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Abstract
Hematopoietic stem cell transplantation (HSCT) is a therapeutic option for a number of malignant and inherited disorders.
However, the efficacy of this therapy is limited by a number of serious infectious and noninfectious complications. Pulmonary
infections represent a significant cause of morbidity and mortality post-HSCT and can occur both pre- and post-hematopoi-
etic reconstitution. Susceptibility to Gram-negative bacterial infections despite full hematopoietic engraftment suggests that
innate immunity remains impaired months to years post-HSCT. This review will describe the process and complications of
HSCT and will summarize what is known about innate immune reconstitution post-HSCT. Data from the literature as well
as our own laboratory will be presented to suggest that an eicosanoid imbalance characterized by over-production of
prostaglandins and under-production of leukotrienes leads to impaired lung phagocyte function post-HSCT. Of therapeutic
interest, strategies which limit production of prostaglandins can improve pulmonary host defense in animal HSCT models,
which suggests that this may also be beneficial for human HSCT recipients.
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REVIEW

INTRODUCTION

Hematopoietic stem cell transplantation (HSCT)
has evolved as a therapeutic option for a variety of
malignant and inherited diseases, including hematolog-
ic cancers, autoimmune deficiencies, and rescue therapy
following irradiation for solid tumors [26]. Despite the
increased use of HSCT, there are still a number of seri-
ous challenges, especially pulmonary complications,
which limit the success of this therapy. This review will
highlight the various types of HSCT and pulmonary
complications (especially infections) occurring post-
-HSCT. Experimental evidence will also be presented
which suggests that pulmonary innate immunity is
impaired post-transplant. Finally, we will review the evi-
dence that eicosanoid imbalances post-HSCT con-
tribute to impaired lung host defense. 

STEM CELL SOURCE

Stem cells can be collected from numerous sources
in the body to be used in HSCT (see Table 1) [26, 51].
The first source of stem cells for transplantation was
from the bone marrow (BM). However, the procedure
to harvest BM is associated with moderate pain and dis-
comfort for the donor [26]. More recently, stem cells
have been purified from the peripheral blood with far
less discomfort [26, 87]. Stem cells are identified by
expression of the CD34 marker, and the number of
these cells in the blood can be increased by mobilizing
them with cytokines such as granulocyte colony-stimu-
lating-factor alone or in combination with drugs such as
AMD3100, a CXCR4 receptor antagonist which
appears to release stem cells from the BM and cause
them to enter the circulation [36]. Finally, in situations
where the transplant is urgent or suitable donors are not



found, umbilical cord blood from unrelated donors has
been used as a source of hematopoietic stem cells. Of
note, both hematologic and immunologic reconstitution
is slower in transplants with cord blood; but the advan-
tage is that the histocompatability matching require-
ments are less stringent [26, 87, 99].

GENETIC CONSIDERATIONS FOR HSCT

Genetics are an important consideration in HSCT
due to self versus non-self recognition by the immune
system. Genetic disparities between the donor stem cells
and the recipient host can lead to an immunologically
mediated systemic disorder known as graft-versus-host
disease (GVHD). Immunologically, it is advantageous
to transplant genetically identical stem cells and this
occurs in the settings of syngeneic or autologous HSCT.
During a syngeneic transplant, stem cells are given from
a genetically identical host. Although this situation is
possible for identical twins and is commonly used with
inbred laboratory animals, it is not likely within the gen-
eral public. What is more common is an autologous
transplant, where stem cells are collected from the
patients themselves prior to myelo- and/or lympho-abla-
tive conditioning. These autologous stem cells are then
reinfused as rescue therapy following irradiation.
Autologous and syngeneic HSCTs have the advantage
of being fully compatible for both major and minor his-
tocompatability antigens. Finally, an allogeneic trans-
plant is when the stem cells are from a genetically unre-
lated donor where histocompatability antigen mis-
matches are present (Table 2). The most adverse post-
-transplant reactions occur in allogeneic transplants
when donor lymphocytes recognize host tissues (such as
the skin, gut, and lung) as foreign, which results in
GVHD (reviewed in [26]). However, there are situa-
tions where minor mismatches also can be beneficial.
Minor mismatches are able to invoke a graft-versus-
-leukemia response which may assist the donor lympho-
cytes in their ability to eradicate residual host leukemic
cells [11]. Currently, autologous transplants outnumber
allogeneic transplants by about 2:1 [26].

CONDITIONING REGIMENS

There are a variety of different conditioning regi-
mens utilized to prime the host for acceptance of HSCT.
Initially, a myeloablative dose of total body irradiation

(TBI) was used to ablate cancers and to eradicate the
host of their natural stem cells, thereby creating a niche
to allow engraftment of the donor stem cells [26, 51].
Toxicity associated with TBI lead to protocols using
multiple lower doses of irradiation with shielding of
organs to reduce injury associated with the conditioning
regimen. In the last two decades it has become common
to use chemotherapy drugs such as cyclophosphamide
and busulfan, alone or in conjunction with TBI, to
ablate the recipient BM [26]. Today, some transplants
are performed using reduced-intensity non-myeloabla-
tive treatments which decrease the toxicity and neu-
tropenia associated with the more aggressive treat-
ments. However, this is not always advantageous since,
in the case of HSCT for cancer, there is a higher chance
of relapse [56].

NONINFECTIOUS HSCT COMPLICATIONS

A myriad of complications can occur as a result of
HSCT therapy. The majority of deaths associated with
HSCT result from GVHD; however, there are other
complications that occur as a result of the conditioning
regimens. Some of these complications are multi-system
problems, such as continued cytopenias resulting in
bleeding [81], renal dysfunction [48], veno-occlusive dis-
ease [15], and systemic chronic GVHD [26, 73].
Pulmonary complications (both infectious and noninfec-
tious) are particularly prevalent and are reported in up
to 60% of HSCT patients, accounting for high morbidi-
ty and mortality [86]. The complications in the lung fol-
lowing HSCT include both infectious and noninfectious
pneumonitis, GVHD, bronchiolitis obliterans (BO), and
pulmonary vascular abnormalities [52]. 

Noninfectious pulmonary complications post-HSCT
can be either acute (such as idiopathic pneumonia syn-
drome – IPS) or chronic (such as BO) [103] and are
often related to GVHD. The median onset for IPS
occurs 21–65 days after transplant, when symptoms such
as shortness of breath, dry cough, and hypoxemia with
or without fever appear [1, 103]. IPS mortality is report-
ed to be as high as 80% and is associated with alveolar
injury [103]. A chemokine-driven recruitment of inflam-
matory and immune-effector cells to the lung and the
release of oxidants and proinflammatory cytokines is
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Table 1. Sources of stem cells for HSCT

Clinical Bone Marrow
Mobilized peripheral blood
Cord blood

Animal research All of the above plus:
Fetal liver
Embryonic stem cells

Table 2. Types of HSCT 

Autologous Patients receive their own No mismatch
stem cells

Syngeneic Patients receive stem cells No mismatch
from a genetically identical 
donor

Allogeneic Patients receive stem cells Minor/major 
from their brother, sister, or mismatch
parent. Stem cells may also 
come from an unrelated 
donor



thought to initiate IPS [25]. Allogeneic transplant
patients are at even greater risk due to a second wave of
injury mediated by alloreactive T lymphocytes [1, 103].

Patients can also develop late pulmonary complica-
tions at greater than 100 days post-transplant [103]. The
incidence of late-onset pulmonary complications ranges
from 20–50% depending on donor source and the time
post-HSCT [103]. These can present as restrictive lung
diseases, such as BO with organizing pneumonia, and
interstitial pneumonias and fibrosis secondary to drug
toxicity [103]. More commonly, patients develop BO
associated with chronic GVHD 80–700 days post-HSCT
[51, 1]. This is characterized by inflammation and fibro-
sis of the small airways leading to a fixed obstructive
ventilatory defect occurring almost exclusively in allo-
geneic transplants and in patients with other evidence of
chronic GVHD. There is substantial mortality associat-
ed with BO and treatment options are limited [1, 103].

