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Infectious pulmonary complications limit the success of hematopoietic stem cell trans-
plantation (HSCT) as a therapy for malignant and non-malignant disorders. Susceptibility
to pathogens in both autologous and allogeneic HSCT recipients persists despite suc-
cessful immune reconstitution. As studying the causal effects of these immune defects
in the human population can be limiting, a bone marrow transplant (BMT) mouse model
can be used to understand the defect in mounting a productive innate immune response
post-transplantation. WWhen syngeneic BMT is performed, this system allows the study of
BMT-induced alterations in innate immune cell function that are independent of the con-
founding effects of immunosuppressive therapy and graft-versus-host disease. Studies
from several laboratories, including our own show that pulmonary susceptibility to bacte-
rial infections post-BMT are largely due to alterations in the lung alveolar macrophages.
Changes in these cells post-BMT include cytokine and eicosanoid dysregulations, scav-
enger receptor alterations, changes in micro RNA profiles, and alterations in intracellular
signaling molecules that limit bacterial phagocytosis and killing. The changes that occur
highlight mechanisms that promote susceptibility to infections commonly afflicting HSCT
recipients and provide insight into therapeutic targets that may improve patient outcomes
post-HSCT.
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HEMATOPOIETIC STEM CELL TRANSPLANTATION OVERVIEW
Early observations made in the 1950s paved the way for the
development of hematopoietic stem cell transplantation (HSCT).
Lorenz (1951) showed that animals exposed to radiation could be
protected by infusion of bone marrow cells. These studies, together
with the previous observation that the deleterious effects of ion-
izing radiation could be prevented in mice by shielding organs
with lead, pushed transplantation forward as a possible ther-
apy for patients suffering from hematologic malignancies (Little
and Storb, 2002). HSCT is now used to treat a variety of disor-
ders, including malignant, congenital, and autoimmune disorders
(Cutler, 2005; Copelan, 2006).

Prior to receiving a graft, transplant recipients undergo con-
ditioning regimens that include total body irradiation (TBI),
chemotherapy, or a combination of TBI and chemotherapy
(Aschan, 2007; Passweg, 2012). These regimens subject the recip-
ients’ organs, including the lungs, to their cytotoxic effects. The
hope is to eradicate the malignant or autoimmune cells and replen-
ish the patient with healthy hematopoietic stem cells (HSCs). If
the intensity of the conditioning regimen is myeloablative, repop-
ulation of hematopoietic cells will predominantly come from the
donor HSCs (Tomita, 1994; Aschan, 2007). Non-myeloablative
conditioning, also known as reduced intensity conditioning (RIC)

will allow repopulation from both donor and host HSCs. Depend-
ing on the underlying disease, HSCT recipients receive self HSCs
(autologous) or HSCs from a human leukocyte antigen (HLA)-
matched, related, or unrelated donor (allogeneic). A recent study
analyzing the global use of transplantation reported that autol-
ogous HSCT continues to be more highly implemented than
allogeneic transplant (Gratwohl et al., 2010). Although autologous
transplant recipients are unlikely to suffer from graft-versus-host
disease (GVHD) which arises when the donor leukocytes mount
an immune response against different HLA antigens expressed
by the host, autologous transplants performed for hematologic
malignancies lack the beneficial effects of graft-versus-leukemia
(GvL). In the GVL reaction the allogeneic donor HSCs recognize
and remove leukemic cells within the host by virtue of the HLA
mismatches (Kolb, 2008).

Traditionally, HSCs were aspirated from the bone marrow of
donor patients and later infused into recipients. This procedure
was often painful for the donor. However, technical advances now
allow for mobilization of HSCs into the peripheral blood with the
use of the growth factor, granulocyte-colony stimulating factor
(G-CSF) (Cutler, 2005; Copelan, 2006). Treatment of donors with
G-CSF allows HSCs to be collected with a simple blood draw. Addi-
tionally, HSCs can also be harvested from umbilical cord blood
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(Tse, 2008; Peffault de Latour et al., 2013). Each of these tech-
niques has inherent advantages and disadvantages and have been
discussed elsewhere (Korbling and Anderlini, 2001; Copelan, 20065
Tse, 2008). RIC has evolved as an alternative to the more traditional
myeloablative conditioning regimens for individuals that would
have otherwise been unable to undergo transplantation as a ther-
apy due to age, comorbidities, or disorders associated with high-
risk non-relapse mortality (Giralt, 2005). Interestingly, despite a
reduction in intensity regimens, recipients of RIC HSCT display
similar incidence of infectious complications and infection-related
mortality (Kim et al., 2013).

