after
injury. Future experiments should examine otheeetspof neutrophil function, such as
phagocytosis and NET formation, after burn injung anfection and determine if flagellin
administration impacts these antimicrobial actestiFurthermore, the timing of treatment
should be investigated to determine if flagellimawistration could improve clearance of an

established bacterial infection, which would beextely valuable in the clinical setting.
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Figure 3.1. Burn mice, but not sham mice, exhibit dse-dependent mortality and
develop a systemic infection following &. aeruginosa wound inoculation. Wildtype P.
aeruginosastrain PAK was administered subcutaneously at@4dafter burn or sham
treatment. A) Various doses of bacteria (Zx2x1(, or 2x1G CFUs) were given, and
survival was monitored for 120 hours post infectfbpi). B-F) Using a dose of 2x1GFUs,
bacterial load at the injection site and distalbmigywas assessed at 48hpi in sham (open
circles) and burn (closed circles) mice. (n = 4e® group) *, g£ 0.05. **, p< 0.005. These
experiments were repeated three times with siméisults.
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Cell Type H Ly6C | Ly6G W CD11c | F4/80 ﬂﬂ NK1.1
Macrophages s + - + - + - - - = =

Ly6G* CD11b* [s e + + - 4L - - - = =
Myeloid Cells

Cells
Memory CD8* (s o - - - - e + - L -

Table 3.1. Five distinct immune cell populations we identified in spleen.Antibody
panels were devises to define these cell popukation
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Figure 3.2. Infection following burn injury results in a reduced frequency of splenic
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from sham (open bars) and burn (solid bars) mi¢ke (RAK) and without (-P. aeruginosa
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Figure 3.4.TLR expression is decreased on splenic neutrophils and Ly6G" CD11b"
myeloid cells, but not macrophages, after burn injury with infection. Splenocytes were
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Figure 3.6. Infected burn mice have a higher perceage of IL-10" neutrophils and a

lower percentage of IL-12 neutrophils, dendritic cells, and macrophages thaimfected
sham mice.A) Splenocytes were harvested at 48 hours posttioih and underwent
intracellular staining for cytokine analysis witlidurther stimulatiorin vitro. Shown is a
representative histogram from an infected burn rapwhich indicates that IL-10 is being
produced by Gr1CD11b cells within the spleen. B-E) Splenocytes werevbsied at 48
following infection and underwent CD11b enrichmbgitmagnetic selection. CD11bells
were cultured in the presence of LPS and brefeAdihen were subjected to cell surface and
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SEM. (n =6, 7) **, g£ 0.005. *** p< 0.0005. **** p< 0.0001. These experiments were
repeated three times with similar results.
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CHAPTER 4

Burn-induced “innate-priming” enhances clearance ofbacterial challenge late after
injury

4.1 Summary

Severely burned patients have a high incidenceslafyed pulmonary bacterial
infection. Using a well-established murine modeth@rmal injury, we investigated
clearance of a clinically relevant pathogBnaeruginosalate after burn in an attempt to
uncover immune deviations that increase susceipfibil this patient population. Contrary to
our hypothesis, we found that late after burn ymice have enhanced clearance of
pulmonaryP. aeruginosahallenge compared to non-burn controls. This apggkto be due
to a burn-induced accumulation of neutrophils wattiie lungs. Mice are also more resistant
to an intraperitoneal challenge®f aeruginosdate after burn. To better mimic the clinical
setting wherein patients are repeatedly exposeddteria through invasive devises such as
central lines, catheters, and ventilators, miceaviieen given two sequential bacterial
infections. The exposure to a second bacteriatiidie appeared to have no impactfn
aeruginoseaclearance in burn mice. Collectively, these datansthat late after burn injury
there is pulmonary inflammation, marked by neutibatcumulation. This appears to prime
burn mice for better control of subsequent badtérfactions; however, this prolonged
inflammation may be responsible for other compiaad such as local tissue damage and

decreased pulmonary function.



4.2 Introduction

Severe thermal injury is one of the most devagsygtimysical and psychological
injuries a person can suffer. In the United Staaeproximately 2 million burn injuries occur
every year. Of these, over 450,000 individuals require mddieatment and more than
3,500 patients die annualyBurn injury induces a state of immunosuppresiaming
patients vulnerable to fatal infectidn$ Advancements in burn care, such as early eschar
excision, rapid wound closure, and aggressive mtittitherapies, have significantly reduced
the incidence of local wound infectibnHowever, the incidence at remote organ sites lik

the lungs has remained uncharigéd

Pseudomonas aerugingsagram negative extracellular bacterium, is dr@enbost
commonly encountered infectious agents observédiin centers across the United States
® Most research oR. aeruginosanfection after burn injury has focused on earlyuwd
infection, rather than delayed bacterial pneumomiae to the emergence of antibiotic-
resistant bacterial straif)st is important to understand the immune respaeoseilmonary
infection after burn injury in order to improve atenent. Furthermore, the immune response
following burn injury is dynamic and changes overef ° so understanding the immune

response to infection late (days to weeks) aften imialso crucial.

