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Innate Lymphocyte Subsets and Their
Immunoregulatory Roles in Burn Injury and Sepsis

David F. Schneider, MD,* Cavin H. Glenn, MD,*‡ Douglas E. Faunce, PhD*†

The vast majority of clinical and basic science research on the immune consequences of burn
injury and sepsis conducted during the last three decades has focused mainly on the roles of
macrophages, neutrophils and, to a lesser extent, conventional T lymphocytes. During re-
cent years, however, it has become increasingly clear that minor subsets of innate immune
cells, innate regulatory lymphocytes in particular, are central to processes involved in both
protective immunity and immunopathology. Recent reports by our laboratory and others
have just begun to shed light on the critical roles of innate lymphocyte subsets, including
natural killer T cells, natural killer cells, gamma-delta T cells, and naturally occurring
CD4! CD25! regulatory T cells during the immune response to burn injury and sepsis.
Given their emerging importance and documented upstream regulatory capacities over mac-
rophage, dendritic cell, and T lymphocyte functions, innate regulatory lymphocytes repre-
sent attractive new targets for therapeutic intervention for the overall immune paralysis that
occurs with injury and sepsis. Here, we provide an overview of the current state of knowl-
edge of these particular cell subsets in the immune response to burn injury and sepsis.
(J Burn Care Res 2007;28:365–379)

Injury, infection, andsepsiscontinue to besignificant
causesof death in the United Statestoday, despite
recent advancesin critical caremedicine, the devel-
opment of more effective antibiotics, and a greater
understandingof the immune consequencesof burn
trauma and sepsis.Although most researchduring
recentyearshasfocusedon the rolesof conventional
phagocytesof the innate immune system,including
neutrophils andmacrophages,andconventionallym-
phocytesof the adaptiveimmune system,including T
and B lymphocytes,lessfrequent populationsof reg-
ulatory lymphocytes are significantly understudied
for their roles in injury and infection. In this review,

we will considerthe immunoregulatory rolesof four
cell types,including natural killer (NK) cells,natural
killer T (NKT) cells,gamma-delta(!" ) T cells,and
naturally occurring regulatory T cells(Treg) cells in
the context of injury, with anemphasison burn injury
and the developmentof sepsisthereafter.Given their
emergingrolesaspowerful regulatorsof both innate
and adaptivecomponentsof immunity, theseregula-
tory cell populations warrant further exploration for
their rolesin the basicbiology of immunity afterburn
injury and during sepsisand, moreover,offer poten-
tial newavenuesof investigationfor the development
of therapeuticapproachesto injury-induced immune
paralysisand sepsis.

NATURAL KILLER CELLS

NK cellsoriginally weredescribedfor their ability to
lysetumor cellswithout previousantigenexposureor
stimulation.1 Although theyarisefrom common lym-
phoid progenitors, they do not expressclonally de-
rived antigenreceptorssuchasthosefound on B and
T cells.NK cellsarewidely distributed amongst the
peripheral blood, spleen, and bone marrow under
normal conditions but migrate to sitesof inflamma-
tion in responseto variouschemokines.1 Upon acti-
vation, they rapidly release proinflammatory cytokines,
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including interferon (IFN)- ! and tumor necrosisfac-
tor (TNF)- #2 and, upon arrival to inflamed or in-
fected sites,NK cells lysedangerousself or nonself
cellsdependingon the combination of inhibitory and
activating signalsconveyedby the target, including
major histocompatibility complex (MHC) class I
moleculesand killer immunoglobulin-like receptors.
Primary mechanismsof killing by NK cells include
perforin, granzymes, TNF- #, and Fas/FasL. The
known roles of NK cells in injury and sepsisare de-
scribedbelow and aresummarizedin Table 1.

Natural Killer Cells in Injury

NK cellsrapidlyproduceIFN- ! in responseto micro-
bial threats, and one might expect to seethe same
type of NK activation in the inflammatory reaction
associatedwith trauma or burns, but this does not
appearthe case.In fact, injury suppressesthe innate
cellular immune system, a phenomenon termed
Òclinicalimmune paralysis.Ó3Ð5First describedin the
late 1980s, clinical immune paralysiswasassociated
with defectivemacrophagefunction, decreasedhisto-
compatibility leucocyteantigen expression,and de-

pressedmitogen-induced responsivenessof periph-
eral blood mononuclear cells.3 NK-derived IFN- !
primes or augmentseachof the innate cellular im-
munefunctions listedpreviously,andtransientIFN- !
deficiencyisakeyfeatureof clinical immune paralysis.
In the caseof burn injury, it is reasonableto suggest
that decreasedIFN- ! within the immune compart-
ment (vs elevationsin the circulation) renders the
host more susceptibleto infectious complications.
Potential causesfor decreasedIFN- ! production by
NK cells may include decreasedNK cell numbers
overall, inhibition of NK function by burn-associated
soluble mediators, or by other suppressiveimmune
cell populations.3,5,6

The question of NK cell numbersafter injury has
not been definitively answered.Studying both burn
and traumapatients,Blazaret al7 found the percent-
ageof NK cells (in blood) waseither normal or in-
creased.Burned patientshad significantly decreased
NK cytotoxicity compared with age-matchedcon-
trols. Trauma patients exhibited similarly depressed
NK cell function but over a shorter period than the
burn patients(3 to 6 daysafter injury vsup to 40 days
after burn). To investigate the mechanismfor this

Table 1. NK cells

Reviewed Article Model System(s) Major Findings

Ditschkowski et al8 Human trauma patients Severelyinjured patientswho went on to developsepsishad
decreasedNK cell counts comparedwith patientswith the same
injury severityscorewho did not developsepsis.

Hauseret al9 Human trauma patientsrequiring
ORIF

Plasmaand ÒfracturesupernatantÓfrom injured patientsbut not
healthyvolunteerssuppressedNK function.

Jobin et al10 Human burn patients RecombinantsIL-2R# inhibited NK-cell activity in vitro. The
concentration of sIL-2R# in burn patientscorrelatedwith
dietary fat intake.

OÕSuilleabhainet al15 Mouse scaldburn ! CLP IL-12 therapyafter burn injury decreasedsepsis(CLP)-related
mortality.

Scott et al20 In vitro LPS shock(Mouse
co-culture system)

Effectivemacrophagephagocytosisdependson contact with NK
cellsvia CD40-CD154.

Goodshallet al21 Mouse CLP NK-depleted mice had higher organ bacterialcounts and peritoneal
IL-12 but decreasedmacrophagephagocytosisand serumIL-6
after CLP.

Goldmann et al23 Mouse streptococcalsepticemia NK-depleted mice weremore resistantto streptococcalinfection.
The NK-macrophageinteraction contributed to the early
pro-inflammatory responseand subsequentorgan dysfunction in
streptococcalshock.

Badgwellet al24 Mouse E. coli peritonitis NK-depleted mice had markedlyreducedserumproinflammatory
cytokines,signaltransducerand activator of transcription
activation, and distant organ inflammation.

Hirsh et al31 Mouse CLP CLP-associatedacutelung injury wasassociatedwith dysfunctional
NK cellsfound in BAL fluid.