INFECTIOUS HSCT COMPLICATIONS

Infectious complications are a common cause of
morbidity and mortality following HSCT. Serious infec-
tions occur within the first two years in 50% of patients
receiving HSCT from matched sibling donors [32].
However, the rate of infection can be as high as 90% in
patients receiving HSCT from matched unrelated
donors or in patients who develop GVHD [32].
Additionally, the use of immunosuppressive therapies in
allogeneic transplant recipients to treat GVHD can fur-
ther increase the risk of developing a serious infectious
complication [32]. Despite numerous advances in pro-
phylactic strategies, diagnosis, and treatment, pneumo-
nia remains the leading infectious cause of death after
HSCT [51].

Post-HSCT there are three phases of susceptibility:
the first month after transplant prior to hematopoietic
engraftment (neutropenic stage), the second through
third month after transplant (engraftment or immune
reconstitution), and three months or later after trans-
plant (post-engraftment) [102]. During the first month
post-HSCT, immune reconstitution is not complete and
patients are extremely susceptible to bacterial, viral, and
fungal infections [24, 51]. One study indicated that over
80% of patients had either clinical or microbiologically
significant bacterial, fungal, or viral infections during
the neutropenic stage post-HSCT [40]. Aspergillosis is
an especially dangerous threat to both allogeneic and
autologous HSCT recipients during the pre-engraft-
ment period [51]. Bacterial pneumonia caused by Gram-
-negative pathogens, especially Pseudomonas aeruginosa
and Klebsiella pneumoniae, occur most often during the
first 100 days post-transplant [51]. Among aerobic
Gram-negative pathogens, P. aeruginosa has the highest
associated mortality rate (40%) [24]. Cytomegalovirus is
the most frequent and most virulent organism associat-
ed with pneumonitis during the second phase, with
approximately 50% mortality [28]. In contrast, bacterial

pneumonitis, bacterial septicemia, and sinusitis associat-
ed with Gram-positive organisms have been reported as
the most frequent infections occurring six months after
HSCT [52]. Although immune reconstitution is said to
occur by day 100, clinical studies document that HSCT
patients exhibit long-term immune dysfunction for
months or even years post-transplantation [6].

INNATE IMMUNITY IN THE LUNG

The lung has the largest interface with the external
environment of any internal organ and requires an elab-
orate host defense system to protect it [104]. The
immune system has several different components, which
include the adaptive component (T and B cells), the
innate component (macrophages/monocytes, polymor-
phonuclear leukocytes (PMNs), and natural killer (NK)
cells), and dendritic cells (DC), which serve as media-
tors between the adaptive and innate immune systems.
The adaptive immune system has the capacity to recog-
nize almost any antigenic structure regardless of
whether the motif is bacterial, environmental or self in
origin [105]. T and B cell receptors are not encoded in
the germline and are uniquely generated during cellular
development [68, 105]. Therefore, a diverse repertoire
of receptors is generated randomly, and those receptors
that escape positive and negative selection are subse-
quently selected for clonal expansion when they
encounter their specific antigen [68, 105]. The clonal
expansion of lymphocytes is often necessary for the gen-
eration of an effective immune response and the clear-
ance of a pathogen; however, it takes at least five days
for sufficient numbers of clones to be produced and to
differentiate into effector cells [68]. Thus the innate
immune system, which includes antimicrobial peptides,
phagocytes, and the alternative complement pathway,
serves as the initial defense against microorganisms and
also plays a pivotal role in the activation of the adaptive
immune system [68, 104].

Innate immunity includes both nonspecific structur-
al and mechanical defenses as well as specific cell-medi-
ated mechanisms. Cilia, cough reflex, and mucus clear-
ance are a variety of nonspecific features which protect
the lung from potential extracellular invading pathogens
[104]. Resident lung macrophages and recruited PMNs
are key cells for the generation of cell-mediated innate
immune responses [9, 29]. Although phagocytes play
a major role in host defense, they can also cause consid-
erable damage if left unregulated. For example, inade-
quate or unrestrained activation of either macrophages
and/or PMNs result in uncontrolled release of oxidants
and proteolytic enzymes which could lead to tissue and
vasculature destruction [90].

Macrophages

In a non-diseased state, macrophages represent the
majority of bronchoalveolar cells (>85%) in the lower
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respiratory tract [32, 64, 90]. It is believed that
macrophages found in the lung originate from either
blood monocytes or proliferation by resident alveolar
macrophages (AMs) [90]. There are several different
subtypes of lung macrophages identified as morpholog-
ically and functionally heterogeneous from one another,
including alveolar, interstitial, intravascular, and airway
macrophages [90]. Of note, AMs are believed to be
long-lived radio- and chemotherapy-resistant cells and
they are slow to turn over and be replaced by donor-
-derived cells following HSCT [57, 58, 65, 71, 74, 93, 94].
Cell-surface receptors and secreted products allow lung
macrophages to respond to environmental factors and
aid in the clearance of microorganisms in the distal air-
ways and alveolar spaces [90, 104]. In the lung,
macrophages function as professional antigen-present-
ing cells (APCs) by processing and presenting pathogen
peptides on their MHC II receptors [29]. Although it is
known that AMs specifically are relatively poor APCs,
they do function to carry microbial antigens into the
interstitium and to the regional lymph nodes, where
they are taken up by DCs and presented to lymphocytes
to initiate adaptive immune responses [64].
Macrophages also contain receptors for both antibody
and complement, which serve as opsonins to enhance
the phagocytic capacity of these cells [29]. Macrophages
are also capable of destroying or breaking down the
microorganisms they have engulfed through the release
of oxygen radicals, namely superoxide anion, hydrogen
peroxide, hydroxyl radical, and proteolytic enzymes such
as lysozyme, elastases, and collagenases [29, 90].
Interestingly, macrophages are also able to secrete
antioxidants, antiproteases, and inhibitors of cytokines
to control and dampen the immunological insult after
containment and clearance has occurred [77].

PMNs

Lung macrophages also contribute to the inflamma-
tory process through their ability to recruit additional
cells, such as PMNs, to the site of inflammation [44, 90].
PMNs normally account for approximately 1% of bron-
choalveolar cells and are absent from the distal airways
and alveoli. However, PMNs are able to migrate from
the pulmonary vasculature when activated by appropri-
ate stimuli. AMs are capable of secreting PMN
chemoattractants, such as leukotriene B4 (LTB4) and
IL-8, that cause PMNs to undergo morphologic and
functional changes enabling them to migrate into the
airways [29, 90]. PMNs follow chemoattractant gradi-
ents to the site of infection via the upregulation of spe-
cific cell-surface adhesion receptors allowing migration
through the vessel walls and into the airways [29].
During a robust microbial insult it is likely that the total
number of PMNs will outnumber the total number of
macrophages present [9, 12, 74, 90]. Like other phago-
cytes, PMNs produce a variety of secretory molecules to
aid in the phagocytosis and killing of pathogens in the
lung. PMNs, through a membrane-associated NADPH-

-dependent oxidase, release many of the same reactive
oxygen metabolites as macrophages [50, 90]. PMNs also
store enzymes, such as elastase, hydrolase, myeloperox-
idase, lysosyme, and neutral serine proteases, in their
azurophilic granules which can serve as potent bacteri-
cidal agents [90].

NK cells

Another important cell in the innate immune system
are the NK cells which are derived from the BM and cir-
culate in the blood [59]. These cells are able to recog-
nize both endogenous and exogenous glycolipid anti-
gens presented by CD1d, which is a non-polymorphic
surface protein related to the classical MHC I molecule
[98]. NK cells are activated early in an immune response
by cytokines or by encountering a target cell that
expresses the ligands for the NK cell receptor. Like con-
ventional lymphocytes, some NK cells express a T cell
receptor. However, unlike T and B cells, the receptor is
encoded by the germline and does not undergo somatic
recombination and is thus considered semi-invariant
[59, 98]. NK cells are also different from conventional
lymphocytes because these cells lack immunological
memory [59, 98]. NK cells are capable of using two dif-
ferent mechanisms to control infection: the secretion of
the immune-activating cytokines IFN-γ and/or TNF-α
and the direct lysis of infected cells by exocytosis of
granules that contain perforin and granzymes [29, 59]. It
is the balance of signals from both activating and
inhibitory receptors that determines the outcome of NK
cell activity. Inhibitory receptors on the NK cell recog-
nize MHC I molecules, which are present on virtually all
cell types. The loss of MHC I molecules, possibly
because of an infection, can lead to NK cell activation,
which allows these cells to recognize “missing self” [59].
Activating NK receptors are able to bind to host-derived
or pathogen-encoded ligands that are upregulated on
infected cells, resulting in either lysis of the cell or the
production of pro-inflammatory cytokines [59].