PULMONARY COMPLICATIONS

Although HSCT has become standard care for malignant and
non-malignant disorders, its success is significantly limited by
the different pulmonary complications that arise following trans-
plantation (Cordonnier, 1986; Griese, 2000; Roychowdhury, 2005;
Afessa and Peters, 2006; Copelan, 2006). The engraftment process
can be characterized by three distinct phases: the pre-engraftment
(0-30 days), early post-engraftment (30100 days), and late post-
engraftment phases (beyond 100 days) (Afessa and Peters, 20065
Wingard et al., 2010; Coomes et al., 2011). HSCT recipients are
more susceptible to infections prior to engraftment and early after
engraftment. During this early time period, the increased suscep-
tibility is mostly due to the incomplete recovery of the immune
cell compartment, and is often associated with decreased neu-
trophil numbers or function (Zimmerli et al., 1991). Although
engraftment indicates the transplant was successful in reconstitut-
ing hematopoietic cell populations, it is evident that this does not
correlate with recovery of an effective immune system, as patients
remain susceptible to diverse complications (including infections)
long after engraftment occurs (Soubani, 1996; Afessa and Peters,
2006; Coomes et al., 2011). Pulmonary complications, both infec-
tious and non-infectious, have been reported to affect up to 60%
of transplant recipients (Soubani, 1996; Copelan, 2006). Similarly,
autopsy studies performed on both allogeneic and autologous
transplant recipients revealed pulmonary complication rates of
80-89% (Roychowdhury, 2005). Although allogeneic transplants
have increased incidence of infectious pulmonary complications,
this may be attributed, in part, to the use of immunosuppressive
therapy required to prevent GvHD. Additionally, GVHD can cause
mucosal barrier disruptions which also increase susceptibility to
pathogens. Interestingly, however, autologous HSCT recipients
also continue to suffer from increased susceptibility to pulmonary
infections even though this form of transplant does not require
immunosuppressive therapies (Afessa et al., 2012). These observa-
tions highlight the inherent dysfunction of the immune response
following transplant and suggest that some degree of impaired
function is independent of the immunosuppressive therapies or
GvHD. The idea that alveolar macrophages (AMs) are inherently
less functional post-HSCT is supported by previous observations
that AMs obtained from pulmonary lavage of allogeneic HSCT
patients late in the post-engraftment phase were functionally
defective even in the absence of overt pulmonary infection (Win-
ston et al., 1982). Defects noted in the AMs from these patients
included defects in chemotaxis, phagocytosis, and killing of Can-
dida pseudotropicalis as well as phagocytosis and killing of bacteria

including Staphylococcus aureus and Listeria monocytogenes. This
same study suggested that the defects may be primarily confined
to the lung as the function of peripheral blood monocytes in
these same assays was similar to control patients (Winston et al.,
1982).

Non-infectious complications that arise following transplant
include peri-engraftment respiratory distress syndrome (PERDS),
diffuse alveolar hemorrhage (DAH), idiopathic pneumonia syn-
drome (IPS), and bronchiolitis obliterans syndrome (BOS)
(Soubani, 1996; Afessa, 2001; Roychowdhury, 2005; Afessa and
Peters, 2006; Soubani and Uberti, 2007; Afessa et al., 2012). These
occur throughout the different engraftment phases but BOS in par-
ticular, is more commonly seen late post-engraftment (Soubani
and Uberti, 2007). Malignant relapse or secondary malignancy
also complicate successful transplants (Copelan, 2006; Roziakova,
2011). Many times the non-infectious complications can mani-
fest in conjunction with infectious complications (Metcalf et al.,
1994; Roychowdhury, 2005). Additionally, infections are risk fac-
tors for development of some forms of non-infectious lung injury
which may occur later, such as IPS (Versluys, 2010). Importantly,
infections with bacterial, viral, and fungal pathogens can afflict
both allogeneic and autologous HSCT recipients at multiple times
post-transplant (Afessa and Peters, 2006; Lim, 2006).

Viral infections are common in HSCT patients. Cytomegalovirus
(CMV) infections predominate in the late phase of engraftment
and are associated with increased mortality (Boeckh, 2003, 2011;
Kotloff et al., 2004). The advent of prophylactic and antiviral ther-
apy usage has proven to be beneficial in limiting infection in HSCT
patients; however, CMV can be particularly difficult to detect and
treat (Boeckh, 2011). One autopsy study revealed that 65% of
CMYV infections were not diagnosed ante mortem, thus highlight-
ing the frequency of missed detection (Chandrasekar, 1995). Thus,
HSCT patients are highly susceptible to CMV as well as other her-
pesviruses (Soubani et al., 1996; Ljungman, 2002; Marr, 2012).
Fungal pathogens are one of the major causes of significant mor-
bidity and mortality in HSCT recipients (Marr et al., 2002). Prior
to the use of azole-based anti-fungal prophylaxis, Candida spp.
were the leading fungal pathogen following HSCT (Asano-Mori,
2010). However, following implementation of this anti-fungal
prophylactic treatment, Aspergillus spp. have become the predom-
inant fungal pathogen causing invasive fungal infections in the
lung of both autologous and allogeneic HSCT populations (Bow,
2009; Asano-Mori, 2010). When considering bacterial infections,
a shorter time to engraftment and the use of broad-spectrum
antibiotics have improved the incidence of bacterial infections,
specifically Gram-negative bacteria (Cruciani, 1996; Therriault,
2010). However, bacterial pneumonias remain a significant cause
of mortality in this immunocompromised population (Therri-
ault,2010; Marr, 2012). Pseudomonas aeruginosa (a Gram-negative
bacteria) is the most common pathogen isolated within 100 days
post-engraftment and is associated with high recurrence rates due
to increasing antibiotic resistance (Hakki et al., 2007). Streptococ-
cus pneumoniae is the leading Gram-positive bacterial infection
in HSCT recipients, and together with another Gram-positive
agent, S. aureus, afflicts patients in the late post-engraftment
phase and causes significant mortality (Chen et al., 2003; Marr,
2012).
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ANIMAL MODELING