BAL, bronchoalveolarlavage;CLP, cecalligation and puncture; IL , interleukin; NK , natural killer.
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NK-cell defect, these investigators infused cortisol,
epinephrine, and glucagon into healthy volunteers
and repeatedthe cytotoxicity assay,revealinga 66%
reduction in NK cytotoxicity in the experimental
group.7 Hence, it seemedthat stresshormonesfound
after injury, and not decreasedNK cell number, ac-
counted for the NK-cell defect.However, In another
group of trauma patients (including those with
burns), NK-cell counts werereducedfrom days6 to
14 after injury among patients who went on to de-
velop severesepsiscompared with control patients
with similar injury severityscoreswho did not be-
come septic.8 Taken together, one cannot draw too
manyconclusionson what happensto NK-cell num-
bers after burns or trauma, given the varied patient
populations, NK-cell antibodiesused, and time points
of measurement.However, it seemsthat alterations
of NK functionality do not correlatewith overallNK-
cell numbers. Moreover, becausegranulocyte and
lymphocyte absolutenumberschangein the circula-
tion, it ispossiblethat alteredNK-cell frequenciesare
not theresult of changesin absolutenumber of NK cells
themselves but are instead reflective of the absence of
other leukocytepopulations. Alternatively, apropensity
for greater cortisol or epinephrine levels after injury
might also render NK cellsmore defective.

Although the question of NK-cell numbers after
injury remainsunanswered,severalinvestigatorshave
more systematicallyevaluatedinjury-associatedsolu-
ble mediators for potentially suppressiveeffectson
NK cells after trauma or burn injury. Hauser et al9

incubated plasmafrom trauma patients with buffy
coats(contains NK cellsamong other lymphocytes)
from healthy age-matchedvolunteers. Plasmafrom
traumapatients,but not healthycontrols, suppressed
NK function after40 hoursof incubation asmeasured
by K-562 cytotoxicity assay.To determine whether
soluble factors,suchasinterleukin (IL)-4, IL-10, or
transforming growth factor (TGF)- $ suppressedNK
function in injured patients, neutralizinganti-IL-4, anti-
IL-10, and anti-TGF-$1 wereadded to thecell cultures;
however, no reversal of NK suppression by any of these
antibodies was observed. However, catalase, a respira-
tory burst byproduct, did reverse NK-cell suppression.

Becausereactive oxygen metabolites elaborated
during the respiratory burst of monocytessuppress
NK cytolytic function,4 Joshi et al5 further showed
that monocytesfrom the buffy coat reversedNK cell
suppressionwhen incubated with plasmaof trauma
patients suggestingthat NK suppressionin trauma
patientswasmonocyte-dependent.Evenwithout the
monocytes, the buffy coat contains other cells, and
these results may not reflect a purely NK-cell phe-
nomenon. These same authors conducted similar

studiesin patientswith fracture/soft-tissue injury. In
addition to usingplasma,theyalsoevaluatedthe frac-
ture site itself for suppressivecytokines. Fracture/
soft-tissueinjury hematomasamplesobtainedduring
open fracture fixation were centrifuged to obtain a
Òfracturesupernatant.ÓPeripheralblood plasmasam-
pleswereobtainedsimultaneously.Fracturesuperna-
tant suppressedNK cell function at an earlier time
point (16 hours) than peripheralblood plasma.9 Sur-
prisingly, antibodies to IL-4 and IL-10 further sup-
pressedlysisby 7%and4%,respectively.Antibodies to
TGF-$1 had no effect.Adding IL-12 to the fracture
supernatantsamplesrestoredlysis,but adding IFN- !
failed to do so.

Unlike the first experiment,addingcatalasehadno
effect.9 Becausethe fracture supernatantsuppresses
innatecellularimmunity at veryearlytime points, this
fluid maybeasourcefor circulating immunosuppres-
sivemediators.One might imagine that fracturema-
nipulation would releasethese mediators into sys-
temic circulation. Therefore, thesestudiesmay have
implications for the optimal timing of suchinterven-
tions (ie, within 24 hours of injury). The authors
explain the unexpectedincreasein NK suppression
with IL-4 and IL-10 blockadeby noting that IL-10
maysuppressother accessorycellswith a suppressive
phenotype.9 Both studiesfrom this group usebuffy
coat asa sourceof NK cells, but this is not a pure
NK-cell population as it contains other leukocytes
suchascytotoxic T cells.Nevertheless,NK cytotox-
icity was suppressedby factors in both serum and
fracture hematomain theseinjured patients.

Serumfrom burn patientscontainsabnormallyel-
evated IL-6 and soluble IL-2 receptor alpha (sIL-
2R#), the extracellulardomain of the IL-2 receptor.
Recombinant sIL-2R# inhibited NK-cell activity by
50%in vitro. Further, the concentration of sIL-2R#
in burn patientscorrelatedwith the amount of dietary
fat intake,suggestingabeneficialrole for low-fat diets
after burn.10 Many others haveinvestigatedmodify-
ing the dietary lipid content and composition to im-
prove outcomes in burn patients and trauma pa-
tients.11Ð13 In their observationalstudy, Pratt et al14

describehow burn injury affectedfatty acid compo-
sition of immune cell membranesso that an optimal
fat composition formula could potentially modulate
immune function after burn injury. Specifically,lym-
phocyte phospholipid 20:4n-6 (a specific fatty acid
chain length and configuration) content was30%to
60%lower in the first 35 daysafter burn compared
with later time points (days36-50). They observed
lower IFN- $ and depressedNK cytotoxicity in this
sameearly period, which increased in the later phase.14

Asidefrom solublefactors,theseauthorssuggestthat
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impaired synthesisof 20:4n-6 fatty acid within lym-
phocytesthemselvescontributed to clinical immune
paralysisseenafter burn injury. How modulating di-
etary fat intake could alter leukocyte phospholipid
content in a beneficial manner remains unknown.
Whether altered NK-cell membrane phospholipid
content depressestheir cytotoxic function also re-
mainsunstudied.

Clinical immune paralysispredisposesthe burn
population to septic complications.6 A laboratory
model for this is to follow a scald burn with cecal
ligation and puncture (CLP) to make previously
burned mice septic.BecauseIL-12 inducesthe pro-
duction of IFN- ! by NK cells (and T cells),
OÕSuilleabhainet al15 explored the efficacyof IL-12
therapy in postburn sepsisusing the burn ! CLP
mousemodel. IL-12 administeredbeginning 3 days
after burn injury for 5 days increasedsurvival after
CLP (performed 10 daysafterburn injury) compared
with that of anonburned group. Administering anti-
IFN- ! antibodiesto the IL-12-treated group reduced
their survivalto that of the saline-treatedburn group,
proving that the IFN- ! , andnot the IL-12 levels,was
a key determinant of survival. Administration of
IFN- ! insteadof IL-12, however, had no effect on
survival.IL-12 therapyalsodecreasedthe splenocytes
production of IL-4 (mRNA and protein).15 Al-
though this study did not specificallyevaluateNK-
derivedIFN- ! , studiesby Ami et al16 examinedIL-18
as a therapy for postburn sepsis.Macrophagesand
Kupffer cells produce IL-18, which stimulates NK
cells to produce IFN- ! in the presenceof IL-12.
Here, they assayedIFN- ! produced by liver mono-
nuclearcells(containing largeamountsof NK cells).
IL-18 therapy restored IFN- ! production by these
cells after a contact burn and subsequentCLP or
lipopolysaccharide(LPS) shock.Like IL-12 therapy,
IL-18 significantly preventedburn-induced mortal-
ity, perhapsvia inhibition of IL-10. Together, these
two studiesprovide an experimentalmodel for the
ÒsecondhitÓ after burn injury and suggest cytokine
therapiesto modify theIFN-! deficiency seen in clinical
immune paralysis. Neither study definitively links the
IFN-! deficiency to NK cells, but onecan assumetheir
IFN-! production changes based on what is known
about NK-derived IFN-! production in sepsisalone.