Dendritic cells

DCs are considered to be the professional APCs of
the body. Immature DCs circulate throughout the body
surveying for evidence of infection using non-specific
receptors (discussed below). Once a pathogen is encoun-
tered, DCs engulf the organisms, secrete activating
cytokines, mature, and move quickly to the draining
lymph node. Once in the secondary lymphoid system, the
mature DCs serve to activate specific T cell responses
(helper cytokine secretion and/or cytotoxic T cell gener-
ation) and B cell responses (antibody production) [41].

Toll-like receptors

Unlike the adaptive arm of the immune system, the
innate immune system does not recognize each
pathogen individually; rather it focuses on a few highly
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conserved structures that are present in large pathogen-
ic groups [68]. These structures are referred to as
pathogen-associated molecular patterns (PAMPs) and
the receptors that have evolved to recognized them are
pattern-recognition receptors, or more commonly called
Toll-like receptors (TLRs) [68]. Some of the most well-
-known examples of PAMPs are Gram-negative bacter-
ial lipopolysaccharide, peptidoglycan, Gram-positive
lipoteichoic acids, flagellin, bacterial DNA, double-
-stranded RNA, and glucans [68]. Although the ligands
are chemically unrelated, PAMPs do have several com-
mon features, including relatively unique production by
microorganisms, structures essential to the survival or
pathogenicity of the microbe, and components shared
by entire classes of pathogens [68].

TLRs have a major role in the induction of immune
and inflammatory responses by their ability to differen-
tiate between “host” and “foreign” antigens. The TLRs
are a highly conserved family of type 1 transmembrane
receptors characterized by an N-terminal extracellular
leucine-rich domain and a C-terminal intracellular
domain that is homologous to the IL-1 receptor [104].
To date, 10 human and 13 murine TLRs have been iden-
tified to bind to an array of bacterial, fungal, and viral
products [64]. All of the known TLRs signal via their
intracellular tails by activating a cascade of intracellular
kinases leading to diverse gene expression. One of the
main transcriptional factors activated by the TLR path-
way is NF-κB, which translocates to the nucleus when
activated to transcribe important inflammatory gene
products [64]. Interestingly, TLR expression is not lim-
ited to leukocytes and was also been found on the sur-
face of structural cells, such as lung epithelial cells [42,
64, 75] and mesenchymal cells [54]. TLRs have recently
been shown to modulate airway responses to ozone and
asthma as well as infection [64].

INNATE IMMUNE RECONSTITUTION

Reconstitution is the repopulation of the immune
and hematopoietic systems of the recipient and is
dependent on appropriate proliferation, maturation,
and differentiation of donor cells [61]. Successful hom-
ing and engraftment of donor stem cells into the host is
a variable process in which reconstitution of effector cell
function does not necessarily correlate with recovery of
cell numbers [6]. Most HSCT recipients have some type
of immune dysfunction regardless of the type of graft
(autologous, syngeneic, or allogeneic), the type of
underlying disease, the conditioning or preparative reg-
imen, the type of post-transplant immunosuppression,
or the presence of GVHD [6, 61, 101]. Thus a better
understanding of the factors that regulate these dys-
functions is sorely needed.

The kinetics of immune reconstitution follows a gen-
eralized scheme. Peripheral phagocytes and NK cells
are the first cells to be reconstituted post-HSCT in
human transplant recipients [5, 61]. After the initial

reestablishment of phagocytes, there is repopulation of
early lymphoid cells responsible first for primitive and
then for more specific functions, such as proliferation,
helper activity, differentiation, cytokine production, and
antibody synthesis [61]. It is believed that these latter
functions require complex and finely tuned cell-cell
interactions mediated by cell contact and soluble fac-
tors, which may be why they appear later in the reestab-
lishment of the immune system [61].

PMN reconstitution

The first phagocytic cells to recover after HSCT are
the PMNs, which are normally present 2–4 weeks post-
-transplant [6]. The total number of PMNs appears to
normalize early post-transplant [61]; however, cellulari-
ty does not necessarily correlate with complete func-
tional recovery [6]. There are some conflicting studies as
to the functional ability of PMNs post-HSCT.
Researchers found that reconstituted PMNs had dimin-
ished or impaired chemotaxis, superoxide production,
and bactericidal activity for at least two months after
allogeneic HSCT [5]. Similarly, impairment in chemo-
taxis, superoxide induction, and phagocytic function was
found months to years post-transplant in PMNs from
patients receiving autologous transplants [106]. In con-
trast, one study showed there to be no difference in the
phagocytic or oxygen-dependent intracellular killing
mechanism of PMNs isolated early in the reconstitution
period compared with cells from normal controls [61].
Our animal models have suggested that PMNs post-syn-
geneic HSCT may recover phagocytic function, but
remain impaired in bactericidal killing [8, 74].

Macrophage reconstitution

As opposed to PMNs, macrophages are not reconsti-
tuted for weeks to months post-transplant [6, 65, 74].
Peripheral blood monocytes are donor-derived by day 41
post-transplant, whereas tissue-fixed macrophages in the
lung and liver are of donor origin beginning at 80 days
post-HSCT [61]. Resident AMs are capable of surviving
ablative cytotoxic therapy and can persist in the lungs for
up to 90 days after allogeneic transplant [100]. Animal
studies suggest that the delay in AM reconstitution could
be even longer post-HSCT [6, 65, 74]. Delayed AM mat-
uration could help explain the increased prevalence of
lung infections post-HSCT. Once again, controversy
exists as to the functional ability of these cells after
reconstitution. Defects such as impaired chemotaxis,
phagocytosis, and killing have been documented in AMs
from allogeneic HSCT patients [102]. However, studies
have also shown that peripheral monocytes exhibit nor-
mal chemotaxis, adherence, phagocytosis, and cytotoxic-
ity early post-engraftment and are able to function as
professional APCs by presenting killed E. coli bacteria in
proliferation assays [61]. These data could also highlight
anatomic differences in the functional recovery of
macrophages. In support of this hypothesis, our work in
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a murine model of syngeneic HSCT suggests that AM
function is persistently impaired post-transplant (see
below).

NK cell reconstitution

After an autologous HSCT, NK cell numbers are
normalized quickly within 30–50 days after transplanta-
tion [5]; however, up to 20% of marrow recipients have
defective cytotoxic functions a year or more post-trans-
plant [61]. In most patients there is an early recovery of
antibody-dependent cytotoxicity and tumor cell lysis
post-HSCT. Thus, unlike phagocytes, it appears that the
kinetic recovery of NK cells coincides with functional
recovery in most HSCT patients [6].

Dendritic cells

As mentioned earlier, DCs serve to link innate and
adaptive immunity. Donor-derived DCs were found as
early as 14 days after allogeneic HSCT [5]; however, the
kinetics of immune reconstruction are dependent on the
source of the stem cell and the conditioning regimen [6].
There are reduced total numbers of circulating plasma-
cytoid and myeloid DCs early after allogeneic HSCT;
however, they reach normal levels approximately one
year post-transplant [85]. Following autologous trans-
plant, DCs generated from precursor populations with-
in the peripheral blood of transplant patients have sig-
nificant antigen-presenting capacity [6]. Studies also
suggest that early DC recovery may serve to protect the
transplant recipient against infection in lieu of a func-
tional adaptive immune response early post-HSCT [6].
Murine allogeneic HSCTs have shown that residual host
DCs initiate acute GVHD by priming donor T cells
reactive against the host [85]. Even immature myeloid
DCs have been shown to activate the proliferation of
naïve allogeneic T cells [85].