Murine bone marrow transplant (BMT) models for both syn-
geneic (genetically identical donor) and allogeneic (non-identical)
transplantation offer the opportunity to study changes in the pul-
monary immune system and microenvironment following trans-
plantation. In these systems, donor cells are harvested from the
femur and tibia of genetically inbred mice and introduced into
lethally irradiated syngeneic or allogeneic mice to reconstitute
ablated hematopoietic compartments. In order to force recon-
stitution of myeloid cells from hematopoietic donors, myeloab-
lative conditioning is employed. This can be done via TBI or via
chemotherapy regimens. One note of caution however, is that dif-
ferent strains of mice have differing susceptibilities to TBI dosage.
For instance, in our laboratory we routinely use 13 Gy split dose
of TBI to myeloablate C57Bl/6 mice and only 10 Gy for the same
purpose in Balb/c mice. Addition of splenic T cells along with
the donor bone marrow inoculum can hasten reconstitution in
syngeneic transplants (Ojielo et al., 2003) and can be a source of
alloreactive T cells in models of allogenic BMT hoping to study
GVHD or graft versus leukemia responses ( Reddy et al., 2005; Kato
et al., 2010).

Studies comparing conditioning regimens for their ability to
reconstitute AMs in recipient syngeneic BMT mice showed that
both dual-chemotherapy regimens (4 days of 25 mg/kg busulfan
followed by 2 days of 100 mg/kg cyclophosphamide) and 13 Gy
TBI regimens induced greater than 50% reconstitution of AMs
and spleen cells from donor stem cells by week 5 post-BMT
(Hubbard et al., 2008). Thirteen Gray TBI, when compared to
dual-chemotherapy, was the more effective conditioning regimen.
With 13 Gy TBI conditioning, donor reconstitution, measured
by the percentage of CD45.1 donor cells in CD45.2 recipient
mice, was observed at 82+ 2% in AMs and 954 1% in spleen
cells (Hubbard et al., 2008). The percentages of donor-derived
AMs and spleen cells with dual-chemotherapy were 56 +6.2
and 72.3 +2.1% (Hubbard et al., 2008). Similar defects in host
immune responses were noted in all of these myeloablative con-
ditioning regimens regardless of whether T cells were included in
the original inoculum (Hubbard et al., 2008).

DEFECTIVE PULMONARY INNATE IMMUNITY TO BACTERIA
BACTERIAL INFECTION MODEL

Despite the use of antibiotic prophylaxis, infectious pulmonary
complications continue to afflict both autologous and allogeneic
HSCT recipients throughout the process of engraftment and well
into the late post-engraftment phase (>100days) (Chen et al,
2003; Marr, 2012). Although reported to predominantly mani-
fest in the pre-engraftment and early post-engraftment phases, P.
aeruginosa-driven pneumonia is also seen in some cases more than
a year post-initial transplant (Chen et al., 2003). To understand
how alterations following transplantation enhance susceptibility
of HSCT patients to bacterial infections, we exposed syngeneic
BMT mice to a sublethal dose of P. aeruginosa (PAO1 strain;
5% 10° CFU) (Ojielo et al., 2003; Ballinger et al., 2006a, 2008;
Coomes et al., 2011) or S. aureus (USA300 stain; 7 x 107 CFU)
via intratracheal (i.t.) injection. Twenty-four hours post-infection,
lungs and blood are collected to determine bacterial burden.
Using this model, we found that syngeneic BMT mice are more

susceptible to bacterial infections as they are unable to effectively
clear P. aeruginosa (Ojielo et al., 2003; Ballinger et al., 2006a, 2008;
Coomes et al., 2011; Domingo-Gonzalez et al., 2013) or S. aureus
(Domingo-Gonzalez et al.,2013) from the lung and contain higher
levels of bacterial dissemination compared to untransplanted,
infected control mice. The remainder of this review will highlight
the pathologic abnormalities which we have characterized in the
innate immune cells using this model system. It should be noted
that we utilized mice at week 5 post-BMT when hematopoietic
reconstitution (including AMs) from donor HSCs was maximal
(Hubbard et al., 2008). We assessed bacterial clearance 24 h post-
infection and we used specific pathogen free mice; thus, there was
little chance of co-infection. Using this model system, we have
identified numerous BMT-induced changes that characterize the
AMs and polymorphonuclear leukocytes (PMNs) that repopulate
the host.