In this study, we investigated clearancd’oferuginosdate after burn using a
murine model of thermal injury. Although we hypatieed that burn mice would have an
increased susceptibility to infection comparedhars controls, they exhibited enhanced
bacterial clearance which correlated with a budited accumulation of neutrophils within
the lungs. Mice were also more resistant to amparitoneal challenge &. aeruginosdate

after burn. However, the mechanism of enhancetkbatclearance in the periphery is
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under investigation. To better mimic the clinisatting wherein patients are repeatedly
exposed to bacteria through invasive devises ssicertral lines, catheters, and ventilators,
mice were then given two sequential bacterial indes. The exposure to a second bacterial
infection appeared to have no impactRoraeruginosalearance in burn mice, whereas sham
mice displayed greater clearance after the secaaotthial challenge. Collectively, these data
show that late after burn injury there is pulmoniaffammation, marked by neutrophil
accumulation. This appears to prime burn mice &itdo control of bacterial infections;
however, this prolonged inflammation may be respmeador other complications such as

local tissue damage and decreased pulmonary fumctio

4.3 Methods and materials

Animals

Wildtype C57BL/6 (B6) mice were purchased from Ti@cd-arms (Hudson, NY).
All mice used in the study were maintained undecgjr pathogen-free conditions in the
Animal Association of Laboratory Animal Care-acdted University of North Carolina
Department of Laboratory Animal Medicine Facilitiddl protocols were approved by the
University of North Carolina Institutional Animala@e and Use Committee and performed in

accordance with the National Institutes of Healtidglines.

Mouse burn injury
Eight to 12 week old (>18 grams), female B6 miceenesed for all experiments.

Animals were anesthetized by inhalation of vapatim®flurane (Baxter Healthcare,
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Deerfield, IL) and had their dorsal and flank hdipped. A subcutaneous injection of
morphine (3mg/kg body weight; Baxter Healthcare¥\gaven prior to burn injury for pain
control, and an intraperitoneal injection of laethRinger’s solution (0.1mL/g body weight;
Hospira, Lake Forest, IL) was given immediatelyafiurn injury for fluid resuscitation. To
create a full-contact burn of approximately 20%lkdiody surface area (TBSA), a 65-g
copper rod (1.9 cm in diameter), heated to 100°€ wgd. Four applications of the rod, each
for 10 seconds, to the animal’s dorsal/flank pradlthe wound. Previous studies analyzing
skin biopsies of the burn wound have demonstratldHickness cutaneous burn with
visible unburned muscle beneath when following gnscedure. Animals were returned to
individual cages, provided food and morphinatedewé®.4mg/mL; Roxane Laboratories,
Columbus, OHRd libitum and monitored twice a day. Sham controls withTB&A
underwent all described interventions except fergbtual burn injury. There was negligible

mortality (<1%) after burn injury alone.

Bacterial strainsand preparation

Wildtype P. aeruginosastrain PAK and an isogenic strain containing arpldshat
constitutively expresses green fluorescent prdfeAK-GFP) were obtained from M.
Wolfgang (University of North Carolina, Chapel HINC). Bacteria were grown from frozen
stock at 37°C overnight in Luria-Bertani (LB) brdtren transferred to fresh medium and
grown for an additional 2 hours until they reach&d-log growth phase. Cultures were
centrifuged at 12,000 x g for 30 seconds, and #tletpivashed with 1mL of 1 % protease
peptone in phosphate buffered saline (PBS (+1%PB)pwing a second wash, the bacterial

concentration was determined by assessing optaaity at 600nm. After diluting the
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bacteria to obtain the desired concentration,ribeulum was verified by plating serial 10-
fold dilutions on LB agar plates. Wildtype PAK wagiown on LB plates containing
25ug/mL of irgasan (Sigma-Aldrich, St. Louis, MOhiwe PAK-GFP was grown on LB
plates containing irgasan and 150ug/mL of carbBini¢American Bioanalytical, Natick,

MA)). Colony forming units (CFUs) were enumeratégiaovernight incubation at 37°C.

Animal infections

For intratracheal (IT) infections, mice were anesited by intraperitoneal injection
of Avertin® (0.475mg/g body weight; Sigma-Aldrictand 16 CFUs/50uL of wildtype PAK
was administered using a MicroSprayer® Aerosokzdtodel IA-1C (Penn-Century,
Wyndmoor, PA) at 14 days post burn or sham proee@iiad). For intraperitoneal (IP)
infections, mice were given an intraperitoneal étifgn of 16 CFUs/1mL of wildtype PAK
at 14d. In experiments containing sequential indest, mice were given an IT infection with

wildtype PAK at 14d then given an IP infection &SRR GFP three days later (17d).

Determination of P. aeruginosaOrgan Burden

Twenty-four hours following infection the spleehetleft lobe of the liver, and the
lungs were aseptically removed. Spleen and ligerm@es were placed directly into 1.5mL
safe lock tubes, while the lungs were finely mingegetri dishes using sterile razor blades.
Each lung sample was divided in half where oneipomvas placed in a pre-weighed 1.5mL
safe lock tube and reweighed while the rest wad taecollagenase digestion. Weights were
used to calculate the proportion of lung in eachda. Tissues were homogenized in 0.5mL

of LB broth using 3.2mm stainless steel beads aadllatBlender (Next Advance, Averill
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Park, NY). Serial dilutions of tissue homogenatese plated on LB agar containing irgasan
(P. aeruginosaselective media) without or with carbenicillin i@setive media for PAK-GFP

strain). CFUs were enumerated after incubationroght at 37°C.