EICOSANOID SYNTHESIS

Eicosanoids are lipid mediators that function in
much the same way as classically known peptide media-
tors such as cytokines, chemokines, or hormones. The
Nobel Prize was awarded to three investigators for their
work on the structure, biosynthetic pathway, pharmaco-
logic modulation, and biological actions of eicosanoids
[39]. Eicosanoids are known to modulate a variety of dif-
ferent biological responses, ranging from muscle con-
traction to intracellular regulation of gene transcription.
These unique lipid mediators are capable of being syn-
thesized and secreted within minutes of stimulation by
virtually all cell types [39, 78]. Eicosanoids elicit a wide
range of biological responses by binding to their corre-
sponding G-protein-coupled receptors (reviewed in
[39]). The main precursor for these lipid mediators is
arachidonic acid (AA), which is cleaved from the cell

membrane-associated phospholipids via the phospholi-
pase A2 enzymes. For the purpose of this review we will
only be examining two byproducts of the eicosanoid
pathway, prostaglandins (PGs) and leukotrienes (LTs)
(see Fig. 1). PGs are generated through the action of
cyclooxygenase (COX) enzymes, which convert AA to an
unstable intermediate molecule, PGH2. Through the
actions of additional synthase enzymes, PGH2 is rapidly
converted to other terminal PG products, such as prosta-
cyclin (PGI2), PGF2α, PGD2, PGE2, and thromboxane A2
[39]. There are actually two isoforms of the COX
enzyme: COX-1, which is known for constitutive or
homeostatic activity, and COX-2, which is the inducible
form responsible for many of the inflammatory effects of
PGs [76]. Of particular interest, the COX enzymes are
the targets for nonsteroidal anti-inflammatory drugs,
such as indomethacin and aspirin, and for other selective
COX-2 inhibitors, such as Vioxx® and Celebrex® [31,
76]. Conversely, AA can also be converted into LTs
through the action of the calcium-dependent enzyme 5-
-lipoxygenase (5-LO) and its helper protein 5-LO activat-
ing protein (FLAP) [78]. Similar to the PG pathway, the
first LT generated is an unstable epoxide, LTA4, which is
rapidly hydrolyzed via LTA4 hydrolase to form LTB4 or
is conjugated with a glutathione molecule by LTC4 syn-
thetase to form LTC4. The removal of amino acids from
glutathione through additional enzymes can convert
LTC4 into LTD4, which is subsequently converted into
LTE4 [39]. LTC4, LTD4, and LTE4 are collectively
known as the cysteinyl LTs (cys-LTs).

LT signaling and actions in mediating innate immunity

When secreted by activated cells, LTs cause a wide
spectrum of biological responses. LTB4 is most com-
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Fig. 1. Eicosanoid synthesis in innate immune cells: AA is released
from membrane phospholipids and can be metabolized to form
either leukotrienes or prostaglandins. Leukotrienes have positive
effects on immune functions, whereas prostaglandins are inhibito-
ry for these same functions.
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monly known for its role as a potent PMN chemoattrac-
tant [22]. On the other hand, the cys-LTs have gained
attention as important mediators in asthma [27].
However, LTs are less known and appreciated for their
role in innate immunity [78]. Both macrophages and
PMNs are able to synthesize and secrete LTs and have
LT receptors on their cell surface [22, 39, 78]. The role
of LTs in host defense gained attention when it was
demonstrated that 5-LO deficient mice had decreased
survival and impaired bacterial clearance in the lung
when infected with K. pneumoniae [7]. Subsequent stud-
ies have shown a role for LTs in augmenting bacterial
phagocytosis and killing by AMs [7, 63, 89] and PMNs
[21, 22, 62], inducing TNF-α production by AMs [69]
and PMNs [88], and recruiting PMNs to the site of infec-
tion [96].

LTs mediate their effects via binding to specific cell-
-surface G-protein-coupled receptors. LTB4 can interact
with one of two receptor isoforms, BLT1 or BLT2 [78].
Most of the recognized actions of LTB4 can proceed
through the BLT1 receptor. Interestingly, cys-LTs can
also interact with two different receptor isoforms, cys-
LT1 and cys-LT2. Most biological activity is regulated
through cys-LT1, and LTD4 is known to have the high-
est affinity for this receptor [35, 70]. When LTB4 or cys-
-LTs bind to their respective receptors, they activate Gq
and Gi proteins to increase the intracellular Ca2+ levels
and decrease cyclic AMP (cAMP), respectively [78].
These LTs are able to activate a number of downstream
pathways involving protein kinase C, MAP kinases,
phosphatidyl inositol-3-kinase, Rac, NF-κB, and reac-
tive oxygen intermediates. In terms of host defense, the
net result of LT signaling is generally to enhance phago-
cyte engulfment and killing.

PG signaling and actions in mediating innate immunity

PGs are known to play a role in a variety of homeo-
static and pathologic processes. PGE2 has been shown
to have proinflammatory action by mediating endothe-
lial cell vasodilatation, which facilitates the recruitment
of circulating leukocytes to an infected area [30]. In
addition, PGE2 is capable of enhancing leukocyte pro-
duction of the proinflammatory cytokine IL-6 [66]. As
opposed to LTs, however, PGs exert profound negative
effects on host defense functions. Although phagocytes
are capable of producing a variety of PG byproducts, we
will focus on the regulatory functions of PGE2. PGE2 is
able to inhibit the following: leukocyte chemotaxis [2],
AM phagocytosis and killing [3, 4], PMN host defense
functions [45], reactive oxygen intermediate production
[67], AA release [34], LT synthesis [17], and the genera-
tion of multiple proinflammatory cytokines [13, 46, 53].
PGE2 also enhances the production of the immunosup-
pressive cytokine IL-10 [43].

PGE2 is capable of exerting a wide variety of
responses in different cells due to its ability to bind to
four different receptor isoforms, which are termed

E prostanoid (EP) receptors 1 through 4 [72]. Each of
these four receptors couples to distinct G proteins with
diverse intracellular signaling pathways. Lung AMs and
PMNs express all four EP receptors, with their expres-
sion order as follows: EP2>EP3>EP1>EP4 (our
unpublished observation). The EP2 and EP4 receptors
are Gs coupled and signal by increasing intracellular
cAMP levels [72]. Previous work has shown that PGE2
inhibits AM phagocytosis via signaling through the EP2
receptor and raising intracellular cAMP levels [3]. PGE2
inhibition of AM phagocytosis involves the activation of
the guanine exchange protein activated by adenyl
cyclase (EPAC-1), whereas bactericidal killing in AMs is
mediated through activation of both EPAC and protein
kinase A [3, 4].

EICOSANOID DYSREGULATIONS IN DISEASE

It has been previously shown that eicosanoid dysreg-
ulation is implicated in a variety of immunosuppressed
and disease states. For example, impaired LT synthesis
has been noted in HIV infection [21], cigarette smoking
[10], post-sepsis [20], diabetes mellitus [47], vitamin
D deficiency [23], cirrhosis [19], malnutrition [91], and
neonates [60]. Moreover, increased PGE2 production
has been noted in cancer [16], aging [38], HIV infection
[82], malnutrition [84], and stem cell and solid organ
transplant recipients [14, 33]. Importantly, PG blockade
has also been shown to improve host defense in models
of sepsis [83, 95] and pneumonia [37, 92]. Thus a myri-
ad of previous studies have all shown that eicosanoids
can play a role in the progression and regulation of
a variety of diseases states.