CYTOKINE AND EICOSANOID DYSREGULATION POST-BMT

In humans, bacterial infection is commonly seen in the neu-
tropenic phase due to a slow or incomplete engraftment, or
the use of immunosuppressive therapy (Afessa and Peters, 2006;
Coomes et al., 2011). However, in our syngeneic BMT model,
there was prolonged susceptibility to bacterial infection even after
full hematopoietic engraftment had occurred. These observations
suggested that the environment of the lung post-BMT may be
suppressing the function of the innate immune cells which had
repopulated the alveolar space. These studies revealed that syn-
geneic BMT mice are unable to successfully induce TNFa or IFNy
in the lung following infection with P. aeruginosa (Ojielo et al.,
2003). TNFa in particular, has been shown to be especially impor-
tant in controlling a P. aeruginosa infection (Sapru et al., 1999;
Chen et al., 2000). Balb/c mice are naturally resistant to P. aerug-
inosa and have been shown to produce higher levels of TNFa in
the lung following infection while the susceptible C57Bl/6 strain
produces significantly lower levels of TNFa post-infection (Gos-
selin, 1995; Morissette et al., 1995). Interestingly, in vivo treatment
of Balb/c mice with an anti-murine TNFa monoclonal antibody
reversed resistance to infection and the anti-TNFa-treated mice
exhibited higher bacterial loads in the lung (Gosselin, 1995). Sim-
ilarly, a separate study showed that TNFa-knockout mice suffered
from significantly higher bacterial burden in the lungs following
challenge with P. aeruginosa compared to their TNFa-sufficient
wild-type controls (Yu, 2000). These data highlight the impor-
tance of TNFa in mediating clearance of P. aeruginosa and suggest
that loss of the mediator post-BMT likely contributes to impaired
clearance of this pathogen.

In addition to TNFa, IFNy is also important for the acti-
vation of macrophages. IFNy functions to prime macrophages
to undergo classical activation but does not alone activate
macrophages (Nathan, 1991; Mosser, 2003). It requires a second
signal, provided by either exogenous TNFa or Toll-like receptor
(TLR)-induced TNFa (57). However, as both IFNy and TNFa
were decreased in the alveolar space and TNFa production was
decreased by AMs following BMT in response to i.t. challenge
with P. aeruginosa, it is possible that the lack of activation signals
for macrophages contribute to the inability to control and clear
bacterial insult (Ojielo et al., 2003).
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Eicosanoids derive from arachidonic acid and are lipid medi-
ators produced by different cell types, including alveolar epithe-
lial cells (AECs), AMs, and PMNs (Ballinger et al., 2006a, 2007;
Folco and Murphy, 2006). Prostaglandins and leukotrienes are
end-products of arachidonic acid metabolism via the cyclooxyge-
nase (COX) and 5-lipoxygenase enzymatic pathways, respectively
(Folco and Murphy, 2006). These eicosanoids have diverse effects
on cells. Leukotrienes (LTB4 and cysteinyl leukotrienes or cys LTs)
seem to have an overall pro-inflammatory effect on innate immune
cells as they have been shown to promote bacterial phagocytosis
and killing in both AMs and PMNs (Bailie, 1996; Mancuso et al.,
1998; Mancuso, 2001; Serezani et al., 2005). Similarly, cys LTs have
been shown to be involved in the induction of TNFa production
by both AMs and recruited PMNs (Sayers, 1988; Ménard, 2000).
Studies on the effects of prostaglandins, particularly prostaglandin
E, (PGE,), however, suggest they may negatively regulate innate
immune responses (Aronoff et al., 2004). PGE, signals through
four distinct G protein-coupled seven transmembrane spanning
E prostanoid (EP) receptors (Funk, 2001; Hubbard et al., 2001).
The inhibitory effects of PGE; have been attributed to binding
of EP2 and EP4. Stimulation of the EP2 or EP4 receptors results
in the induction of intracellular cyclic adenosine monophosphate
(cAMP) and activation of the downstream cAMP targets: pro-
tein kinase A (PKA) and the exchange protein activated by cAMP
(Epac-1) (Aronoff et al., 2004, 2005). Activation of PKA and/or
Epac-1 has been shown to impair both AM and PMN function
as well as inhibit the production of pro-inflammatory mediators,
leukotrienes, and reactive oxygen species (He, 2001; Aronoff et al.,
2005). Interestingly, PGE; has also been shown to induce IL-10,
an immunosuppressive cytokine (Harizi, 2002; MacKenzie et al.,
2012).

Prostaglandin E; has been reported to be elevated in the serum
of autologous HSCT recipients (Cayeux et al., 1993). This increase
in PGE; was not specific to a particular conditioning regimen
indicating that all HSCT patients are susceptible to overproduc-
tion of PGE, (Cayeux et al., 1993). We have previously reported
that PGE; is elevated in the lungs of mice following syngenic BMT
(Ballinger etal., 2006a). This overproduction was localized to AMs,
recruited PMNs, and structural cells, whereas cys LTs are decreased
in BMT AMs (Ballinger et al., 2006a). The increased production
of PGE; is likely to be systemic as BMT peritoneal lavage fluid also
displayed higher PGE, levels (Ballinger et al., 2006a). Although
it is tempting to suspect PGE;-induced IL-10 expression may be
responsible for the impaired immune environment post-BMT, IL-
10 was decreased in the BMT lung following infectious stimuli
indicating that the inhibitory effects of PGE, were likely inde-
pendent of the immunosuppressive effects of IL-10 (Ojielo et al.,
2003). Interestingly, pharmacological inhibition of the COX path-
way post-BMT limited PGE; production and restored cysLT levels
in AMs indicating that PGE, negatively regulates cysLTs in the set-
ting of BMT (Ballinger et al., 2006a). The importance of cysLTs in
supporting the clearance and resolution of pulmonary infections
post-BMT is observed in mice that received HSCs from granu-
locyte macrophage colony stimulating factor (GM-CSF) ™/~ mice
(Ballinger et al., 2008). GM-CSE~/~ BMT mice are defective in
cysLT production post-infection and are more susceptible to P.
aeruginosa infection.