Collagenase digestion of lungs

For each lung sample, the remaining portion oftiveced tissue was placed in a pre-
weighed tube containing 5mL of PBS with 10% fetaVine serum (PBS+10%FBS). Tubes
were reweighed to determine the proportion of luimgach sample, and then 300U/mL of
Clostridium histolyticuntype Icollagenase (Worthington Biochemical, Lakewood, &)
50U/mL of DNAse | (Worthington Biochemical) weredsdl. The samples were incubated
on a roller drum (New Brunswick Scientific, EnfieldT) for 1 hour at 37°C. Digested lungs
were filtered through 100uM nylon mesh straineglgbed, and resuspended in Ack lysis
buffer to remove red blood cells. Following a wastp, cell concentration was determined

using a hemocytometer.

Flow cytometric analysis

Collagenase-digested lung samples were incubatidanti-mouse CD16/32 (BD
Biosciences, San Jose, CA) at a concentration @p&u million cells for 5 min at 4°C to
block Fc receptors. The panel of mAbs used for fbgtometric analyses were anti-Grl (RD-
8C5), anti-SiglecF (E50-2440), anti-CD11b (M1/7é)ti-MHCII (M5/114.15.2), and anti-
F4/80 (BM8) which were purchased from BD Bioscien@Biosciences, and BioLegend
(San Diego, CA). Data were collected on a Dako Cygiid analyzed using Summit software

(Dako, Carpinteria, CA).
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Neutrophil oxidative burst assay

Following cell surface staining, 35uM of dihydrod@mine (DHR; Invitrogen, Grand
Island, NY) was added to lung samples. Each samaethen divided into two equal
portions where one half was unstimulated and therattimulated with 98nM of phorbol-12-
myristate-13 acetate (PMA). After 30 minutes, celése fixed with a 4% paraformaldehyde
solution. DHR oxidation to rhodamine was detectg@ flow cytometer and reported as
mean fluorescence intensity (MFI). The neutropRitlative index (NOI) was then calculated

as the ratio of stimulated MFI versus unstimuldtel.

Statistical analysis

Data were analyzed using Student’s t test for giffees in CFU recovery and cell
staining; log-rank analysis was used to test déffiees in mouse survival. GraphPad Prism
version 5 was used for the analyses (La Jolla, Gagtistical significance was defined@as

0.05 unless indicated otherwise.

4.4 Results
Enhanced clearance of pulmonanp. aeruginosa challenge late after thermal injury

We hypothesized that late after burn injury theran increased susceptibility to
pulmonary bacterial infection. To test this, micere/given an intratracheal (IT) injection
with 10° CFUs of wildtypeP. aeruginosat fourteen days after burn or sham treatment.

Following pulmonary challenge, burn and sham mize & 100% survival (Figure 4.1A).
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Therefore, we assessed bacterial load at 24 haogtsngection to determine if there was a
difference inP. aeruginosalearance. Contrary to our hypothesis, burn rmax
significantly less bacteria recovered from theirdisamples than sham mice (Figure 4.1B).
In addition, bacterial dissemination to distal argiasuch as the spleen and liver, was
observed less frequently in burn mice than shane ifiture 4.1C and data not shown).
These data suggest that burn mice have betterot@figpulmonaryP. aeruginosanfection

later after burn injury than sham controls.

Increased frequency of pulmonary neutrophils late &ier burn

Neutrophils play an essential role in the clearasfde aeruginosaluring acute
pulmonary infection, as demonstrated by the extreaseeptibility of neutropenic mice to
this pathogetf. Therefore, we evaluated neutrophil responseeviiig burn injury and/or
pulmonary challenge. Flow cytometric analysis wsadito quantify neutrophils within
collagenase-digested lung samples (representaiugggscheme, Figure 4.2). Fourteen days
after burn, there was a 4-fold increase in thegraege and absolute number of neutrophils
within the lungs compared to sham controls (FiguBA and 4.3B). Infection of sham mice
resulted in a significant increase in neutrophigration into the lungs resulting in a similar
frequency observed with burn injury alone (Figur@Mdand 4.3B). This suggests that late
after burn injury there is an accumulation of nephils within the lungs which leads to

enhanced clearance IBf aeruginosanfection upon pulmonary challenge.

Neutrophil oxidative burst was not affected late aer burn injury
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Next we evaluated neutrophil antimicrobial activity measuring their oxidative
burst potential using a dihydrorhodamine flow cy&tm based assay. At 14 days after burn
injury, there was not change in the neutrophil akiice index (NOI). Furthermore,
pulmonary infection led to a significant increasehe NOI of both burn and sham mice
(Figure 4.4). Although infected burn mice had aleigNOI than infected sham mice, the
difference was no statistically significant (p=0867 Figure 4.4). These data suggest that
augmented neutrophil migration, but not functionpacts clearance of pulmondry

aeruginosanfection late after burn injury.

!\/I_ice were less susceptible tB. aeruginosa intraperitoneal challenge later after burn
injury

To determine if enhanced bacterial clearance féte laurn injury occurs with other
routes of infection, mice were given an intraperéal (IP) injection with 10CFUs of
wildtype P. aeruginosat fourteen days following burn or sham procedweh this dose of
bacteria, burn mice had approximately a 20% iner@asverall survival compared to sham
mice (Figure 4.5). Furthermore, burn mice hadificantly less bacterial recovered from
their liver and lung samples at 24 hours follownigction than sham mice (Figure 4.6A and
4.6B). Together, these data imply that burn mreenaore resistant to a sindbe aeruginosa

IT or IP infection than sham mice.
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Enhanced bacterial clearance observed late after Ioo injury is maintained during a
secondary bacterial infection