We have been interested in whether eicosanoids play
an important role in the immunosuppression seen in
patients following HSCT. Normally, AMs in the lung
produce LTs, and these are stimulatory for cellular
influx, phagocytosis, and killing of microorganisms [18,
78–80]. However, TBI used as a conditioning regimen
causes resident lung cells to upregulate PGE2 produc-
tion as a consequence of exposure to ionizing radiation
[97]. PGE2 can in turn diminish the production of LTs
by AMs and limit the host-defense functions of these
cells [3, 17]. Previous work has shown that HSCT
patients, regardless of conditioning regimen or stem cell
source, have elevated levels of PGE2 in their plasma
[14]. Additionally, PGE2 can suppress lymphocyte func-
tion in human HSCT recipients, which was reversible in
vitro by pharmacological COX inhibition [49]. It was
also shown that the direct application of PGE2 to the
oral mucosa of patients after transplantation increased
the risk of reactivating latent herpes simplex virus infec-
tions [55]. Our studies in a murine syngeneic HSCT
model suggest that LT production by lung phagocytes is
reduced post-transplant while PG production is elevat-
ed (see below), implying an eicosanoid dysregulation
post-HSCT.
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DYSREGULATION 
OF EICOSANOIDS POST−HSCT; 
STUDIES FROM AN ANIMAL MODEL

Our lab previously generated a murine model of
HSCT where BM from a syngeneic mouse repopulates
a recipient mouse whose BM has been obliterated by
TBI. Using this model we have shown that 21 days post-
-transplant the majority of the lung leukocytes and
splenocytes are donor derived [74]. Similarly, when con-
trol (untransplanted) and HSCT mice are challenged
with a Gram-negative P. aeruginosa infection three
weeks post-HSCT, there was no difference in the cellu-
lar recruitment between transplanted and untransplant-
ed control mice [74]. However, despite the cellular
reconstitution, the HSCT mice are more susceptible to
pulmonary infection with P. aeruginosa, implying that
there were HSCT-related functional defects in the lung
phagocytes [74]. Additional work demonstrated that this
was due, in part, to an impairment in the ability of AMs,
but not PMNs, to phagocytose Gram-negative bacteria
both in vitro and in vivo post-HSCT [74]. Assessment of
bacterial killing activity concluded that both AMs and
PMNs from the HSCT mice were defective [8].

More recently we examined the eicosanoid synthesis
of the innate immune cells post-HSCT. Post-HSCT we
found increased PGE2 in the bronchoalveolar lavage
fluid as well as whole lung homogenates from HSCT
mice compared with control mice [8]. At baseline,
HSCT AMs produce 125-fold more PGE2 than do con-
trol AMs. Similarly, HSCT PMNs produce 10-fold more
PGE2 compared with untransplanted control cells [8].
Interestingly, HSCT AMs, but not PMNs, produce half
the amount of LTs when optimally stimulated. This dys-
regulation in eicosanoids corresponds to increases in the
expression of COX-2 and PGE2-synthase and decreased
FLAP expression in phagocytes from BMT mice [8].
Because of the role of PGE2 in phagocyte function, AMs
were treated in vitro with indomethacin, a COX in-
hibitor. The ability of HSCT AMs to phagocytose both
opsonized and non-opsonized bacteria was restored
in vitro. In addition, indomethacin treatment restored
the defect in bacterial killing seen in both AMs and
PMNs isolated post-HSCT [8].

Pharmacologic and genetic approaches were used to
verify the effects of blocking PGs in vivo and to deter-
mine whether this approach influenced survival of bac-
terial pneumonia post-HSCT. HSCT mice were given
a dose of indomethacin at 1.2 mg/kg at the same time
that they were given a bacterial infection with P. aerugi-
nosa. Twenty-four hours post-infection there was
decreased bacterial burden in the lung and bacterial dis-
semination in the blood of BMT mice treated with
indomethacin compared with vehicle control-treated
HSCT mice [8]. In addition, there was no difference in
the amount of PGE2 found in the lung homogenates in
the HSCT mice treated with indomethacin compared
with control untransplanted mice. To test this hypothe-
sis genetically, BM was harvested from heterozygous

(PG-deficient) COX-2 mice and transplanted into con-
trol mice. The AMs from the chimeric COX-2 HSCT
mice phagocytosed bacteria better in vitro than did con-
trol HSCT mice, but they did not reach the levels of
AMs from untransplanted mice [8]. Additionally, we
verified that AMs overproduce PGE2 following HSCT
when the conditioning regimen involves chemotherapy
(busulfan treatment) as opposed to TBI (unpublished
observation). Thus these results in an animal model
strongly suggest that overproduction of PGE2, and per-
haps underproduction of LTs, post-HSCT can have pro-
found negative effects on pulmonary host defense
(Table 3). Fortunately,the strategies which limit PG
production in the murine HSCT model appear to have
valid therapeutic potential.

CONCLUSION

The effective use of HSCT to treat a variety of
malignant and inherited diseases is limited by the preva-
lence of complications involving pulmonary infections
post-HSCT. Restoration of innate immunity in the lung
post-HSCT involves both cellular and functional recon-
stitution of donor-derived stem cells. We have reviewed
evidence to suggest that functional recovery of the
innate immune cells lags behind cellular recovery in
both human and animal models of HSCT. Furthermore,
evidence from both human and animal studies demon-
strates that PGE2 production is elevated post-HSCT.
Given the well-characterized inhibitory actions of PGE2
on lung phagocyte function, it is perhaps not surprising
that this dysregulation can impair host defense. Animal
models suggest that strategies which block PG produc-
tion post-HSCT can dramatically improve survival of
Gram-negative infections post-HSCT. Further studies
are needed to verify that this dysregulation of
eicosanoid synthesis is present in human lung phago-
cytes post-HSCT and to determine whether strategies
which limit PG synthesis or signaling may improve out-
comes for HSCT patients.
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Table 3. Eicosanoid alterations that occur post-HSCT and
the effect on innate immunity

Eicosanoid alteration Innate immune effect

Decreased LTB4 Diminish PMN recruitment 
and cys-LT production Diminish PMN function
(decreased 5-LO and FLAP) Inhibit AM phagocytosis and

killing

Increased PGE2 production Diminish LT production
(enhanced COX-2 and/or Inhibit PMN bacterial killing
PGE synthases) Inhibit AM phagocytosis and 

killing



REFERENCES

1. Afessa B., Litzow M. R. and Tefferi A. (2001):
Bronchiolitis obliterans and other late onset non-infec-
tious pulmonary complications in hematopoietic stem cell
transplantation. Bone Marrow Transplant., 28, 425–434.

2. Armstrong R. A. (1995): Investigation of the inhibitory
effects of PGE2 and selective EP agonists on chemotaxis of
human neutrophils. Br. J. Pharmacol., 116, 2903–2908.

3. Aronoff D. M., Canetti C. and Peters-Golden M. (2004):
Prostaglandin E2 inhibits alveolar macrophage phagocyto-
sis through an E-prostanoid 2 receptor-mediated increase
in intracellular cyclic AMP. J. Immunol., 173, 559–565.

4. Aronoff D. M., Canetti C., Serezani C. H., Luo M. and
Peters-Golden M. (2005): Cutting edge: macrophage inhi-
bition by cyclic AMP (cAMP): differential roles of protein
kinase A and exchange protein directly activated by
cAMP-1. J. Immunol., 174, 595–599.

5. Auletta J. J., Devecchio J. L., Ferrara J. L. and Heinzel F.
P. (2004): Distinct phases in recovery of reconstituted
innate cellular-mediated immunity after murine syngeneic
bone marrow transplantation. Biol. Blood Marrow
Transplant., 10, 834–847.

6. Auletta J. J. and Lazarus H. M. (2005): Immune restora-
tion following hematopoietic stem cell transplantation: an
evolving target. Bone Marrow Transplant., 35, 835–857.

7. Bailie M. B., Standiford T. J., Laichalk L. L., Coffey M. J.,
Strieter R. and Peters-Golden M. (1996): Leukotriene-
-deficient mice manifest enhanced lethality from Klebsiella
pneumonia in association with decreased alveolar
macrophage phagocytic and bactericidal activities. J.
Immunol., 157, 5221–5224.

8. Ballinger M. N., Aronoff D. M., McMillan T. R., Cooke K.
R., Olkiewicz K., Toews G. B., Peters-Golden M. and
Moore B. B. (2006): Critical role of prostaglandin E2 over-
production in impaired pulmonary host response following
bone marrow transplantation. J. Immunol., 177, 5499–5508. 

9. Ballinger M. N., Paine R. 3rd, Serezani C. H., Aronoff D.
M., Choi E. S., Standiford T. J., Toews G. B. and Moore B.
B. (2006): Role of granulocyte macrophage colony-stimu-
lating factor during Gram-negative lung infection with
Pseudomonas aeruginosa. Am. J. Respir. Cell Mol. Biol.,
34, 766–774. 

10. Balter M. S., Toews G. B. and Peters-Golden M. (1989):
Different patterns of arachidonate metabolism in autolo-
gous human blood monocytes and alveolar macrophages.
J. Immunol., 142, 602–608.