Granulocyte macrophage colony stimulating factor is an
important cytokine for regulating innate immune cells, par-
ticularly macrophages. Previous studies have shown that GM-
CSF is required for effective clearance of P. aeruginosa even in
untransplanted mice (Ballinger et al.,, 2006b). Untransplanted
GM-CSF~/~ mice had increased bacterial burden compared to
wild-type controls. However, the source and amount of GM-CSF
is critical to determining host defense function post-BMT. AMs
from wild-type syngeneic BMT mice show an overproduction of
GM-CSF post-BMT. Interestingly, in human HSCT literature, ele-
vated production of GM-CSF by AMs during the pancytopenia
period was also noted (Whittle et al., 2001). While we initially
thought excess AM-derived GM-CSF would be beneficial, this was
not the case because the excess GM-CSF in AMs post-BMT drove
upregulation of the EP2 receptor on AMs (Ballinger et al., 2008).
The inhibitory effects of PGE, signaling via upregulated EP2 in
the wild-type BMT mice impaired bacterial phagocytosis and
killing as well as cys LT and TNFa production. When GM-CSF~/~
HSCs were used to repopulate WT mice, host defense improved
(Ballinger et al., 2008). Without AM-derived GM-CSF post-BMT,
EP2 receptors were not elevated and mice showed improved host
defense despite the fact that PGE, levels were still elevated post-
BMT. In the absence of EP2 elevations, the GM-CSF~/~ BMT
mice retained production of cys LTs and TNFa. It is important to
stress that improved host defense was only seen in the situation
where GM-CSF production was blocked in hematopoietic cells
post-transplant. When WT HSCs were transplanted into GM-
CSF~/~ mice, host defense was once again impaired (Ballinger
et al., 2008). These data highlight the importance of cross-talk
between AECs and AMs post-BMT. AEC-derived GM-CSF is ben-
eficial post-BMT whereas AM-derived GM-CSF is detrimental.
In the human HSCT literature mentioned above, elevations of
AM-derived GM-CSF in human allogenic HSCT recipients pre-
dicted development of later lung disease (Whittle et al., 2001).
This complex homeostatic regulation of GM-CSF means block-
ing this cytokine needs to be targeted specifically to the AMs to
be beneficial. Newer approaches to create microparticle delivery
vesicles that are readily uptaken by phagocytes, but not structural
cells may offer a way to deliver Ab or siRNA-based anti-GM-CSF
therapies in the future (Jhunjhunwala and Little, 2011).

CELLULAR ALTERATIONS
Alveolar macrophages
Induction of PGE; via cyclooxygenase-2 demethylation. Alveo-
lar macrophages compose 95% of all leukocytes in the airspaces
and thus, are the sentinel phagocytic cells in the lungs (Gordon and
Read, 2002; Martin and Frevert, 2005). They have been implicated
as critical innate immune cells for clearance of bacteria as deple-
tion of AMs through clodronate liposomes resulted in impaired
host defense against P. aeruginosa (Kooguchi et al., 1998). As AMs
are key players in a productive innate immune response in the
lungs, their function following transplantation is essential. How-
ever, data suggest that BMT AMs demonstrate altered cytokine
and eicosanoid production which impair their innate immune
function and predispose the host to infections post-BMT.
Prostaglandin E, is significantly overproduced by BMT AMs
(Ballinger et al., 2006a). The cause for elevated basal levels of PGE,
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in the AMs post-BMT may be multifactorial. It is possible that
differences in differentiation of AMs from donor-derived HSCs
versus a resident AM stem cell may influence the amount of PGE;
observed after transplant (Tarling et al., 1987). However, studies
indicate that this cannot fully explain the defect since mice receiv-
ing a lower dose of irradiation (8 Gy) contain a large percentage
of host-derived AMs (~36%) that also overproduce PGE, post-
transplant, albeit at approximately a threefold lower level than seen
in AMs derived from donor HSCs (Hubbard et al., 2008). To fur-
ther understand how PGE, might be overproduced post-BMT,
upstream regulators of PGE; in the arachidonic acid metabo-
lism cascade were analyzed. COX-2, the inducible form of COX,
processes arachidonic acid to present to prostaglandin synthase
enzymes to form prostaglandins (Funk, 2001). COX-2 expres-
sion is also increased following BMT (Domingo-Gonzalez, 2012).
This increase in expression was due to significant hypomethy-
lation of the COX-2 gene post-transplant. This demethylation
induced expression of COX-2 and thus allowed increased PGE,
synthesis in the setting of BMT. The demethylation of the COX-2
gene was shown to be regulated at least in part via the actions of
transforming growth factor beta (TGF), another cytokine that
is elevated in the lungs post-BMT and is produced by the AECs
(Domingo-Gonzalez, 2012). To determine the effects of TGFS on
COX-2 expression in BMT AMs, mice containing a dominant neg-
ative TGFBRII expressed under the CD11c promoter were used
as donor mice (Domingo-Gonzalez, 2012). Thus, in these trans-
plants, AMs would be insensitive to TGFf signaling. These studies
revealed that blocking TGFf signaling restored methylation pat-
terns within the COX-2 gene. Taken together, these studies indicate
that elevations of TGFf post-BMT induce COX-2 expression via
demethylation of the gene (Domingo-Gonzalez, 2012). While not
the subject of this review, it is interesting to note that elevations
of TGFP post-BMT also impair effector T cell responses and this
alteration increases the susceptibility of BMT mice to herpesviral
infections as well (Coomes et al., 2010, 2011).