NK Cells in Infection and Sepsis

In the setting of sepsis, antigen-presenting cells
(APCs; macrophagesand dendritic cells) recognize
bacterialantigensor products suchasendotoxin and
secreteIL-12, the primaryactivatorof NK cells,caus-
ing them to secretelarge amounts of IFN- ! and

TNF- #.17 Thesetwo cytokinescontribute to the clin-
ical picture of septic shock and multisystem organ
failure. Even without bacterial products, combina-
tions of either IL-2 or IL-15 (IL-15 signalsviapart of
the IL-12 receptor)with IL-12 inducealethal inflam-
matory response in mice that isnot seen when NK cells
are depleted.18 Macrophagesand NK cellsare interde-
pendent: monocytesdepend on NK-derived IFN-! for
their maturation, and they, in turn, secreteIL-12 which
further stimulatesNK cells.3 When stimulated, NK cells
produce copiousIFN-! . IL-10 and IL-4, on the other
hand, generally suppressNK cell activity.19

Recently,Scott et al further characterizedthe NK-
macrophage interaction as contact dependent via
CD40-CD154 cell surfacereceptorson macrophages
and NK cells, respectively.In an in-vitro model of
LPSshock,theseauthorsconductedaseriesof exper-
iments co-culturing mouse peritoneal macrophages
and splenicNK cells.They demonstratedthat effec-
tive macrophagephagocytosisdependson NK cell
contactviaCD40-CD154 interaction.20 Other inves-
tigators haveconfirmed that macrophagesneed NK
cells for successfulactivation and phagocytosis;this
requirement is not just limited to LPS shock. For
example,Goodshall et al demonstratedthat NK de-
pleted mice had macrophagesincapableof ingesting
the samenumber of E.coliascontrols in the settingof
CLP, a model of septicperitonitis. Interestingly, the
macrophages from NK-depleted mice captured
higher numbersof bacteriaon their outer surface,but
could not ingest them, suggestingthat NK cellsmay
promote internalization of pathogens by macro-
phages.21 In similarCLP sepsisexperiments,Scott et
al showedthat depleting NK cellseither augmented
or hinderedmacrophagefunction dependingon how
the NK cellsweredepleted.22 Using the myeloperox-
idase assayto measureneutrophil accumulation in
lung and liver tissuesfour hours after CLP, these
investigatorsfound no differenceamong the groups,
thereby suggestingdefects in macrophagebut not
neutrophil function during the early(4 hours) stages
of bacterial clearancein NK-depleted mice.22 In yet
another model of sepsis, Goldmann et al used intrave-
nous infection with Streptococcuspyogenesto show that
NK cell-derived IFN! correlated with decreased surviv-
al.23 Despiteusing different modelsof sepsisand differ-
ent methods, these three groups of investigators21Ð23

demonstrated NK cellsare important for the augmen-
tation of macrophage activation and phagocytosis in a
variety of pathologic conditions. NK-mediated macro-
phage activation represents a critical mode of clearing
bacteriaearly in theinfection prior to thearrival of neu-
trophilsand certainly before adaptive responses.
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Aside from examining macrophage function, studies
of sepsisin NK-deficient micehavealso led to thenotion
that NK cellseither directly or indirectly, contribute to
serum cytokinelevelsaswell. Themost consistentfind-
ing was a decreasedlevel of sepsis-relatedIFN- !
within 24 to 48 hours post-infection when NK cells
wereabsent.23Ð26For example,Goldmann et al23 de-
pleted mice of NK cells using rat anti-asialo GM1
antibodiesbeforeinfecting them with S.pyogenesand
observedthat IFN- ! wassignificantly lower in NK-
depletedmicecomparedwith control mice.The NK-
deficient mice survivedan averageof 3 dayslonger
than controls, but mortality eventuallyreached100%
in both groups. Certainly, one cannot attribute pro-
longed survivalto lower IFN- ! alone,becausesepsis
ismultifactorial. Yet,NK cellsprovethe major source
of serumIFN- ! , acytokine that, whenelevatedin the
circulation, is associatedwith decreasedsurvival in
both gram-positive and gram-negative sepsissyn-
dromesin humansand mice.26Ð30 BecauseNK cells
remain the primary I FN-! producers in sepsis, it is
constructive to examine the downstream effects of
thiscytokine. I FN-! activatessignal transducer and
activator of transcription (STAT), a transcription
factor common among peripheral mononuclear
cells that then transcribes many I FN-! -sensit ive
genes. In one study, splenocytesfrom NK-deficient
mice infected (intraperitoneal) with E. coli exhibited
significantly lessphosphorylated STAT1 compared
with splenocytesharvestedfrom control mice.24 NK
cells may interact with multiple cellular compart-
ments including macrophagesby secreting IFN- ! ,
activating the STAT signalingmechanism.

Under idealconditions, the aforementionedcellu-
lar and molecular eventsdescribedserveto activate
the immune systemto clearbacteria.However, when
uncontrolled, they alsodestroyhost organs,and NK
cell activation most likely contributes to multisystem
organ failure. In the model of E. coli peritonitis dis-
cussedpreviously,histologic analysisof mouseorgans
4 hoursafterinfection revealedincreasedhemorrhage
in the lungsandkidneysof control micecomparedto
NK-depleted mice.24 Hirsh et al31 examinedthe clin-
ically relevant scenario of NK cell-mediated acute
lung injury in responseto CLP (intra-abdominal sep-
sis).As in BadgwellÕsstudy, theseauthors found in-
flammatory lung damageasmeasuredby histologic
scoring and higher protein and PMN content of
bronchoalveolarlavagefluid; thesechangespeakedat
4 days.At this sametime point, the percentageof
perforin-positive NK cellsin the CLP group wassig-
nificantly lessthan sham-operatedmice(33%vs46%).
When assayedfor their cytolytic capability, the NK
cells from CLP mice killed fewer targets than their

sham-operatedtargets4 dayspostoperatively.Unlike
their systemic counterparts, the NK cells isolated
from the lung tissuedisplayeddecreasedIFN- ! but
increasedTNF- # expression.31 Therefore, peak sepsis-
induced inflammatory lung changes correlated with
dysfunctional NK cytolyticactivity and cytokineexpres-
sion. Hence, NK cells play a salutary role in sepsis via
their interactionswith macrophages, but their secreted
IFN-! and altered function in tissues distant from the
septic sourcemay contributeto thepathology of multi-
system organ failure.