11. Bleakley M. and Riddell S. R. (2004): Molecules and
mechanisms of the graft-versus-leukaemia effect. Nat.
Rev. Cancer, 4, 371–380.

12. Broug-Holub E., Toews G. B., van Iwaarden J. F., Strieter
R. M., Kunkel S. L., Paine R. 3rd, and Standiford T. J.
(1997): Alveolar macrophages are required for protective
pulmonary defenses in murine Klebsiella pneumonia: elim-
ination of alveolar macrophages increases neutrophil
recruitment but decreases bacterial clearance and survival.
Infect. Immun., 65, 1139–1146.

13. Caggiano A. O. and Kraig R. P. (1999): Prostaglandin
E receptor subtypes in cultured rat microglia and their role
in reducing lipopolysaccharide-induced interleukin-1beta
production. J. Neurochem., 72, 565–575.

14. Cayeux S. J., Beverley P. C., Schulz R. and Dorken B.
(1993): Elevated plasma prostaglandin E2 levels found in 14
patients undergoing autologous bone marrow or stem cell
transplantation. Bone Marrow Transplant., 12, 603–608.

15. Cesaro S., Pillon M., Talenti E., Toffolutti T., Calore E.,
Tridello G., Strugo L., Destro R., Gazzola M. V., Varotto S.,
Errigo G., Carli M., Zanesco L. and Messina C. (2005):
A prospective survey on incidence, risk factors and therapy of
hepatic veno-occlusive disease in children after hematopoiet-
ic stem cell transplantation. Haematologica, 90, 1396–1404.

16. Chaimoff C., Malachi T. and Halbrecht I. (1985):
Prostaglandin E2 and cyclic nucleotides in plasma and
urine of colonic cancer patients. J. Cancer Res. Clin.
Oncol., 110, 153–156.

17. Christman B. W., Christman J. W., Dworski R., Blair I. A.
and Prakash C. (1993): Prostaglandin E2 limits arachidon-
ic acid availability and inhibits leukotriene B4 synthesis in
rat alveolar macrophages by a nonphospholipase A2
mechanism. J. Immunol., 151, 2096–2104.

18. Christman J. W., Christman B. W., Shepherd V. L. and
Rinaldo J. E. (1991): Regulation of alveolar macrophage
production of chemoattractants by leukotriene B4 and
prostaglandin E2. Am. J. Respir. Cell Mol. Biol., 5, 297–304.

19. Claria J., Titos E., Jimenez W., Ros J., Gines P., Arroyo V.,
Rivera F. and Rodes J. (1998): Altered biosynthesis of
leukotrienes and lipoxins and host defense disorders in
patients with cirrhosis and ascites. Gastroenterology, 115,
147–156.

20. Coffey M., Phare S. and Peters-Golden M. (2004):
Induction of inducible nitric oxide synthase by lipopolysac-
charide/interferon gamma and sepsis down-regulates 5-lip-
oxygenase metabolism in murine alveolar macrophages.
Exp. Lung Res., 30, 615–633.

21. Coffey M. J., Phare S. M., George S., Peters-Golden M.
and Kazanjian P. H. (1998): Granulocyte colony-stimulat-
ing factor administration to HIV-infected subjects aug-
ments reduced leukotriene synthesis and anticryptococcal
activity in neutrophils. J. Clin. Invest., 102, 663–670.

22. Coffey M. J., Phare S. M. and Peters-Golden M. (2004):
Role of leukotrienes in killing of Mycobacterium bovis by
neutrophils. Prostaglandins Leukot. Essent Fatty Acids,
71, 185–190.

23. Coffey M. J., Wilcoxen S. E., Phare S. M., Simpson R. U.,
Gyetko M. R. and Peters-Golden M. (1994): Reduced 5-
-lipoxygenase metabolism of arachidonic acid in
macrophages rrom 1,25-dihydroxyvitamin D3-deficient
rats. Prostaglandins, 48, 313–329.

24. Collin B. A., Leather H. L., Wingard J. R. and Ramphal R.
(2001): Evolution, incidence, and susceptibility of bacteri-
al bloodstream isolates from 519 bone marrow transplant
patients. Clin. Infect. Dis., 33, 947–953. 

25. Cooke K. R. (2005): Acute lung injury after allogeneic
stem cell transplantation: from the clinic, to the bench and
back again. Pediatr. Transplant., 9, 25–36.

26. Copelan E. A. (2006): Hematopoietic stem-cell transplan-
tation. N. Engl. J. Med., 354, 1813–1826.

27. Dahlen S. E. (2006): Treatment of asthma with
antileukotrienes: first line or last resort therapy? Eur. J.
Pharmacol., 533, 40–56.

28. de la Hoz R. E., Stephens G. and Sherlock C. (2002):
Diagnosis and treatment approaches of CMV infections in
adult patients. J. Clin. Virol., 25, S1–12.

29. Delclaux C. and Azoulay E. (2003): Inflammatory
response to infectious pulmonary injury. Eur. Respir. J.
Suppl., 42, 10s–14s.

30. Downey G. P., Gumbay R. S., Doherty D. E., LaBrecque J.
F., Henson J. E., Henson P. M. and Worthen G. S. (1988):
Enhancement of pulmonary inflammation by PGE2: evi-
dence for a vasodilator effect. J. Appl. Physiol., 64, 728–741.

M. N. Ballinger et al.: Innate immunity post−HSCT 9



31. DuBois R. and Wallace M. C. (2003): The emerging role
and potential of COX-2 inhibitors. Clin. Adv. Hematol.
Oncol., 1, 97–98.

32. Duncan M. D. and Wilkes D. S. (2005): Transplant-related
immunosuppression: a review of immunosuppression and
pulmonary infections. Proc. Am. Thorac. Soc., 2, 449–455.

33. el-Sharabasy M. M. and el-Naggar M. M. (1992):
Prostaglandin E2 in renal transplant recipients. Int. Urol.
Nephrol., 24, 447–451.

34. Elliott G. R., Lauwen A. P. and Bonta I. L. (1989):
Prostaglandin E2 inhibits and indomethacin and aspirin
enhance, A23187-stimulated leukotriene B4 synthesis by
rat peritoneal macrophages. Br. J. Pharmacol., 96,
265–270.

35. Evans J. F. (2003): The cysteinyl leukotriene receptors.
Prostaglandins Leukot. Essent. Fatty Acids, 69, 117–122.

36. Flomenberg N., Devine S. M., Dipersio J. F., Liesveld J. L.,
McCarty J. M., Rowley S. D., Vesole D. H., Badel K. and
Calandra G. (2005): The use of AMD3100 plus G-CSF for
autologous hematopoietic progenitor cell mobilization is
superior to G-CSF alone. Blood, 106, 1867–1874. 

37. Fontan P. A., Amura C. R. and Sordelli D. O. (1993): The
effect of a cyclooxygenase inhibitor on the in vivo poly-
morphonuclear leukocyte migration to Pseudomonas
aeruginosa peptide chemotactins. Agents Actions, 40,
106–109.

38. Fraifeld V., Kaplanski J., Kukulansky T. and Globerson A.
(1995): Increased prostaglandin E2 production by con-
canavalin A-stimulated splenocytes of old mice.
Gerontology, 41, 129–133.

39. Funk C. D. (2001): Prostaglandins and leukotrienes:
advances in eicosanoid biology. Science, 294, 1871–1875.

40. George B., Mathews V., Srivastava A. and Chandy M.
(2004): Infections among allogeneic bone marrow trans-
plant recipients in India. Bone Marrow Transplant., 33,
311–315.

41. Grayson M. H. (2006): Lung dendritic cells and the inflam-
matory response. Ann. Allergy Asthma Immunol., 96,
643–651; 

42. Greene C. M. and McElvaney N. G. (2005): Toll-like
receptor expression and function in airway epithelial cells.
Arch. Immunol. Ther. Exp., 53, 418–427.

43. Harizi H., Juzan M., Pitard V., Moreau J. F. and Gualde N.
(2002): Cyclooxygenase-2-issued prostaglandin e(2)
enhances the production of endogenous IL-10, which down-
-regulates dendritic cell functions. J. Immunol., 168,
2255–2263.