While delayed bacterial infections are a commortigesved in severely burned
individuals, we found that late after burn injurycenhad enhanced clearancdof
aeruginosaregardless of the route of infection. Since lpatients are repeatedly exposed to
bacteria during their hospital stay, we hypothesibat burn mice would be more
susceptible to a second bacterial challenge daeutrophil exhaustion. To test this
hypothesis, mice were given an IT injection witlf OFUs of wildtypeP. aeruginosaat
fourteen days after burn or sham procedure thd® amfection with 16 CFUs of PAK-GFP
three days later (Figure 4.7). We found that siavof burn mice following IP challenge
was not impacted by pre-exposure to an IT infectiigure 4.8A). However, sham mice
had a notable improvement in survival followingihRection when they were pre-exposed to
an IT infection (Figure 4.8B). To determine if timerease in sham survival was due to an
increase in bacterial clearance, bacterial loads wssessed 24 hours after the second
infection. Sham and burn mice had comparable battairdens in their liver and lungs
tissues (Figure 4.9A and 4.9B). Also, these badtkrads were similar to those observed in
burn mice that received just a single IP infec{iBigure 4.6A and 4.6B). These data suggest
that in sham mice the first bacterial infectionde&o a “primed” neutrophil response upon a
second bacterial challenge. In burn mice, the iggtf leads to a “primed” neutrophil
response resulting in enhanced clearance of aesbaglterial infection. This burn priming
produces a maximal neutrophil response which idurtiter amplified nor exhausted by a

second bacterial infection.
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4.5 Discussion

Since severely burned patients have a high incelehdelayed pulmonary infection,
we hypothesized that burn mice would also havenareased susceptibility compared to
sham controls. Conversely, we found that later &ften injury there is an accumulation of
neutrophils within the lungs which primes mice émhanced bacterial clearance upon
pulmonary challenge. Mice are also more resistaantintraperitoneal challenge ef
aeruginosdate after burn, and the role of neutrophils ihamced bacterial clearance in the
periphery is currently being investigated. To &ethimic the clinical setting wherein
patients are repeatedly exposed to bacteria throwgisive devises such as central lines,
catheters, and ventilators, mice were then givendgguential bacterial infections. The
repeated bacterial challenge did not imgacaeruginosalearance in burn mice suggesting
that neutrophils are not functionally exhaustedun model system. Although there are still
many aspects of neutrophil migration and functleat still need further research, these data
indicate that neutrophils contribute to pulmonarfammation late after burn injury which

renders burn mice more resistant to delayed battafection.

While neutrophils are an important component ofitfiemmatory response,
inappropriate and excessive neutrophil recruitnmeotthe lungs can cause localized tissue
damage. In Acute Lung Injury (ALI), neutrophils aequestered in the pulmonary
capillaries causing permeability changes and edemaationt™ *> Furthermore, the
neutrophils that infiltrate the lungs and migrat® ithe airways express pro-inflammatory

cytokines, such as interleukin (IL)-1 and tumornosts factor (TNF). This neutrophil-
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mediated inflammation is believed to contribut@xidant-induced injury and loss of the
epitheliunt® 4 Neutrophils have also been shown to aggravaggihjory during
mechanical ventilatiof' * Therefore, the increased pulmonary neutropfiltriation
observed late after burn injury could be contribgtio localized tissue damage and/or

impaired lung function and should be investigatathier.

The mechanism responsible for neutrophil accunmanah the lungs late after burn
injury is currently unknown. Monocyte chemoatteattprotein 1 (MCP-1), a chemokine
that regulates both monocyte and neutrophil mignatis significantly elevated in the serum
after burn injury’. IL-17, another cytokine that regulates neutrbptigration, is also
elevated in the serum after burn injtfry® It was found that bronchoalveolar lavage (BAL)
cells collected at 7 days after burn injury hav@éased MCP-1 and IL-17 production
following TLR2 or TLR4 stimulation compared to shaontrol$°. This suggests that MCP-
1 and/or IL-17 could be playing a role in the ixflof neutrophils into the lungs late after

burn.

Infectious complications are the predominant cadiskeath for thermally injured
patients. However, we found that mice are morestasi toP. aeruginosanfection late after
burn injury. There are many potential reasongHis discrepancy. For example, one third of
all severely burned patients have inhalation iffurgmoke inhalation significantly damages
normal respiratory physiology causing patientsefguire mechanical ventilatiéh During
intubation, bacteria can easily pass to lower ajsyand in patients with both severe burn
injury (systemic immune dysfunction) and inhalatiojury (local immunosuppressithand
tissue injury?) this creates an ideal environment for developrménentilator-associated

pneumonia (VAP). Studies have also shown thaptieimonia rate is two times higher in
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burn patients with inhalation injury as opposetbtion injury alon&. Our laboratory is
working to develop a murine model of inhalatioruiyj to better understand the interplay of