NATURAL KILLER T CELLS

NKT cellsareararesubsetof innatelymphocytesthat
regulate both the innate and adaptive immune re-
sponses.They comprise1%to 2%of all lymphocytes
in the spleen,lymph nodes, and peripheral circula-
tion; however,they makeup the vastmajority of lym-
phocytesfound within the liver. Thesecellsrecognize
glycolipid antigenspresentedby the CD1d antigen
presentationmoleculeswhich, like MHC classI mol-
ecules,associatewith $2 microglobulin to form a
complexon the surfacesof APCs.32 Humans possess
five distinct CD1 genes(a through e) whereasmice
only expressCD1d. Becauseof a remarkabledegree
of conservation,mouse CD1d-restricted NKT cells
recognizehuman CD1d and viceversa,making mice
an excellentmodel to study the rolesof thesecellsin
immune function and immunopathology. NKT cells
expressan #$ T-cell receptor and CD3-like conven-
tional T cellsbut alsoexpressNK-cellmarkerssuchas
CD56 and NK1.1. Originally, investigatorsdefined
NKT cells as those expressingan invariant TCR#
chain(V#14/J #281) that associatedwith avarietyof
$ chains(V$2, 7, or 8). The majority (roughly 85%)
of NKT cellsexpressthis invariant #chain, whereasa
less-frequentsubsetof NKT cellsusesa non-CD1d
restricteddiverseT-cell receptor(TCR) repertoire.33

Therefore, NKT cells expressingthe invariant TCR
arereferredto asÒinvariantNKT cells,Óand this re-
view will focuson this subset.32,34,35

Antigen-presentingcellsthat expressCD1d include
macrophages, dendritic cells, and marginal zone B
cells.32 NKT cells recognize both self and foreign
glycolipid antigensin the context of CD1d. For ex-
ample,alpha-galactosylceramide(#-GalCer) is a gly-
colipid antigen isolatedfrom a marinesponge33 and,
more recently,isoglobtrihexosylceramide(iGb3) was
discoveredasan endogenousantigen recognizedby
NKT cells.36 Stimulation with #-GalCer causesNKT
cellsto rapidly (within 30 to 60 minutes) releaselarge
amounts of cytokines (IFN- ! , IL-4, IL-10, IL-13,
andTGF-$),36 andtheir rapid responsemakesthem a
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keycomponent of the innate response.32 The type of
NKT cell responseto antigen stimulation variesde-
pendingon the natureof the antigenandthe cytokine
background in which it is presented.37,38 NKT cells
acquire either an IL-4 or IFN- ! producing pheno-
type depending on their environment. In the pres-
enceof APC-derived IL-12s, NKT cellssecretepri-
marily IFN- ! (and IL-4 to a much lesserdegree),
whereasthey secretepredominantly IL-4 in the ab-
senceof IL-12. 37 Similarly,whenexposedto IL-10 or
TGF-$-producing APCs,NKT cellsassumean IL-4/
IL-10-producing phenotype.39 Whether the NKT
cellssecreteIFN- ! or IL-4 during the earlyphaseof
the immune responseinfluencesthe progressionof
Th1 vsTh2 differentiation, respectively.Not only do
NKT cells themselvessecreteIFN- ! , but they also
induceNK cellsto do the same.32,40,41 In addition to
their regulatory role, NKT cellsalsopossesseffector
capabilitiesthat involve IL-12-mediated perforin and
Fas ligand mechanisms.42 Although the contribu-
tion of NKT cells to immunopathology associated
with injury and sepsis has not been extensively
studied, their known involvement is described
herein and in Table 2.

Natural Killer T Cells in Injury

As discussedpreviously, many attribute the clinical
immune paralysisafter trauma or burn injury to a

dysfunctionalinnatecellularimmune system.Most of
this work, however,doesnot specificallyinvolveNKT
cells.Recently,our laboratory hasdefinedhow NKT
cellsparticipatein burn-induced T cell immunity in a
murine dorsal scald injury model.43,44 Our studies
demonstrated that suppressionof T-cell immunity
after burn occursin part, from an activesuppression
of T-cell function by CD1d-restricted, invariant
(V#14-J#18) NKT cells.We alsoobservedthat the
suppressionof T-cell immunity correlated with in-
creasedoverall production of IL-4 that is produced
almostexclusivelyby the NKT cellpopulation. Block-
ing the activation of NKT cellsvia an anti-CD1d an-
tibody prevented this immune suppression.As in
other modelsof injury and sepsis,increasedIL-4 di-
rects the immune responsein a Th2 direction and
activelysuppressesthe effectorfunctionsof both lym-
phocytesand APCs.

Subsequent studies by Palmer et al44 revealed that
this suppression is antigen-specific and requires APCs
that expressCD1d. Adoptivetransfer of purified CD1d-
positive but not CD1d-negative APCs from burned
mice could suppressaprimed T cell response in an un-
injured recipient. Even at 28 daysafter adoptivetransfer,
these antigen-primed APCs could suppress DTH re-
sponse in unburned recipients. CD1d-positive APCs
from burn-injured micecould not, however, induceim-
mune suppression in unburned, NKT cell-deficient re-

Table 2. Natural killer T (NKT) cells

Reviewed Article Model System(s) Major Findings

Faunceet al43 Mouse scaldburn ! DTH Burn-induced suppressionof T-cell immunity stemsfrom NKT
cell-derivedIL-4. Blockadeof CD1d-NKT cell interactionsprevents
injury-induced suppressionof T-cell immunity.

Palmeret al44 Mouse scaldburn ! DTH Both CD1d expressingantigen-presentingcellsand NKT cellsare
required for immune suppressionafter injury. This immune
suppressionis antigen-specificand long-lasting.

Apostolou et al47 Mouse subcutaneous
Mycobacterialinjection

The T-cell population of granulomasresulting from M. tuberculosis
injection consistsof primarily NKT cells.

Kawakamiet al48 Mouse intratracheal
Cryptococcalinfection ! DTH

NKT cell deficient mice exhibit impaired clearanceof C. neoformans
and weakenedDTH responseto Cryptococcalantigens.

Dieli et al51 Mouse Shwartzmanreaction NKT cell-deficient mice wereresistantto Shwartzman-elicited
mortality. NKT cellsplay a role in the priming stageof
lipopolysaccharideshockby secretingIFN- ! .

Nieuwenhuiset al52 Mouse intranasalPsuedomonas
infection

In a model of Pseudomonasaeruginosapneumonia, NKT cellsassistin
mucosalimmunity by promoting the recruitment of neutrophils
(MIP-2) and macrophagephagocytosis.#-GalCer treatment
augmentedmacrophageclearanceof bacteriafrom the lungs.