44. Hashimoto S., Pittet J. F., Hong K., Folkesson H., Bagby
G., Kobzik L., Frevert C., Watanabe K., Tsurufuji S. and
Wiener-Kronish J. (1996): Depletion of alveolar
macrophages decreases neutrophil chemotaxis to
Pseudomonas airspace infections. Am. J. Physiol., 270,
L819–828.

45. He L. K., Liu L. H., Hahn E. and Gamelli R. L. (2001):
The expression of cyclooxygenase and the production of
prostaglandin E2 in neutrophils after burn injury and
infection. J. Burn Care Rehabil., 22, 58–64.

46. Iwasaki K., Noguchi K., Endo H., Kondo H. and Ishikawa
I. (2003): Prostaglandin E2 downregulates interleukin-12
production through EP4 receptors in human monocytes
stimulated with lipopolysaccharide from Actinobacillus
actinomycetemcomitans and interferon-gamma. Oral
Microbiol. Immunol., 18, 150–155.

47. Jubiz W., Draper R. E., Gale J. and Nolan G. (1984):
Decreased leukotriene B4 synthesis by polymorphonuclear

leukocytes from male patients with diabetes mellitus.
Prostaglandins Leukot. Med., 14, 305–311.

48. Kal H. B. and van Kempen-Harteveld M. L. (2006): Renal
dysfunction after total body irradiation: dose-effect rela-
tionship. Int. J. Radiat. Oncol. Biol. Phys., 5, 5.

49. Klingemann H. G., Tsoi M. S. and Storb R. (1986):
Inhibition of prostaglandin E2 restores defective lympho-
cyte proliferation and cell-mediated lympholysis in recipi-
ents after allogeneic marrow grafting. Blood, 68, 102–107.

50. Kobayashi S. D., Voyich J. M., Burlak C. and DeLeo F. R.
(2005): Neutrophils in the innate immune response. Arch.
Immunol. Ther. Exp., 53, 505–517.

51. Kotloff R. M., Ahya V. N. and Crawford S. W. (2004):
Pulmonary complications of solid organ and hematopoiet-
ic stem cell transplantation. Am. J. Respir. Crit. Care
Med., 170, 22–48.

52. Krowka M. J., Rosenow E. C., 3rd and Hoagland H. C.
(1985): Pulmonary complications of bone marrow trans-
plantation. Chest, 87, 237–246.

53. Kunkel S. L., Spengler M., May M. A., Spengler R.,
Larrick J. and Remick D. (1988): Prostaglandin E2 regu-
lates macrophage-derived tumor necrosis factor gene
expression. J. Biol. Chem., 263, 5380–5384.

54. Kyburz D., Rethage J., Seibl R., Lauener R., Gay R. E.,
Carson D. A. and Gay S. (2003): Bacterial peptidoglycans
but not CpG oligodeoxynucleotides activate synovial
fibroblasts by toll-like receptor signaling. Arthritis
Rheum., 48, 642–650.

55. Labar B., Mrsic M., Pavletic Z., Bogdanic V., Nemet D.,
Aurer I., Radman I., Filipovic-Grcic N., Sertic D., Kalenic
S. et al. (1993): Prostaglandin E2 for prophylaxis of oral
mucositis following BMT. Bone Marrow Transplant., 11,
379–382.

56. Levine J. E., Uberti J. P., Ayash L., Reynolds C., Ferrara J.
L., Silver S. M., Braun T., Yanik G., Hutchinson R. and
Ratanatharathorn V. (2003): Lowered-intensity prepara-
tive regimen for allogeneic stem cell transplantation delays
acute graft-versus-host disease but does not improve out-
come for advanced hematologic malignancy. Biol. Blood
Marrow Transplant., 9, 189–197.

57. Lin H. S. and Hsu S. (1985): Effects of dose rate and dose
fractionation of irradiation on pulmonary alveolar
macrophage colony-forming cells. Radiat. Res., 103,
260–265.

58. Lin H. S., Kuhn C. 3rd and Chen D. M. (1982):
Radiosensitivity of pulmonary alveolar macrophage
colony-forming cells. Radiat. Res., 89, 283–290.

59. Lodoen M. B. and Lanier L. L. (2006): Natural killer cells
as an initial defense against pathogens. Curr. Opin.
Immunol., 18, 391–398.

60. Lu M. C., Peters-Golden M., Hostetler D. E., Robinson N.
E. and Derksen F. J. (1996): Age-related enhancement of
5-lipoxygenase metabolic capacity in cattle alveolar
macrophages. Am. J. Physiol., 271, L547–554.

61. Lum L. G. (1987): The kinetics of immune reconstitution
after human marrow transplantation. Blood, 69, 369–380.

62. Mancuso P., Nana-Sinkam P. and Peters-Golden M.
(2001): Leukotriene B4 augments neutrophil phagocytosis
of Klebsiella pneumoniae. Infect. Immun., 69, 2011–2016.

63. Mancuso P., Standiford T. J., Marshall T. and Peters-
-Golden M. (1998): 5-Lipoxygenase reaction products
modulate alveolar macrophage phagocytosis of Klebsiella
pneumoniae. Infect. Immun., 66, 5140–5146.

64. Martin T. R. and Frevert C. W. (2005): Innate immunity in
the lungs. Proc. Am. Thorac. Soc., 2, 403–411.

M. N. Ballinger et al.: Innate immunity post−HSCT10



65. Matute-Bello G., Lee J. S., Frevert C. W., Liles W. C.,
Sutlief S., Ballman K., Wong V., Selk A. and Martin T. R.
(2004): Optimal timing to repopulation of resident alveo-
lar macrophages with donor cells following total body irra-
diation and bone marrow transplantation in mice. J.
Immunol. Methods, 292, 25–34.

66. McCoy J. M., Wicks J. R. and Audoly L. P. (2002): The
role of prostaglandin E2 receptors in the pathogenesis of
rheumatoid arthritis. J. Clin. Invest., 110, 651–658.

67. McLeish K. R., Stelzer G. T. and Wallace J. H. (1987):
Regulation of oxygen radical release from murine peri-
toneal macrophages by pharmacologic doses of PGE2.
Free Radic. Biol. Med., 3, 15–20.

68. Medzhitov R. and Janeway C. Jr. (2000): Innate immunity.
N. Engl. J. Med., 343, 338–344.

69. Menard G. and Bissonnette E. Y. (2000): Priming of alve-
olar macrophages by leukotriene D(4): potentiation of
inflammation. Am. J. Respir. Cell Mol. Biol., 23, 572–577.

70. Mita H., Hasegawa M., Saito H. and Akiyama K. (2001):
Levels of cysteinyl leukotriene receptor mRNA in human
peripheral leucocytes: significantly higher expression of
cysteinyl leukotriene receptor 2 mRNA in eosinophils.
Clin. Exp. Allergy, 31, 1714–1723.

71. Nakata K., Gotoh H., Watanabe J., Uetake T., Komuro I.,
Yuasa K., Watanabe S., Ieki R., Sakamaki H., Akiyama H.,
Kudoh S., Naitoh M., Satoh H. and Shimada K. (1999):
Augmented proliferation of human alveolar macrophages
after allogeneic bone marrow transplantation. Blood, 93,
667–673.

72. Narumiya S., Sugimoto Y. and Ushikubi F. (1999):
Prostanoid receptors: structures, properties, and functions.
Physiol. Rev., 79, 1193–1226.

73. Ogawa Y. and Kuwana M. (2003): Dry eye as a major com-
plication associated with chronic graft-versus-host disease
after hematopoietic stem cell transplantation. Cornea, 22,
S19–27.

74. Ojielo C. I., Cooke K., Mancuso P., Standiford T. J.,
Olkiewicz K. M., Clouthier S., Corrion L., Ballinger M. N.,
Toews G. B., Paine R. 3rd and Moore B. B. (2003):
Defective phagocytosis and clearance of Pseudomonas
aeruginosa in the lung following bone marrow transplanta-
tion. J. Immunol., 171, 4416–4424.

75. Parilla N. W., Hughes V. S., Lierl K. M., Wong H. R. and
Page K. (2006): CpG DNA modulates interleukin 1 beta-
-induced interleukin-8 expression in human bronchial
epithelial (16HBE14o-) cells. Respir. Res., 7, 84.