Alveolar macrophages have been reported to exhibit decreased
ability to phagocytose and kill bacteria following allogeneic HSCT
(Winston et al., 1982). As AMs are important first responders to
infection in the lung, their function is essential for preventing
bacterial dissemination as well as promoting bacterial clearance
by engulfment and removal of infectious pathogens, and also by
releasing chemokines to stimulate the recruitment and activation
of immune cells (Martin and Frevert, 2005). Murine BMT AMs
display an impaired ability to phagocytose and kill P. aeruginosa
(Ojielo et al., 2003; Ballinger et al., 2006a; Hubbard et al., 2010,
2011). This defect has been shown to be dependent on PGE; sig-
naling as pharmacological inhibition of the COX pathway through
the use of indomethacin can restore a productive host defense
against bacteria both in vitro and in vivo post-BMT. Furthermore,
blocking the EP2 receptor (using AH 6809 a strong EP2 antagonist
with weaker activity at the EP1 and DP1 receptors) in BMT AMs
inhibits PGE, signaling and restores phagocytosis of P. aeruginosa
(Ballinger et al., 2006a). Thus, the next experiments discussed
were undertaken to determine how PGE, signaling inhibits AM
phagocytosis and bacterial killing post-BMT.

Phosphatase and tensin homolog deleted on chromosome 10
(PTEN) elevations. Endocytosis of pathogens can occur in a

number of ways with two major ways being through opsonized and
non-opsonized phagocytosis. As bacterial uptake is impaired post-
BMT, we sought to better understand the reasons for this. PTEN
functions to dephosphorylate both protein and lipid targets, and
has been traditionally known for its effects on PI3K/AKT signal-
ing through dephosphorylation of phosphatidylinositol (Cutler,
2005; Copelan, 2006; Passweg, 2012)-triphosphate (PIP3) (Gunzl
and Schabbauer, 2008). Previous studies have shown that PGE;-
induced PTEN activity can inhibit FcyR-mediated phagocytosis
and PI3K/AKT activation (Canetti et al., 2007). In the syngeneic
BMT model, overproduction of PGE, stimulates increased PTEN
activity, resulting in decreased serum-opsonized phagocytosis
(Hubbard et al., 2011). Using myeloid-specific PTEN conditional
knockout (PTEN CKO) mice as BMT donors, recipient mice had
improved, but not completely restored, host defense to in vivo bac-
terial challenge. This rescued response correlated with recovered
serum-opsonized phagocytosis by AMs and improved killing of P.
aeruginosa by both AMs and PMNGs. Interestingly, non-opsonized
phagocytosis in AMs was only partially recovered (Hubbard et al.,
2011). This partial restoration may be due to persisted elevation
of the IL-1 receptor-associated kinase-M (IRAK-M) post-BMT.

IRAK-M elevations. A member of the IRAK family of ser-
ine/threonine kinases, IRAK-M functions as a negative regula-
tor of MyD88-dependent TLR signaling (Kobayashi, 2002). Our
BMT model revealed that PGE, can upregulate IRAK-M in AMs
(Hubbard et al., 2010). Furthermore, BMT mice receiving genet-
ically ablated IRAK-M~/~ donor HSCs were able to control and
clear the bacterial infection similarly to untransplanted controls.
This recovery also correlated with rescued TNFa, cys LTs, and
AM function (including non-opsonized phagocytosis and killing)
(Hubbard et al., 2010). Interestingly, these mice retained overpro-
duction of PGE, and overexpression of the inhibitory receptor,
EP2. Thus, these data suggest that the inhibitory effects of PGE,
are dependent on IRAK-M and that IRAK-M is a critical down-
stream mediator of inhibitory PGE, signaling (Hubbard et al.,
2010). Taken together, these studies suggest that PGE, signals
through IRAK-M independently of PTEN and increased activity
of IRAK-M and PTEN promote differential effects on opsonized
and non-opsonized phagocytosis. Furthermore, the PTEN CKO
studies highlight the importance of non-opsonized phagocytic
responses in the lung following transplant, as complete recovery of
serum-opsonized phagocytosis and bacterial killing did not com-
pletely abrogate in vivo susceptibility measured 24 h post-infection
(Hubbard et al., 2011).

Scavenger receptor alterations. Non-opsonized phagocytosis is
primarily mediated by scavenger receptors (SRs), specifically Class
A SRs (Palecanda and Kobzik, 2001). Within this family of SRs
are SR-AI and II, macrophage receptor with a collagenous struc-
ture (MARCO), SR with C-type lectin (SRCL), and SR recep-
tor A5 (SCARA5) (Peiser et al., 2002). SR-AI and II are splice
variants, and together with MARCO, have been associated with
mediating non-opsonized phagocytosis in macrophages (Peiser
etal.,2002). Their importance in bacterial clearance is highlighted
by the susceptibility of individual MARCO ™'~ and SR-AI/II~/~
mice to S. pneumoniae (Arredouani et al., 2004, 2006). Defec-
tive phagocytosis of S. pneumoniae in SR-AI/II™/~ mice has also
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been reported (Arredouani et al., 2006). Interestingly, the impaired
phagocytosis of non-opsonized P. aeruginosa in our BMT model
correlated with aberrant SR profiles (decreased MARCO and
increased SR-AI/II expression) (Domingo-Gonzalez et al., 2013).
Treatment of untransplanted AMs with soluble MARCO, inhib-
ited phagocytosis similarly to pan class A SR inhibitors and was
comparable to the level of phagocytosis noted against P. aerugi-
nosa in wild-type BMT AMs. In contrast, SR-AI/II overexpression
explained the surprising enhancement of S. aureus phagocytosis
by BMT AMs (Domingo-Gonzalez et al., 2013).