Kawakamiet al55 Mouse intratrachealStreptococcal
infection

NKT cell-deficient mice exhibited impaired clearanceof Streptococcus
pneumoniaepulmonary infection that wasassociatedwith reduced
MIP-2 and tumor necrosisfactor-# synthesis.MCP-1 levels
correlatedwith the time courseof NKT cell infiltration.
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cipients. Taken together, these studies indicate that
burn-induced T-cell suppression arises from direct in-
teraction between CD1d-expressing APCs and NKT
cellsthat leadsto theproduction of immunesuppressive
cytokines by the NKT cells. Activation of NKT cells
must occur early (within 24 hours) of injury, but the
effects of NKT-cell mediated immune suppression last
up to amonth after injury. Our laboratory iscurrently
investigating the molecular mechanism by which
burn injury converts the phenotypeof the NKT cell
toward one that is immunosuppressiverather than
immunoprotective. Preliminary results support the
notion that when NKT cellsareactivatedin the pres-
ence of high levels of proinflammatory cytokines,
they acquire a phenotype that actively suppresses
both APC and CD4! T cell effector functions. A
working model for the involvement of NKT cells in
burn-induced immune suppressionis representedin
Figure 1. With such a prompt and durable immune
suppression,it isno surprisethat 30%of burn patients
succumb to infectious complications,45 and the
unique mechanismsinvolved in NKT cell activation

offer attractivetargetsfor immuno-therapeutic inter-
ventionsfor burn-induced immune suppression.

Natural Killer T Cells in Infection
and Sepsis

Aside from #-GalCer, bacterial-derived antigens
have also been shown to stimulate mouse and hu-
manNKT cellsin vitro. For example,glycolipidsfrom
Sphingomonasinduce NKT cellsto secreteIL-4 and
IFN- ! .46 Similarly, NKT cellsmay either directly or
indirectly recognizecertainmycobacterialphosphati-
dylinositol mannosides, because when injected subcu-
taneously into mice, these compounds induced granu-
loma formation that was NKT cell-dependent.47

Kawakamiet al48 haveexaminedthe role of NKT cells
in host defenseagainstanother intracellular patho-
gen, the fungus Cryptococcusneoformans. J#281ko
(NKT-deficient) mice haveimpaired ability to clear
cryptococcalinfection aswell asaweakeneddelayed-
type hypersensitivity reaction to cryptococcal anti-
gen. Clearly, NKT cellsarewell suited for immunity

Figure 1. Regulation of T-cell immunity after burn injury by CD1d-restricted natural killer T (NKT) cells.Under normal
conditions (ie, in the absenceof injury), antigenpresentingcells(APCs) cansimultaneouslypresentglycolipid antigensin the
context of CD1d to NKT cells and peptide antigens in the context of major histocompatibility complex (MHC)-II to
conventionalCD4! T cells.In the absenceof injury, interleukin (IL)-12 produced by the APCspromotes the production of
interferon (IFN)- ! andIL-2 by NKT cells,which facilitateprotectiveimmunity viapromotion of APC andCD4! T celleffector
functions. However, in responseto burn, APCsproducelessIL-12 and insteadproducecopiousamountsof IL-6 andTNF- #.
In responseto activationby CD1d in the presenceof high levelsof the proinflammatory cytokines,NKT cellslosetheir capacity
to produce IFN- ! and secreteIL-4 and transforming growth factor (TGF)- $ instead.The loss of IFN- ! production and
increasedproduction of immune suppressiveIL-4 and TGF-$ activelyinhibit both APC and CD4! T-cell effector functions.
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againstintracellular pathogenslike Cryptococcusbe-
causeof their ability to secreteIFN- ! anddirect aTh1
response.Severalinvestigatorshave describedtheir
role in immunity againstother intracellular parasites,
fungus, and virusesaswell.49

Fewer studieshaveexaminedthe involvement of
NKT cellsin defenseagainstextracellularbacteriaor
bacterial products. An experimental model of sys-
temic shock called the Shwartzmanreaction can be
induced in mice via two consecutiveinjections of
LPS. The first injection causesan IL-12 induced
IFN- ! production. Twenty-four hours later, the sec-
ond LPS challengeresultsin a septicdeath.30,50 Re-
markably,Dieli et alshowedthat NKT-deficient mice
areresistantto the LPS-inducedmortality (93Ð100%
survivalin NKT-deficient strainsvs0Ð3%survivalin
wild type). It wasshownthat their enhancedsurvival
wasaccompaniedby lower serumIFN- ! and TNF- #
comparedwith the wild type.30 There wasno differ-
encein IL-12 levelsbetweenthe two groups. In fur-
ther experiments,Dieli et al51 proved that NKT cells
playan important role in LPS-inducedsepsisby pro-
viding IFN- ! at the priming stage.Nieuwenhuis et
al52 similarly demonstrated that NKT cell-derived
IFN- ! helpsclearPseudomonasaeruginosafrom the
lung. In a murine model of acutepneumonia,CD1d
ko mice(alsoNKT-deficient) had impairedclearance
of Pseudomonasfrom the lungs. Upon histologic ex-
amination, Nieuwenhuis et al observedthat NKT-
deficient micehad fewerneutrophils in the lung after
infection and that decreasedneutrophil content cor-
relatedwith lower MIP-2 levels.MIP-2 is primarily a
neutrophil chemoattractant also known to recruit NKT
cellsastheyconstitutivelyexpressCXCR2.53,54 Of note,
when administered before Pseudomonas inoculation,
#-GalCer prevented infection-induced pneumonia at
24 hours in wild-type mice but not NKT-deficient
mice.52 Assessingthe in situ phagocytic activity of
macrophagesafter #-GalCer treatment revealedsig-
nificantly increaseduptake of Pseudomonasby bron-
choalveolar lavage-derivedmacrophages.A control
lipid did not enhancetheir activity. These authors
suggest that macrophageÒprimingÓby NKT cell-
derived IFN- ! led to increasedmacrophageactivity
andreleaseof MIP-2, therebyprotecting the mucosa
by rapid ignition of phagocytosiswhile recruiting
granulocytes.52 Similar resultswere seen by Kawakami
et al,55 who useda Staphylococcuspneumoniainfec-
tion model to demonstrateimpairedresistanceto the
pathogen in NKT-deficient animals. Instead of
MIP-2, these authors examined a possiblerole for
MCP-1, amonocytechemoattractant,in recruitment
of NKT cells to sitesof infection. They found that
MCP-1 levelscorrelatedwith the time courseof NKT

cell infiltration into the lungs.55 Hence, MCP-1 may
playarole in recruiting NKT cellsto sitesof infection,
but this hasnot been shown definitively. Neverthe-
less,NKT cells clearly do play a role in both gram
positive and gram-negativepneumonia. Thesestud-
iesalsosuggestNKT cellsassistmucosalimmunity by
regulating the local cytokine milieu.