these two insults and their impact on infection.
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Figure 4.1. Late after burn injury mice have increased bacterial clearance following
pulmonary P. aeruginosa challenge.At 14 days after burn or sham treatment, mice were
given an intratracheal (IT) injection of 8GFUs ofP. aeruginosaA) Survival was
monitored for 72 hours post infection (hpi). B-CGderial load was assessed in various
organs at 24hpi in sham (open circles) and buwséd circles) mice. (n = 4-5 per group) *,
p< 0.05. These experiments were repeated two timissivhilar results.
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Figure 4.2. Neutrophils are detected in collagenasdigested lung samples using flow
cytometric analysis.Cells that were G SiglecF"™ and CD11B were defined as
neutrophils. These cells were also MH@Id F4/80 Shown is a representative histogram
from an infected burn mouse.
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Figure 4.3. Late after burn injury, there is a sigrificant increase in the percent and
absolute number of neutrophils within the lungsFourteen days after burn (“B”) or sham
(“S”) treatment, mice were given an intratrachegction ofP. aeruginosg” + 17).
Twenty-four hours later, cells were harvested flangs. A) The percentage and B) the
absolute number of neutrophils was determined USAQS analysis. Data expressed as
mean + SEM. (n = 3-5) *,90.05. **, p< 0.005. These experiments were repeated with
similar results.
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Figure 4.4. The ability of neutrophils to undergo aidative burst is not impaired late

after burn injury. Fourteen days after burn (“B”) or sham (“S”) treant, mice were given

an intratracheal injection &f. aeruginosgq*“ + 1”). Twenty-four hours later, cells were
harvested from lungs. Neutrophil oxidative bursteptial was measured using a
dihydrorhodamine (DHR) flow cytometry based as§ayR oxidation to rhodamine was
reported as mean fluorescence intensity (MFI). Téwgnophil oxidative index (NOI) was
calculated as the ratio of stimulated MFI versustinmulated MFI. Data expressed as mean +
SEM. (n = 3-5) *, g£ 0.05. These experiments were repeated with simakaurlts.
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Figure 4.5. Late after burn injury mice have increaed survival following

intraperitoneal P. aeruginosa challenge.Mice were given an intraperitoneal (IP) injection
of 10° CFUs ofP. aeruginosaat 14 days after burn (solid line) or sham (dagtme)
procedure. Survival was monitored for 72 hours pdstction (hpi). (n = 5-8 per group)
These experiments were repeated with similar result
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Figure 4.6. Late after burn injury mice have increased bacterial clearance following
intraperitoneal P. aeruginosa challenge.Fourteen days after burn (closed circles) or sham
(open circles) treatment, mice were given an irgrdépneal (IP) injection of TOCFUs ofP.
aeruginosa Twenty-four hours later, bacterial load in A)divand B) lung samples was
determined based on the recovery and enumeratibaatérial CFUs. (n = 5-8 per group)

** p<0.005. These experiments were repeated two tintssimilar results.
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Figure 4.7. Flowchart of time and route of infectim following burn or sham treatment.
Mice underwent a burn or sham procedure. Fourdegs later, a cohort of mice was given
an intratracheal (IT) injection of $@FUs of wildtypeP. aeruginosatrain PAK. Three days
later, all mice received an intraperitoneal (IR¢ation of 16 CFUs of an isogenic strain
containing a plasmid that constitutively expreggeen fluorescent protein (PAK-GFP).
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Figure 4.8. Survival of sham mice, but not burn mie, following intraperitoneal
challenge is impacted by pre-exposure to an intraficheal infection.A cohort of mice
was given an intraperitoneal (IT) injection with®XDFUs of wildtypeP. aeruginosaat
fourteen days after A) sham or B) burn procedubee@& days later, all mice received an
intraperitoneal (IP) infection with 2@CFUs of PAK-GFP. Survival was monitored for 72
hours post IP infection. (n=5, 8 per group) Thegeeements were repeated with similar
results.
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Figure 4.9. Sham and burn mice had comparable badatal burdens following sequential
P.aeruginosa challenge.Mice were given an intraperitoneal (IT) injectionld days

following sham (open circles) or burn (closed @g)lprocedure then an intraperitoneal (1P)
infection three days later. Twenty-four hours iaftee IP infection, various organs were
harvested and bacterial load in A) liver and B)gwamples was determined based on the
recovery and enumeration of bacterial CFUs. (n=%W8se experiments were repeated with
similar results.

103



4.6 References

10.

11.

12.

Miller, S.F. et al. National burn repository Z0@port: a synopsis of the 2007 call for
data.Journal of burn care & research : official publicah of the American Burn
Associatior?9, 862-870; discussion 871 (2008).

American Burn Association. Burn Incidence andaiment in the United States: 2001
Fact Sheethttp://ameriburn.org/resources_factsheet.@4;1.

Weber, J.M., Sheridan, R.L., Pasternack, M.So&pkins, R.G. Nosocomial
infections in pediatric patients with bursm J Infect ControR5, 195-201 (1997).

Mayhall, C.G. The epidemiology of burn woundeictions: then and nowZlinical
infectious diseases : an official publication o tinfectious Diseases Society of
America37, 543-550 (2003).

Fitzwater, J., Purdue, G.F., Hunt, J.L. & O'Keés.E. The risk factors and time
course of sepsis and organ dysfunction after naumta.The Journal of traumé&4,
959-966 (2003).

Moore, F.A. et al. Postinjury multiple organléae: a bimodal phenomenofhe
Journal of traumat0, 501-510; discussion 510-502 (1996).

Deege, M.P. & Paterson, D.L. Reducing the dearakmt of antibiotic resistance in
critical care unitsCurrent pharmaceutical biotechnolod®, 2062-2069 (2011).

Neely, C.J. et al. Th17 (IFNgamma- IL17+) CD4<¢€lls generated after burn injury
may be a novel cellular mechanism for postburn imosuppressionthe Journal of
trauma70, 681-690 (2011).