The differences in SR profiles observed following transplant can
be attributed to PGE,. Exogenous treatment of naive AMs with
PGE; decreased MARCO and increased SR-AI/II considerably
(Domingo-Gonzalez et al., 2013). The mechanism(s) explaining
how PGE; is able to regulate SR expression is not fully character-
ized. However, our studies revealed that PGE; can inhibit expres-
sion of microRNA-155 (miR-155) (Domingo-Gonzalez et al.,
2013). MicroRNAs are small non-coding RNAs that typically tar-
get 3'untranslated regions (3’'UTR) and can inhibit or stabilize
mRNA expression or in many cases inhibit mRNA translation
(He and Hannon, 2004; Chen and Rajewsky, 2007). miR-155 has
been generally shown to play a role in promoting an inflammatory
response as it has been shown to stabilize TNFo mRNA and thus
promote expression (Bala et al., 1436). In the context of transplant,
miR-155 expression is decreased by PGE, (Domingo-Gonzalez
etal., 2013). Interestingly, the 3'UTR of SR-AI/II contains a puta-
tive miR-155 target sequence (TargetScan). Blocking miR-155 can
induce expression of SR-AI/II and result in enhanced phagocytosis
of S. aureus (Domingo-Gonzalez et al., 2013). These results sug-
gest that by negatively regulating an inhibitor of SR-AI/II, PGE,
can indirectly induce expression of this SR. The mechanism for
how PGE; reduces MARCO expression is unknown at present,
but does not involve miR-155. Importantly, despite differences
in levels of phagocytosis of P. aeruginosa and S. aureus, a defect
in killing remains in BMT AMs which ultimately confers sus-
ceptibility to both bacterial infections (Domingo-Gonzalez et al.,
2013). As mentioned above, this killing defect may relate to both
IRAK-M elevation and PTEN activation post-BMT. Loss of miR-
155 in response to PGE, signaling may also serve to destabilize
TNFa mRNA post-BMT, and this is also likely to impair bacterial
killing.

Lung epithelial cells

Alveolar epithelial cells are the structural cells lining the alveo-
lus. Type II AECs are important secretors of pulmonary surfac-
tant, are progenitors to type I AECs which line the majority of
the lung, and act as immunomodulators via interactions with
immune cells. Exposure to ionizing radiation induces damage to
the alveolar epithelial barrier causing changes in gene expression,
particularly cytokine expression (Rubin et al., 1995). We have pre-
viously shown that upon transplantation, AECs from BMT mice
are negatively affected by the transplant process. Specifically, AECs
overproduce PGE, as well as TGFB which as discussed above
inhibits AM function (Ballinger et al., 2006a; Coomes et al., 2010;
Domingo-Gonzalez, 2012). Furthermore, AECs are defective in
the synthesis of GM-CSF (Ballinger et al., 2006b, 2008) which
as discussed above is important for modulating AM function.

Another important defect that has been described post-BMT is
the loss of surfactant protein A (SPA) which is predominantly
synthesized by AECs (Yang, 2000; Wright, 2005). As SPA can
serve as a collectin (Wright, 2005) which can bind pathogens to
help facilitate phagocytosis via the SR-AI/II receptor (Kuronuma,
2004), loss of SPA post-BMT may be another reason why host
defense is impaired in the setting of HSCT. The fact that SPA
can bind to SR-AI/II (the receptor that is retained on BMT AMs)
may suggest that exogenous SPA therapy could prove beneficial
post-HSCT.

Polymorphonuclear leukocytes

A major role for PMN:ss lies in their ability to be recruited to the
lung upon inflammation or infection and assist in the killing
and ultimate clearance of pathogens (Wang, 2004; Koh, 2009).
Several studies have looked at the function of human PMNs
post-autologous HSCT (reviewed in Ramaprasad et al., 2010).
These human studies noted decreased respiratory burst, decreased
phagocytosis of C. albicans and decreased killing of S. aureus
(Gadish et al., 1991). Interestingly the role of GM-CSF in restor-
ing PMN function is mixed (Peters et al., 1988; Gadish et al., 1991;
Wiltschke et al., 1995).

In the context of murine syngeneic BMT, PMNs were shown to
have intact phagocytic ability but were defective in their ability to
kill the engulfed bacteria (Ballinger et al., 2006a). Genetic ablation
of GM-CSF in donor marrow improved, but did not fully restore,
PMN killing of P. aeruginosa (Ballinger et al., 2008).