GAMMA-DELTA T CELLS

Gamma-delta(!" ) T cellssharemanypropertieswith
traditional T cells,including cytokineproduction and
cytotoxicity and variableTCRs. Like NKT cells,they
havebeen shown to havediverseroles in control of
viral, bacterial,andparasiticinfections,aswell asroles
in tumor surveillanceand wound repairand arethus,
uniquely poisedto regulatecomponentsof both in-
nateandadaptiveimmunity. 56,57 They compriseonly
2%to 3%of the lymphocytepopulation in blood and
lymph, although they can representa much greater
frequencyamong lymphocytepopulationswithin tis-
suecompartments,suchasthe gastrointestinaltract,
gut, and skin.56,57 Eachtissuecompartment with !"
T cellshasa limited number of distinct subsets,usu-
allyclassifiedby their V! andV" chains.For example,
resident lung !" T cellsexpresspredominately V! 4
TCR and resident dermal !" T cells,alsoknown as
dendritic epidermal T cells expresspredominantly
V! 5-V" 1 TCRs.Therearefewknown antigensfor !"
T cells, although mycobacterial cell wall products,
heat shock protein 60 kDa, and alkylamines are
among the candidates.58 Other !" TCR ligands ap-
pear to include MHC class-I-likeand MHC classI
polypeptide-relatedproteins(MICA andMICB) and
T10/22, all of which areinduced by stress.59

Gamma Delta T Cells in Injury

Asstatedbefore, !" T cellsarerelativelyabundant in
epithelial tissuesand are implicated as having vital
roles in wound repair, immune, and tumor surveil-
lancein the skin.56,57,60,61 The method of substantial
injury most studied in terms of !" T cellsis thermal
injury. Thermal injury producesa profound inflam-
matory reaction that hasboth protective and immu-
nopathologic effects.Our understandingof the role
of !" T cells in this process,although incomplete,
givesthe best insight into how !" T cellsaffect the
immune systemafter injury.

Early after burn injury, ! " T cells contribute to
wound healing, inflammation, and overall survival.60Ð63

Schwacha et al62 subjected wild-type and ! " T cell-
deficient mice to 25% TBSA third-degree burns and
observed 48 hourslater that mortalitywas3-fold greater
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in ! " T cell-deficient animalscompared with controls.62

Although no early changes were observed in immune
function, splenicmacrophagescollected from ! " T cell-
deficient mice7 daysafter injury produced significantly
less TNF-# and IL-6 compared with wild-type mice.
This! " -mediated alteration of thepostburn proinflam-
matory state wasnot affected by IL-10, asIL-10 levels
wereconsistent in both wild-typeand ! " T cell-deficient
groups.62

One possibility for the differencesin survival ob-
servedbetweenwild-type vs!" T cell-deficient mice
after injury maybe the result of the protectiveeffects
of !" T cellson gut integrity. Lossof mucosalinteg-
rity can be an underlying causeof sepsisand death
aftermassiveinjury, and!" T cellsareknown to reside
in greatnumbersin the gut, but the evidenceismixed
asto their effectsthereafter injury. Additionally, !" T
cellsmaycontribute to neutrophil accumulationand
local gut injury after remote burn injury by promot-
ing production of TNF- # by neutrophils because
studieshaveshown that anti-TNF- # antibodies de-
creasemucosalatrophy after injury.64Ð66 Mice that
areTCR " -deficient havedecreasedTNF- # levelsaf-
ter burn andalevelof apoptosisandcell turnover that
is lessthan injured wild-type animals.67,68 However,
it is unclearat this point how the balanceof immu-
noprotectivevsthe immunopathogeniceffectsof !" T
cellsafter injury relate to eventualclinical outcomes
and whether they canbecomeapotential clinical tar-
get in the future. The referencesdiscussedaboveare
summarizedin Table 3.

Gamma-Delta T Cells in Infection
and Sepsis

Recentstudiesof !" T cellshaveshedlight onto their
rolesin infection andsepsis,although sometimeswith
conflicting results.69,70 For example,comparedwith
wild-type control mice, those deficient in !" T cells
havebeenshownto be more susceptibleto Klebsiella
pneumoniaesepsis.Enhancedsusceptibilityin the ab-
senceof !" T cellscorrelatedwith lower circulating
levelsof IFN- ! andTNF- #. Meanwhile,other studies
showed decreasedmorbidity in !" T cell-deficient
mice infectedwith Listeria monocytogenes.69,70 These
results may representa bimodal responsefor !" T
cells,whereduring earlyphasesof infection andsepsis
they act asproinflammatory cellsthat link the innate
andadaptiveimmune responsesandlateractto down
regulate the immune responsealtogether. Alterna-
tively, thesedifferencesmaybebecauseof the rolesof
distinct subsetsof !" T cellsandtheir individual roles
in the immune responseto various pathogens.56,70

Experimental infection with Listeria monocytogenes
showedthat during the earlyphaseof infection, !" T
cells activate the adaptive immune response as well as
NK cell function, possibly through theaction of proin-
flammatory cytokines.71,72 The clearance of bacteria in
thismodel wasIFN-! dependent, with most of thede-
tected IFN-! coming from NK and T cells, and in the
absence of ! " T cells, there were reduced levels of
IFN-! . Signaling between ! " T cells, NK cells, and T
cells may involve the expression of IFN-! , TNF-#, or

Table 3. !" T cells

Reviewed Article Model System(s) Major Findings

Schwachaet al62 Mouse scaldburn At 48 hours after injury, mortality wasthree fold greaterin !" T cell-deficient mice. Splenic
macrophagescollectedat sevendaysproduced lesstumor necrosisfactor-# and
interleukin-6.

Balazset al64 Mouse scaldburn !" T cellscontributed to neutrophil-mediated tissuedestruction in lung and small
intestinesafter burn.

Wu et al68 Mouse scaldburn !" T cellscontributed, in part, to intestinal mucosaldamageafter burn; however,some
intestinal damagestill occurred in the absenceof !" T cells.

OÕBrienet al70 Mouse sepsismodel
with intravenous
L. monocytogenes

Depletion of certainsubsetsof !" T cellsincreasedbacterialclearance,though depletion of
all !" T cell associatedwith lower bacterialclearance.

Hirsh et al76 Mouse CLP !" T cellsaccumulatedin lungs after CLP and their dysfunction appearedto contribute to
acutelung injury.

Matsushimaet al77 Patientswith
systemic
inflammatory
distresssyndrome

Systemicinflammatory distresssyndromecorrelatedwith lossof circulating !" T cells.

Chung et al80 Mouse CLP Mice deficient in !" T cellslackedinflammatory burst after CLP and had increased
mortality.

CLP, cecalligation and puncture.
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other cytokines. Interestingly, in later stagesof L. mono-
cytogenesinfection, ! " T cellsact asa brake on the im-
munesystem, and in modelsof ! " T cell-deficient mice,
there is an exaggerated inflammatory response leading
to increased morbidity.72,73 A clinical correlate of the
idea of early and late responses to pulmonary infection
by ! " T cellswasseen in patientswith TB, in which loss
of ! " T cells correlated with disease progression and
increased inflammation and damage in the lung itself,
while patients exposed to TB but without evidence of
disease had higher levelsof ! " T cells.73,74

It hasalsobeensuggestedthat !" T cellskill neu-
trophils during sepsis.Hirsh et al75,76 gaveevidence
that !" T cellsrecognizeHSP72 on neutrophils stim-
ulated by LPS in a murine sepsismodel, leading
to direct killing of the neutrophils. Early after LPS-
induced spepsis,!" T cellsshowedsignsof dysfunc-
tion, but in animalsthat survived,!" T-cell function
wasnot impaired, suggestingthat loss of !" T-cell
function earlylendsto uncontrolled inflammatory re-
sponses.Relatedto this, defectsin !" T-cell number
and function alsoweredescribedin patientswith sys-
temic inflammatory responsesyndrome and sepsis.
Matsushimaet al77 noted that patientswith SIRShad
a decreasein number of circulating !" T cellsversus
healthy controls and that the few !" T cells that re-
mained exhibited early signsof activation. Interest-
ingly, the magnitude of !" T cell lossand earlyacti-
vation marker expressioncorrelated positively with
the overallmagnitude of SIRS.77,78