Hunt, J.P. et al. The effector component ofaytetoxic T-lymphocyte response has a
biphasic pattern after burn injuryhe Journal of surgical resear@0, 243-251
(1998).

Koh, A.Y., Priebe, G.P., Ray, C., Van RooijEn& Pier, G.B. Inescapable need for
neutrophils as mediators of cellular innate immytotacute Pseudomonas
aeruginosa pneumonikmfection and immunity7, 5300-5310 (2009).

Wiggs, B.R. et al. Contributions of capillagtipway size and neutrophil
deformability to neutrophil transit through rabhihgs.J Appl Physiolr7, 463-470
(1994).

Wiener-Kronish, J.P., Albertine, K.H. & Matthay.A. Differential responses of the
endothelial and epithelial barriers of the lungleep to Escherichia coli endotoxin.
The Journal of clinical investigatio88, 864-875 (1991).

104



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Shenkar, R. & Abraham, E. Mechanisms of lungtroghil activation after
hemorrhage or endotoxemia: roles of reactive oxygemmediates, NF-kappa B, and
cyclic AMP response element binding proteifmmunoll63 954-962 (1999).

Abraham, E., Kaneko, D.J. & Shenkar, R. Effe€tsndogenous and exogenous
catecholamines on LPS-induced neutrophil traffigkamd activationThe American
journal of physiology276, L1-8 (1999).

Choudhury, S., Wilson, M.R., Goddard, M.E., @DK.P. & Takata, M. Mechanisms
of early pulmonary neutrophil sequestration in atdr-induced lung injury in mice.
American journal of physiology. Lung cellular andlecular physiology87, L902-
910 (2004).

Wang, Y., Dai, G., Song, X. & Liu, Y. Charadstics of neutrophils infiltration in
ventilation-induced lung injurydournal of Huazhong University of Science and
Technology. Medical sciences = Hua zhong ke jigaxue bao. Yi xue Ying De wen
ban = Huazhong keji daxue xuebao. Yixue Yingdewar3h 839-843 (2012).

Balamayooran, G., Batra, S., BalamayoorarCai, S. & Jeyaseelan, S. Monocyte
chemoattractant protein 1 regulates pulmonary thefense via neutrophil
recruitment during Escherichia coli infectidnfection and immunity9, 2567-2577
(2011).

Dragon, S., Saffar, A.S., Shan, L. & Gounn; AIL-17 attenuates the anti-apoptotic
effects of GM-CSF in human neutrophildolecular immunology5, 160-168
(2008).

Finnerty, C.C., Przkora, R., Herndon, D.N. &cl&ke, M.G. Cytokine expression
profile over time in burned mic€ytokine45, 20-25 (2009).

Oppeltz, R.F., Rani, M., Zhang, Q. & Schwad¥a&;. Burn-induced alterations in
toll-like receptor-mediated responses by bronchex@br lavage cellCytokines5,
396-401 (2011).

Gauglitz, G.G. et al. Characterization of thigaimmatory response during acute and
post-acute phases after severe b8hock30, 503-507 (2008).

Mosier, M.J., Gamelli, R.L., Halerz, M.M. & 8dr, G. Microbial contamination in
burn patients undergoing urgent intubation as @iateir early airvay management.
Journal of burn care & research : official publicah of the American Burn
Associatior?9, 304-310 (2008).

Heimbach, D.M. & Waeckerle, J.F. Inhalatiorumgs.Annals of emergency
medicinel?7, 1316-1320 (1988).

105



24.

25.

Davis, C.S. et al. Early pulmonary immune hgsponsiveness is associated with
mortality after burn and smoke inhalation injudgurnal of burn care & research :
official publication of the American Burn Assocmati33, 26-35 (2012).

de La Cal, M.A. et al. Pneumonia in patientthwevere burns : a classification
according to the concept of the carrier st@eest119 1160-1165 (2001).

106



CHAPTER 5

Conclusions and Future Directions

5.1 A clinical need

The immune system protects the body against iflectnd disease. Severe burn
injury induces profound immune dysfunction rendgniatients extremely susceptible to
infection. Although progress has been made ingied) the incidence of infection through
wound debridement and aggressive use of antibtoticsn wound infection and pulmonary
sepsis still are major causes of mortality. Thexefo order to improve patient outcome it is
important to understand the immune response tatiofeafter burn injury. Furthermore, the
immune response following burn injury is dynamid ahanges over tifi¢hus

understanding the immune response both early aadfter burn is also crucial.

5.2 Characterization of CD4 T cell response after burn injury

We and others have defined CDBcell population changes both early and later afte
burn (Figure 5.1). More specifically, early (hotmsdays) after burn injury CD4T cells
begin to produce the pro-inflammatory cytokinegifégron (IFN)y and interleukin (IL)-2

upon stimulatiort®, which are defining characteristics of Th1 cefisthe same time,



macrophages produce tumor necrosis factor (T&NH)-1 and IL-6 as well as other
pro-inflammatory cytokine’s Transforming growth factor (TGRis immediately detected
in the wound, and serum levels progressively irszdgeginning at day’3. This early pro-
inflammatory phase is followed by a switch to ati-arfflammatory response characterized
by over-production of TGB®® as well as a switch in CDZ cell responses from a Thl to a

Th2 (IL-4) phenotypé®.