76. Park J. Y., Pillinger M. H. and Abramson S. B. (2006):
Prostaglandin E2 synthesis and secretion: the role of PGE2
synthases. Clin. Immunol., 119, 229–240. 

77. Perl M., Chung C. S., Garber M., Huang X. and Ayala A.
(2006): Contribution of anti-inflammatory/immune sup-
pressive processes to the pathology of sepsis. Front Biosci.,
11, 272–299.

78. Peters-Golden M., Canetti C., Mancuso P. and Coffey M.
J. (2005): Leukotrienes: underappreciated mediators of
innate immune responses. J. Immunol., 174, 589–594.

79. Peters-Golden M. and Coffey M. (1999): Role of
leukotrienes in antimicrobial host defense of the lung.
Clin. Rev. Allergy Immunol., 17, 261–269.

80. Peters-Golden M., McNish R. W., Hyzy R., Shelly C. and
Toews G. B. (1990): Alterations in the pattern of arachi-
donate metabolism accompany rat macrophage differenti-
ation in the lung. J. Immunol., 144, 263–270.

81. Pihusch M. (2004): Bleeding complications after hemato-
poietic stem cell transplantation. Semin. Hematol., 41, 93–100.

82. Ramis I., Rosello-Catafau J., Gomez G., Zabay J. M.,
Fernandez Cruz E. and Gelpi E. (1991): Cyclooxygenase
and lipoxygenase arachidonic acid metabolism by mono-
cytes from human immune deficiency virus-infected drug
users. J. Chromatogr., 557, 507–513.

83. Reddy R. C., Chen G. H., Tateda K., Tsai W. C., Phare S.
M., Mancuso P., Peters-Golden M. and Standiford T. J.
(2001): Selective inhibition of COX-2 improves early sur-
vival in murine endotoxemia but not in bacterial peritoni-
tis. Am. J. Physiol. Lung Cell Mol. Physiol., 281, L537–543.

84. Redmond H. P., Shou J., Kelly C. J., Schreiber S., Miller
E., Leon P. and Daly J. M. (1991): Immunosuppressive
mechanisms in protein-calorie malnutrition. Surgery, 110,
311–317.

85. Rossi M., Arpinati M., Rondelli D. and Anasetti C. (2002):
Plasmacytoid dendritic cells: do they have a role in
immune responses after hematopoietic cell transplanta-
tion? Hum. Immunol., 63, 1194–1200.

86. Roychowdhury M., Pambuccian S. E., Aslan D. L.,
Jessurun J., Rose A. G., Manivel J. C. and Gulbahce H. E.
(2005): Pulmonary complications after bone marrow trans-
plantation: an autopsy study from a large transplantation
center. Arch. Pathol. Lab. Med., 129, 366–371.

87. Saulnier N., Di Campli C., Zocco M. A., Di Gioacchino G.,
Novi M. and Gasbarrini A. (2005): From stem cell to solid
organ. Bone marrow, peripheral blood or umbilical cord
blood as favorable source? Eur. Rev. Med. Pharmacol.
Sci., 9, 315–324.

88. Sayers T. J., Wiltrout T. A., Bull C. A., Denn A. C. 3rd,
Pilaro A. M. and Lokesh B. (1988): Effect of cytokines on
polymorphonuclear neutrophil infiltration in the mouse.
Prostaglandin- and leukotriene-independent induction of
infiltration by IL-1 and tumor necrosis factor. J. Immunol.,
141, 1670–1677.

89. Serezani C. H., Aronoff D. M., Jancar S., Mancuso P. and
Peters-Golden M. (2005): Leukotrienes enhance the bac-
tericidal activity of alveolar macrophages against Klebsiella
pneumoniae through the activation of NADPH oxidase.
Blood, 106, 1067–1075. 

90. Sibille Y. and Reynolds H. Y. (1990): Macrophages and
polymorphonuclear neutrophils in lung defense and injury.
Am. Rev. Respir. Dis., 141, 471–501.

91. Skerrett S. J., Henderson W. R. and Martin T. R. (1990):
Alveolar macrophage function in rats with severe protein
calorie malnutrition. Arachidonic acid metabolism,
cytokine release, and antimicrobial activity. J. Immunol.,
144, 1052–1061.

92. Sordelli D. O., Cerquetti M. C., Fontan P. A. and Meiss R.
P. (1989): Piroxicam treatment protects mice from lethal
pulmonary challenge with Pseudomonas aeruginosa. J.
Infect. Dis., 159, 232–238.

93. Springmeyer S. C., Altman L. C., Kopecky K. J., Deeg H.
J. and Storb R. (1982): Alveolar macrophage kinetics and
function after interruption of canine marrow function. Am.
Rev. Respir. Dis., 125, 347–351.

94. Stewart R. J., Duley J. A., Dewdney J., Allardyce R. A.,
Beard M. E. and Fitzgerald P. H. (1981): The wound
fibroblast and macrophage. II: their origin studied in
a human after bone marrow transplantation. Br. J. Surg.,
68, 129–131.

95. Strong V. E., Mackrell P. J., Concannon E. M., Naama H.
A., Schaefer P. A., Shaftan G. W., Stapleton P. P. and Daly
J. M. (2000): Blocking prostaglandin E2 after trauma
attenuates pro-inflammatory cytokines and improves sur-
vival. Shock, 14, 374–379.

M. N. Ballinger et al.: Innate immunity post−HSCT 11



96. Tarlowe M. H., Kannan K. B., Itagaki K., Adams J. M.,
Livingston D. H. and Hauser C. J. (2003): Inflammatory
chemoreceptor cross-talk suppresses leukotriene B4
receptor 1-mediated neutrophil calcium mobilization and
chemotaxis after trauma. J. Immunol., 171, 2066–2073.

97. Tessner T. G., Muhale F., Schloemann S., Cohn S. M.,
Morrison A. R. and Stenson W. F. (2004): Ionizing radia-
tion up-regulates cyclooxygenase-2 in I407 cells through
p38 mitogen-activated protein kinase. Carcinogenesis, 25,
37–45. 

98. Van Kaer L. and Joyce S. (2005): Innate immunity: NKT
cells in the spotlight. Curr. Biol., 15, R429–431.

99. Wagner J. E., Barker J. N., DeFor T. E., Baker K. S.,
Blazar B. R., Eide C., Goldman A., Kersey J., Krivit W.,
MacMillan M. L., Orchard P. J., Peters C., Weisdorf D. J.,
Ramsay N. K. and Davies S. M. (2002): Transplantation of
unrelated donor umbilical cord blood in 102 patients with
malignant and nonmalignant diseases: influence of CD34
cell dose and HLA disparity on treatment-related mortal-
ity and survival. Blood, 100, 1611–1618.

100. Whittle A. T., Davis M., Shovlin C. L., Ganly P. S., Haslett
C. and Greening A. P. (2001): Alveolar macrophage activ-

ity and the pulmonary complications of haematopoietic
stem cell transplantation. Thorax, 56, 941–946.

101. Wingard J. R., Vogelsang G. B. and Deeg H. J. (2002):
Stem cell transplantation: supportive care and long-term
complications. Hematology Am. Soc. Hematol. Educ.
Program, 422–444.

102. Winston D. J. (1993): Prophylaxis and treatment of infec-
tion in the bone marrow transplant recipient. Curr. Clin.
Top Infect. Dis., 13, 293–321.

103. Yanik G. and Cooke K. R. (2006): The lung as a target
organ of graft-versus-host disease. Semin. Hematol., 43,
42–52.

104. Zaas A. K. and Schwartz D. A. (2005): Innate immunity
and the lung: defense at the interface between host and
environment. Trends Cardiovasc. Med., 15, 195–202.

105. Zemlin M., Schelonka R. L., Bauer K. and Schroeder H.
W. Jr. (2002): Regulation and chance in the ontogeny of
B and T cell antigen receptor repertoires. Immunol. Res.,
26, 265–278.

106. Zimmerli W., Zarth A., Gratwohl A. and Speck B. (1991):
Neutrophil function and pyogenic infections in bone mar-
row transplant recipients. Blood, 77, 393–399.

M. N. Ballinger et al.: Innate immunity post−HSCT12