RecentlyChung et al exploredthe role of intraepi-
thelial !" T cellsin sepsisafterCLP.79,80 Although #$
T cellswerereducedin gastrointestinalmucosaafter
CLP, !" T cellnumberswereincreased.Additionally,
although CLP increasedplasma levels of TNF- #,
IL-6, and IL-12 in wild-type mice, thosedeficient in
!" T cellshad no suchproinflammatory burst in cy-
tokine levels and showed enhanced mortality.80

Therefore, it appearsthat the innate immune system
requires!" T cellsin the gut and perhapselsewhere,
for effectivebacterialclearanceandthat further inves-
tigation is warrantedto understandtheir role in host
defenseduring sepsis.A summaryof studiesthat ex-
amine!" T cellsin infection andsepsisis provided in
Table 3.

CD4! CD25! REGULATORY T
CELLS (Treg)

Regulatory T cellsarea heterogeneousclassof lym-
phocytesthat arisein the thymus and havean overall
anti-inflammatory phenotype.Treg cellscomprise5%
to 10%of CD4! T cellsin the peripheralcirculation
and lymphoid compartment but are relativelyscarce

in tissuesand bone marrow. Broadly, they can be
classifiedas either naturally occurring or inducible.
Natural regulatory T cellsarenow classifiedasbeing
CD4!CD25 ! Treg cells.81,82 Inducible regulatoryT
cells include Tr1 cells,Th3 cells,and CD8! regula-
tory T cells and are divided according to how they
mature and the balanceof anti-inflammatory cyto-
kines they produce. For the purposesof this review,
we will consider only the naturally occurring Treg
cellsand will refer to them hereafterasÒTreg.Ó

Treg cellsaredefined by their constitutiveexpression
of CD4, CD25, and the fork-head box P3 (FoxP3)
transcription factor expression. Other markersseenin
conjunction with these cells are CD38, CD62L,
CD103, and glucocorticoid-induced tumor-necrosis
factor receptor.81Ð83 It isthought that their main role
is to protect againstautoimmunity by facilitation of
toleranceto self-antigens.Treg cellsrequire IL-2 for
activation, and they havea TCR that allowsrecogni-
tion of a wide range of alloantigenson MHC class
II. 84,85 In responseto MHC classII recognition,
Treg cellscaninhibit IL-2 releaseby both CD4! and
CD8! T cells,mostly through inhibition mediatedby
TGF-$ and IL-10. 86 Treg cellsalsomaybe involved
in regulation of NKT cells, as it hasalso been sug-
gestedrecentlythat Treg cellsinhibit NKT cell func-
tion while otherssuggestthat likewise,NKT cellscan
augment Treg proliferation87,88 perhaps by NKT
cell-derived IL-2. Further evidencefor the role of
Treg cells in tolerance comesfrom the observation
that Treg cellsarereducedboth in number andfunc-
tion in certain typesof autoimmune disease.89

Treg Cells in Injury

Becauseof the apparentrole of Treg cellsin regula-
tion of the immune responseafter infection, investi-
gators haveexaminedwhether Treg are involved in
the suppressionof the innate immune systemafter
injury alone.Murphy et al90 examinedwhether Treg
cellsmodulatedthe innateinflammatory processafter
burn injury. Sevendaysafter burn, splenocytesde-
pleted of T and B cells exhibited an exaggerated
response to in vitro stimulation with either LPS or
peptidoglycan (PGN) vs sham-injured animals.90

However, in Rag1-deficientmice, the inflammatory
responsewas even greater, indicating that a T-cell
population mitigated the response.Transferof CD4!

T cells from wild-type mice to Rag1-deficient mice
decreasedthe levelof inflammation at 7 days.A series
of transfer experiments revealed that transfer of
CD4!CD25 ! Treg cells to either Rag1-deficient
mice or mice depletedof T and B cellsat the time of
injury reduced the magnitude of the inflammatory
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responseto the level of burn burn-injured wild-type
mice as indicated by levels of TNF- #, IL-1 $, and
IL-6. Becausesplenocytesin this study were stimu-
latedwith LPSor PGN, the findings indicatethat the
suppressioninvolved signaling via the TLR4 (LPS)
and TLR2 (PGN) receptorsÕresponses.

Additional studiesby Choileainet al91 exploredthe
mechanismsand timing of adaptive immunity sup-
pressionby Treg cellsin a burn model. Proliferation
assaysrevealedan increaseof activity from draining
lymph node Treg cells, but not spleenTregs. They
observedthat conventionalT cellsproducedhigh lev-
elsof the Th1 cytokine IFN- ! , whereaspurified Treg
cells produced low levelsof Th1 cytokines and in-
creasedlevels of IL-10 and TGF-$. Co-culture of
Treg and CD4! Treg cells resulted in decreased
CD4! T-cell proliferation only if direct cell-to-cell
contact was allowed. Furthermore, co-cultures in-
fusedwith anti-IL-10 or control IgG did not effect
CD4! T-cell proliferation, whereas infusion with
anti-TGF-$ revealeda dose-dependentinhibition of
proliferation. Taken together, the inhibition caused
by Treg cells on CD4! T-cell proliferation in vitro
wasdependent on cell contact and TGF-$ but not
IL-10. Together, these results indicate a powerful
role for the regulation of Th1 immunity after burn
regulated by Treg cells, through direct contact and
the secretionof TGF-$.

MacConmaraet al92 examinedthe possibleimpact
of Treg cellsin traumapatients.Peripheralblood was
collected from 19 patientsand 5 control patientson
days1 and 7 after injury. The percentagesof Treg

cellsand CD4! T lymphocyteswere determined by
FACS analysis,and all CD4! cellswerecollectedby
beadsorting. The percentageof both CD4! T cells
andTreg cellsincreasedaftertraumafrom days1 to 7.
Additionally, MacConmara examinedthe contribu-
tion of Treg cellsto the regulation of Th1- andTh2-
type cytokine production by CD4! T cellscollected
from patients.Collections of all CD4! T cells from
trauma patients showed significant decreasesin
IFN- ! production upon in vitro stimulation. How-
ever,when Tregsweredepleted,CD4! T cellsfrom
trauma patientsresumedtheir production of IFN- ! .
The actual patient Tregs showed increasedproduc-
tion of IL-4, IL-5, and IL-10, comparedwith Tregs
from control patients. Therefore, in in vitro assays,
Treg cells from injured patients inhibited the Th1
(IFN- ! ) response,and show increasedexpressionof
anti-inflammatory cytokinesafter trauma. Together,
theseresultssuggestedinvolvement of Treg cells in
the suppressionof adaptive immunity subsequent
to burn alone. Whether the Treg-mediated down-
regulation of theadaptiveimmunesystem affectsclinical
outcomes remains to be determined. A summary of
their known role in injury is provided in Table 4 and
Table 5.