A newly discovered subset of CDZ cells, called Th17 cells, have been shown to
secrete IL-17 but not IFN-or IL-4 '3 Differentiation of naive CD4T cells towards a
Th17 phenotype requires the presence of BG&iRd IL-6**°. Since elevated TGF-and IL-
6 levels are found following bury injury, we hypesiized that Th17 cells are generated after
burn in a murine model of thermal injury. We degecTh17 cells in wound draining lymph
nodes at 3, 7, and 14 days after burn injury, dsasdan the spleen at day 14. Nevertheless,
the Th17/Thl balance was significantly shifted toigaa Th1l response at 3 days post burn.
This shift was lost at day 7, but at day 14 theas & clear skewing of the response to a Th17
phenotype in burn mice compared to sham. Thesenfisdtiemonstrate bimodal skewing of

Th17 lymphocytes following burn injury.

5.3 Future directions: defining the role of Th17 clis after burn injury

Our laboratory was the first to characterize thespnce of Th17 cells after burn
injury. Subsequently, there have been reportseMadéd IL-17 in the serum of burn
patient$” * IL-17 contributes to effective clearance of numesr pathogens (e.g.

Pseudomonas aerugingdélebsiella pneumonigandCandida albicanjthrough its indirect
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recruitment of neutrophit&?%. Since infection is a major complication for byatients,
understanding the role Th17 cells play in neutrbpgdruitment and bacterial clearance after
burn injury would be advantageous. Early (0-3 dlayter burn injury when the Thl
response predominates, mice are extremely suskefgilvound infection withe.
aeruginosaChapter 3). Promoting differentiation of naive £2DT cells towards a Th17
phenotype early after burn injury may lead to iaseeneutrophil migration to sites of
infection and therefore better bacterial clearafRcethermore, late (14 days) after burn
injury when the Th17 response prevails, mice haneeced clearance of pulmondty
aeruginosachallenge due to a burn-induced accumulation ofrophils within the lungs
(Chapter 4). The secretion of IL-17 by Th17 ceilsy be involved in this neutrophil influx,

which could be easily assessed mice deficientibhlreceptor.

5.4 Cellular mechanisms of increased susceptibility early wound infection

The immune response to early wound infection wasstigated using a murine
model of thermal injury. Mice were challenged watlelinically relevant pathogen,
Pseudomonas aeruginsaat 24 hours after burn or sham procedure. Wdimours of
wound inoculation with a wildtype strain Bf aeruginosgPAK), the bacteria replicated to a
high titer and spread to distal organs resultinigdoterial sepsis. This correlated with
apoptosis of dendritic cells and memory CD8+ Ts;els well as differential TLR expression
on a variety of innate immune cells. The systerid0/IL-12 axis was also skewed after
burn injury with infection as indicated by a sigo#nt elevation in serum IL-10 and

polarization of neutrophils into an anti-inflammigtgN2; IL-10+ IL-12-) phenotype.
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Infection with an attenuated isogenic mutant stodiR. aeruginosalacking the adenylate
cyclase geneyaB (AcyaB) was cleared better than the wildtype strain and associated
with an increased pro-inflammatory neutrophil (NE10-IL-12+) response in burn mice.
Furthermore, administration of flagellin after bumnjury skewed the neutrophil response
towards a N1 phenotype resulting in an increasearahce of wildtyp®. aeruginosafter
wound inoculation. These findings identify neutribjpiolarization as a therapeutic target for

the reversal of bacterial susceptibility after bumuary.

5.5 Future directions: characterization of neutrophl response early after burn injury

In our model system, neutrophil phenotype directiyrelated with bacterial
clearance. However, a deeper understanding ofeputifunction, such as phagocytic
capacity and oxidative burst potential, is stileded. Furthermore, the mechanisms
responsible for neutrophil polarization after bumury have yet to be defined. Delineating
these aspects of the neutrophil response earlytafta injury could help with modulating

the response to improve patient outcome followifgation.

TLRs can regulate neutrophil function. For exampleR2 and TLR4 stimulation
has been shown to directly induce neutrophil oxigaburst>. We find that early after burn
injury and subsequent wound infection neutrophéigehdecreased TLR2, TLR4, and TLR5
expression compared to infected sham controlss décreased TLR expression may be
resulting in diminished neutrophil function or hypesponsiveness and should be

investigated.
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We find that neutrophils, not macrophages, arartam innate immune cell
population that is polarized early after burn igjuMore specifically, wound inoculation
with wildtype P. aeruginosaearly after burn injury shifts neutrophils towaaits anti-
inflammatory (N2; IL-10+ IL-12-) phenotype, whick detrimental for bacterial clearance.
Polarization of neutrophils has recently been deesdrin tumor literature, where TQFis
believed to drive N2 responses at the tumor micrivenment>. Immediately after burn
injury, TGF levels begin to increase at the wound 5ftéWVe believe that this cytokine
promotes differentiation of naive CD4+ T cells todsa Th17 phenotype in wound draining
lymph nodes, and it is possible that TGIs also driving the N2 response after burn injury.
Both genetic (overexpression ofi_ll, a soluble TGH type Il receptor) and
pharmacologic (1D11, a TGFneutralizing antibody) approaches to block T§ignaling
could be used to determine if TBHs influencing neutrophil polarization after bumjury.

In addition, glucocorticoid exposure promotes ati-imflammatory macrophage (M2)
phenotypé&®, and the massive release of glucocorticoids &ften injury induces lymphocyte
apoptosi&’. Therefore, it is conceivable that burn-inducketgcorticoid release is
contributing to the development of the N2 respomgech can be tested by blocking

glucocorticoid receptor binding with RU-486.