PTEN-deficient neutrophils have been reported to exhibit
enhanced host immune responses (Subramanian et al., 2007; Li
et al., 2009). Previous studies had shown that alleviating the
repressive effect of PTEN on neutrophils, augmented neutrophil
chemotaxis (Subramanian et al., 2007). Similar to these studies,
our PTEN CKO BMT mice had elevated basal levels of PMNs in the
alveolar space compared to untransplanted wild-type controls and
recovered their ability to kill intracellular bacteria (Hubbard et al.,
2011). However, despite a rescued PMN phenotype, PTEN CKO
BMT mice were still susceptible to acute P. aeruginosa infection,
highlighting the importance AM function, specifically the need for
non-opsonized phagocytosis, post-BMT.

Table 1 | Summary of observed cellular alterations following syn-BMT.

AECs AMs PMNs

Cytokines (baseline 1TGFB, PGE,,
LGM-CSF

1GM-CSF, PGEy,
leyslTs, TNFa

+PGE;
and post-infection)

Function JPhagocytosis, | Bacterial killing
bacterial killing

Intracellular +PTEN, IRAK-M  Loss of PTEN

signaling improves function,
IRAK-M levels do
not change

miRNA JmiR-155

Scavenger +SR-Al/I,

receptors JMARCO
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Type Il AEC

GM-CSF is decreased

—> TGF-B

GM-CSF is
increased

Methylated
COX-2

inhibited

—/

TNFa is
Decreased

FIGURE 1 | Alterations in innate immunity post-BMT. AEC production
of TGFB and PGE, are increased following transplant and both affect AM
function. AEC production of GM-CSF is reduced. TGFB signaling in AMs
helps demethylate the COX-2 promoter to increase AM-derived PGE,
secretion. Overproduction of GM-CSF in AMs post-BMT leads to elevation
of the EP2 receptor. In response to PGE, stimulation of increased EP2
receptors, AM phagocytosis of both opsonized and unopsonized
pathogens is impaired. This impaired phagocytosis is related to a loss of

> PGE,
\4

Demethylated

COX-2
diated M
Fc-me |ate. Increased PTEN
phagocytosis Increased IRAK-M
is inhibited

L

Non-opsonized
phagocytosis is

Decreased
killing

/

Increased
EP2

levels are
decreased

Killing is decreased

miR-155 is
inhibited

\

Increased SR-AI/II

MARCO expression as well as an upregulation of IRAK-M. Despite the fact
that PGE, reduces miR-155 which leads to increased SR-Al/Il expression,
bacterial killing in both AMs and PMNs is impaired. This is related to
activation of PTEN as well as increased IRAK-M. Not shown on the
diagram is the observation that TNFa expression in AMs is also lost as a
result of PGE, signaling. We have demonstrated that these alterations
ultimately lead to impaired host defense against both Gram-negative P
aeruginosa as well as Gram-positive S. aureus.

Together with AMs, the impaired function of PMNs can also
be attributed to elevated PGE;, as pharmacological inhibition of
PGE, synthesis completely resolved their defect (Ballinger et al.,
2006a). Unlike BMT AMs, PMNs do not exhibit a phagocytic
defect and IRAK-M is not elevated in recruited PMNs. Thus, it
is likely that PGE; is mediating impaired killing through PTEN,
as we have previously shown that PGE, can induce PTEN activity
(Hubbard et al., 2011).

CONCLUSION
The cumulative data from our studies of murine syngeneic BMT
is summarized in Table 1 and suggests that the susceptibility to
pulmonary infections following HSCT is related to the prolonged
impairment of immune function, particularly of AMs and PMNs,
as well as cytokine alterations by AECs. The master innate immune
inhibitory mediator post-BMT appears to be PGE,. Defects of AM
phagocytosis and killing as well as defects in PMN killing limit
the ability of the host to fight off bacterial infections post-HSCT.
Blockade of PGE, signaling or production can restore innate
immune function. Work using this BMT mouse model provides
critical insight into the causes of defective pulmonary immunity
observed in the setting of transplantation and in the absence of
immunosuppressive therapy or the confounding effects of GvHD.
Changes that characterize BMT AMs are diverse. Figure 1 pro-
vides a schematic overview of the changes that occur in AMs

following transplant. It is interesting that most of the changes
that occur can be attributed to eicosanoid dysregulation and the
enhanced signaling of PGE, through overexpression of one of its
receptors, EP2. Signaling via EP2 regulates downstream targets;
IRAK-M is increased and PTEN is activated post-BMT. The end
result of these alterations is the impairment of AM and PMN
function. The use of general COX inhibitors (e.g., indomethacin
or aspirin) or COX-2-specific inhibitors (e.g., NS-398) may prove
beneficial to HSCT patients. More recently, the development of PF-
044148948, the first specific EP2 antagonist developed by Pfizer
(Wang, 2004) may offer the exciting advantage of blocking the
inhibitory effects of PGE, signaling on AMs without shutting
down all prostaglandin production or effecting other EP recep-
tor signaling. Such a therapeutic may offer protection to HSCT
patients suffering from antibiotic resistant bacterial infections.
Finally, murine studies need to be confirmed in human HSCT
AMs. If elevations in COX-2 and EP2 signaling as well as loss
of SPA noted in murine studies can be verified in humans post-
HSCT, the next step will be to design clinical trials to test therapies
targeted at these transplant-induced alterations.
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