Treg Cells in Infection and Sepsis

Treg cellshavebeenextensivelystudiedfor their role
in toleranceandT-cell regulation in suchdiversedis-
easemodelsasautoimmune diseaseand graft vshost
disease,but only recentlyhasattention turned toward

Table 4. Treg cells

Reviewed Article Model System(s) Major Findings

Murphy et al90 Mouse burn ! LPS or PGN stimulation Treg cellsdecreasedinflammatory cytokine release7 daysafter
burn and LPS or PGN stimulation.

Choileain et al91 Mouse burn model and in vitro co-cultures Treg cellscauseda decreasein CD4! proliferation after burn
dependenton cell-to-cell contact and transforming growth
factor-$.

MacConmaraet al92 In vitro assaywith human trauma patient
blood

Treg cellsfrom injured patientsinhibited Th1 responsein vitro
and increasedanti-inflammatory cytokine production.

Caramalhoet al93 Murine in vitro Treg cellsrespondedto LPS stimulation without presentation
by antigen-presentingcells.

Heuer et al94 Mouse CLP with adoptive transfer Mice receivingtransferof Treg cellshad increasedbacterial
clearanceand mastcell recruitment aslong asthe mice had an
existing intact T-cell response.

Scumpiaet al95 Mouse CLP Mice depletedof Treg cellswith CLP had no differencein
mortality versuscontrol mice with CLP.

Monneret et al98 Human septicpatients Decreasednumbersof circulating Treg cellswereseenearlyin
sepsis,howevertheir numberseventuallyreturned to normal.

CLP, cecalligation and puncture; LPS, lipopolysaccharide;PGN, peptidoglycan.
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the potential for thesecellsto haveclinical effectsin
modelsof sepsisand infection. Caramalhoet al93 re-
ported that Treg cells respond to LPS stimulation
without antigenpresentationfrom APCsthrough rec-
ognition from Toll-likereceptorsfollowed by prolifera-
tion and activation, which representsanovel finding of
a T lymphocyte carrying a receptor normally relegated
to theinnateimmunesystem and offersapossiblemech-
anism by which Treg cellsmay help bridge the gap be-
tween innate and adaptive immunity.93

Heuer et al. recently showedthat Treg cellshave
protective effects in a CLP model of polymicrobial
sepsis.94 Before being given CLP, mice receivedei-
ther vehicle only, conventional CD4! T cells, un-
stimulated Treg cells,or Treg cellspreviouslystimu-
lated with IL-2, anti-CD3, and anti-CD28. Two
weeksafter CLP, mice given either vehicleor CD4!

T cellshad significantly greater mortality compared
with mice given unstimulated Treg cells. However,
mice given stimulatedTreg cellshad the lowest rates
of mortality and overall best clinical outcome. This
effect was dependent on the host having an intact
T-cell population becauseno protective effect was
observedwhenTreg cellsweretransferredto athymic
micegivenCLP. Mice givenTreg cellshadsignificant
increasein bacterial clearanceand mast cell recruit-
ment to the peritoneum. In contrast, a recent study
by Scumpiaet al95 usedCLP and mice depleted of
Treg cellsfound no differencein mortality and small
increasein Treg populations with intact mice with
sepsis.Yet, other modelsof intestinal infection have

presentedevidenceof decreasedseverity of disease
with Treg cellsbut usuallyat the cost of higher bac-
terial loads.96,97 The presumption in thesestudiesis
that through the actionsof IL-10 and TGF-$, Treg
cellslimit the inflammatory responseto infection but
inhibit clearanceof disease.

Although animalmodelshavegenerallysuggested
protective effectsfor Treg cells in systemicinfection
andsepsis,humandatahavenot beenasrevealing.In
patients with sepsis,an initial marked decreasedin
absolutenumbersof both CD4! cellsand Treg cells
is observedin the circulation.98 Over time, the per-
centageof Treg cellseventuallyincreasesto healthy
control levels, which may be a result of a resistance
to apoptosisin Treg populations.99 I n patientswith
sepsis and immune paralysis, as evidenced by de-
creased histocompatibility leucocyte antigen-DR
on monocytes, nonsurvivors had the highest levels
of Treg cells. Whether the increased Treg cells was
symptom of advanced sepsis or contributed to it
was not delineated.99

CONCLUSION

The ideathat considerablyrare populationsof regula-
tory lymphocyteshavesuch profound effectson immu-
nityafter burn injuryand during sepsisisarelativelynew
concept in the study of the immune consequence of
trauma and systemic infection. H owver, the studies
outlined in this review support this notion and in
manycasesprovide convincing evidencethat regula-

Table 5. Summaryof the cell typesand their mediatorsdiscussedin this reviewand their known contributions to
injury-induced immune suppressionand sepsis

Cell Type Products/Responses Targets Consequences

Natural killer (NK) Interferon (IFN)- !
Tumor necrosisfactor-#
Cell lysis

Macrophages
Dangerousself/non-self cells

Priming of innate responsesvsimmune paralysis
Clearanceof bacteria
Septicshock
Multisystem organ failure

Natural killer T
(NKT)

IFN- !
Interleukin (IL)-4
IL-10
IL-13
TGF-$
Cell lysis

T cells
Neutrophils
Macrophages

Priming of innate responses
Th1 vsTh2 differentiation
Antigen-specificimmune paralysis
Mucosal immunity

!" T cell IFN- !
Fibroblast growth factor-7, 10
Keratinocytegrowth factor
Insulin growth factor

Neutrophils
Epithelium
NK cells
T cells

Mucosal integrity/protection
Early proinflammatory response
Late down-regulatory response
Systemicinflammatory distresssyndrome

Treg IL-10
Transforming growth factor-$
Th1 cytokines(low levels)

CD4! T cells
CD8! T cells
NKT cells

Toleranceto self-antigens
Regulation of innate and adaptiveresponses
Down-regulation of postinjury Th1 responses
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tory lymphocytes,including NK, NKT, !" , andTreg
cells, indeed control both the adaptive and innate
armsof immunity after injury and during sepsis.Al-
though the precisemechanismsby which thesecells
regulateimmunity remainsto bedeterminedin some
instances,it is clear that a common mechanismby
which regulatory lymphocyte subsetscontrol im-
mune responsesis via the production of immuno-
modulatory cytokines,including IFN- ! , IL-4, IL-5,
IL-10, and TGF-$. The adventof highly specifican-
tibodies to block cell function (ie, anti-CD1d mAb
for NKT cellsand anti-CD25 for Tregs) and the de-
velopmentof transgeniccell-deficientmice(ie, CD1d
and J#281 ko for NKT cells,and " TCR ko for !" T
cells)haveallowed investigatorsto conduct complex
studiesto unequivocally identify roles for thesecells
in injury and sepsis-relatedimmunopathology. Al-
though considerably more research is needed to
understand how rare lymphocytesubsetsexert such
profound regulation over immune function, the
studies reviewed here allow us to develop new per-
spectives on the immunopathologic consequences
of trauma and infection. As obvious sentinels of
innate and adaptive immunity, regulatory lympho-
cytes represent attractive new targets for the devel-
opment of therapeuticsfor injury-induced immune
paralysis and sepsis.
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