As previously mentioned a single treatment witlgdliin after burn injury skewed
the neutrophil response towards a pro-inflammaghidh) phenotype. Flagellin is detected by
both TLR5 and the NLRC4 inflammasoff¥&”. It is currently unclear which immune sensor
is mediating the polarization of neutrophils towsedN1 response. Furthermore, we do not
know if flagellin is acting on neutrophils directty indirectly. In order for flagellin to be a

viable therapeutic, it is essential to delineate pnocess as well as understand how flagellin
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impacts other aspects of neutrophil function, saglphagocytosis and NET formation, after

burn injury and infection.

5.6 Neutrophil accumulation in the lungs late aftetourn injury

Since severely burned patients have a high incelehdelayed pulmonary bacterial
infection, we investigated bacterial clearance &ter burn using a murine model of thermal
injury. More specifically, mice were given an irttecheal injection of wildtyp®@.
aeruginosaat 14 days after burn or sham procedure. Althauglihypothesized that burn
mice would have an increased susceptibility toade compared to sham controls, they
exhibited enhanced bacterial clearance which caedlwith a burn-induced accumulation of
neutrophils within the lungs. Mice were also masistant to an intraperitoneal challenge of
P. aeruginosdate after burn. To better mimic the clinicaltsgl wherein patients are
repeatedly exposed to bacteria through invasivésdssuch as central lines, catheters, and
ventilators, mice were then given two sequentiatdydal infections. The exposure to a
second bacterial infection appeared to have nodipaP. aeruginosalearance in burn
mice whereas sham mice displayed enhanced cleaaftecehe second bacterial challenge.
Collectively, these data show that late after bojury there is pulmonary inflammation,
marked by neutrophil accumulation. This appearwitoe burn mice for better control of

bacterial infections.
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5.7 Future directions: characterization of neutrophl response late after burn injury

The mechanism responsible for neutrophil accunmanah the lungs late after burn
injury is currently unknown. One possible mechanistirough increased IL-17 (via Th17
cells) in the lungs late after burn injury (detdila 5.2). Another potential mechanism is by
increased levels of monocyte chemoattractant prdt¢dMCP-1). MCP-1 regulates
neutrophil migration and is significantly elevaiadhe serum after burn injury. In addition,
bronchoalveolar lavage (BAL) cells collected atagslafter burn injury have increased IL-
17 and MCP-1 production following TLR2 or TLR4 stitation compared to sham
control€®, Therefore, it is likely that IL-17 or MCP-1 exgssion is elevated in the lungs late
after burn injury and mediates the increase innogtil influx, which our laboratory is

currently investigating.

While neutrophils are an important component ofitifkemmatory response,
inappropriate and excessive neutrophil recruitnirgotthe lungs can cause localized tissue
damage. In chronic obstructive pulmonary disea$2RD), neutrophil infiltration into the
lungs has been implicated in disease progreSsibtore specifically, neutrophil elastase and
other neutrophil-derived proteases are believdzktthe key mediators of tissue damage and
decline in lung function. A similar response isefved in Acute Lung Injury (ALI) where
neutrophil-induced inflammation contributes to aadrinduced injury and loss of the
epitheliunt®>% Neutrophils have also been shown to aggravatgihjory during mechanical
ventilatior>*3 Therefore, the increased pulmonary neutropfiltiation observed late after
burn injury may be contributing to localized tissismmage and/or impaired lung function.
Our laboratory is collaborating with Dr. Stepheii€li to examine the impact that burn

injury, infection, and inhalation injury have onlmonary function.
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5.8 Closing remarks

Collectively, the studies described here confirat the immune response following
burn injury is dynamic and changes over time. Hewveour findings also indicate the
overall state of the immune response cannot bgoared as pro-inflammatory or anti-
inflammatory at any given moment. We find thatlyafter burn, which is traditionally
thought of as pro-inflammatory phase, there ist $hithe neutrophil response towards an
anti-inflammatory (N2; IL-10+ IL-12-) response (ki@ 5.3) Then late after burn injury,
which is believed to be a period of overt immunpassion, neutrophil accumulation is the
lungs appears to “prime” burn mice for enhancedds&d clearance and Th17 cells persist.
Nevertheless, this work has provided a better wstdeding of immune response following
burn injury, as well as revealed potential therdipgargets for immunomodulation after

burn injury.
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Pro-inflammatory

Anti-inflammatory

Early: 0-3 Days Late: 14 Days

Figure 5.1 Burn-induced immune dysfunction in dynanc and changes over time.The
immune response after burn injury has been cldisitigided into an early (0-3 days) pro-
inflammatory phase followed by a late (7-14 days)-aflammatory. During this early pro-
inflammatory phase, CD4+ T exhibit a Thl phenotgpestimulation. Late after injury,
there is a switch to an anti-inflammatory respaets@racterized the presence of an anti-
inflammatory Th2 response.
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Pro-inflammatory

Anti-inflammatory

Early: 0-3 Days Late: 14 Days

Figure 5.2 The neutrophil response following burnnjury does not match the classical
paradigm. Our data suggests that early after burn injurytnoghils have an anti-
inflammatory (N1) phenotype marked by high productof IL-10. Late after burn injury,
neutrophil appear to have a pro-inflammatory (N23motype as demonstrated to effective
bacterial clearance and oxidative burst. Furtheemdhl17 cells are present in wound-
draining lymph nodes and the spleen, and thesg aedlknown to induce neutrophil
recruitment.
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