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Abstract
Activation of invariant natural killer T (iNKT) cells and signaling through receptor for advanced
glycation end products (RAGE) are known to independently mediate lung ischemia-reperfusion
injury. This study tests the hypothesis that activation of RAGE specifically on iNKT cells via
alveolar macrophage-produced high mobility group box 1 (HMGB1) is critical for the initiation of
lung ischemia-reperfusion injury. A murine in vivo hilar clamp model was utilized, which
demonstrated that RAGE−/− mice were significantly protected from ischemia-reperfusion injury.
Treatment of WT mice with soluble RAGE (a decoy receptor), or anti-HMGB1 antibody,
attenuated lung ischemia-reperfusion injury and inflammation, whereas treatment with
recombinant HMGB1 enhanced ischemia-reperfusion injury in WT mice but not RAGE−/− mice.
Importantly, lung dysfunction, cytokine production and neutrophil infiltration were significantly
attenuated after ischemia-reperfusion in Jα18−/− mice reconstituted with RAGE−/− iNKT cells
(versus WT iNKT cells). In vitro studies demonstrated that, after hypoxia-reoxygenation, alveolar
macrophage-derived HMGB1 augmented IL-17 production from iNKT cells in a RAGE-
dependent manner. These results suggest that HMGB1-mediated RAGE activation on iNKT cells
is critical for initiation of lung ischemia-reperfusion injury and that a crosstalk between
macrophages and iNKT cells via the HMGB1/RAGE axis mediates IL-17 production by iNKT
cells causing neutrophil infiltration and lung ischemia-reperfusion injury.
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Introduction
Lung ischemia-reperfusion (IR) injury is the primary cause of mortality and morbidity in
patients undergoing lung transplantation (1, 2). Lung transplantation has the worst outcome
of all solid organ transplants, and IR injury contributes to primary graft failure and enhances
the risk for development of bronchiolitis obliterans (3–5). We have previously demonstrated
that the activation of invariant natural killer T (iNKT) cells and iNKT cell-produced IL-17
are key early events that initiate neutrophil infiltration and lung IR injury (6). In addition, we
have shown that mice deficient in the receptor for advanced glycation end products (RAGE)
are significantly protected from lung IR injury (7). Although it is known that RAGE can
mediate T cell responses, the mechanism for iNKT cell activation and IL-17 production after
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IR remains unknown. Thus, the present study investigates the role of RAGE activation on
iNKT cells in IL-17 production and neutrophil infiltration during lung IR injury.

RAGE belongs to an immunoglobulin superfamily of cell-surface molecules, and in addition
to its full-length, membrane-bound form, a soluble form of RAGE (sRAGE) can be
generated extracellularly by proteolytic cleavage or alternate splicing of membrane RAGE
(8–11). sRAGE can act as a ligand decoy to block RAGE signaling (12, 13) and attenuate
lung injury after IR or lipopolysaccharide administration (14, 15). In lung transplant
patients, higher plasma levels of sRAGE correlate with longer duration of mechanical
ventilation (16, 17).

RAGE binds to various ligands including high mobility group box 1 (HMGB1), S100
proteins, amyloid β-peptide and advanced glycation end products (AGE), which are highly
expressed under inflammatory conditions (18, 19). However, HMGB1 has a 7-fold higher
affinity for RAGE than other ligands, and the HMGB1/RAGE axis has been implicated in
the pathogenesis of various inflammatory processes (20–26). HMGB1 is a nuclear alarmin
rapidly released by activated macrophages, dendritic cells or endothelial cells (27, 28).
HMGB1 can act as a chemokine leading to recruitment of monocytes, T cells and dendritic
cells, NF-κβ activation and proinflammatory cytokine production via its binding with RAGE
as well as potential interaction with toll-like receptors (29, 30). Recent studies suggest that
RAGE expression on T cells can play an important role in adaptive immune responses (31–
33). Moreover, transgenic mice with targeted overexpression of dominant-negative RAGE
in CD4+ T cells are resistant to inflammation and experimental autoimmune
encephalomyelitis (34). However, the precise role of the HMGB1/RAGE axis in the
activation of T cells remains undefined in lung IR injury and was the focus of the current
study.

Using a murine in vivo hilar clamp model of lung IR as well as an in vitro hypoxia-
reoxygenation model, the current study demonstrates that the HMGB1/RAGE axis mediates
iNKT cell activation and IL-17 production after lung IR. This study presents a novel
signaling paradigm by demonstrating that a crosstalk between alveolar macrophage-
produced HMGB1 and RAGE-mediated iNKT cell activation is a critical event for IL-17
production, neutrophil activation and subsequent lung IR injury.

Materials and Methods
Detailed methods are described in the online supplement.

Animals
This study utilized 8–12 week old male C57BL/6 WT (Jackson Laboratory, Bar Harbor,
ME), Jα18−/− (35) and RAGE−/−(36) mice. Jα18−/− and RAGE−/−mice were congenic with
C57BL/6. Mice underwent either sham surgery or lung IR. This study conformed to the
National Institutes of Health guidelines and was conducted under animal protocols approved
by the University of Virginia’s Institutional Animal Care and Use Committee.

Lung IR model and reagents
An in vivo hilar clamp model of lung IR was used wherein mice undergoing IR were
subjected to 1 hour left lung ischemia (via left hilar occlusion) followed by 2 hours of
reperfusion as previously described (37). Sham animals received the same surgery but
without hilar occlusion. Intratracheal treatment of mice with human recombinant HMGB1
(rHMGB1; 10 μg/mouse; R&D Systems, Minneapolis, MN), human sRAGE (20 μg/mouse;
MyBioSource, Inc., San Diego, CA) or anti-RAGE antibody (100μg/mouse; Sigma Aldrich,
St. Louis, MO) was performed 5 min before ischemia.
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Pulmonary function
Pulmonary function was evaluated using an isolated, buffer-perfused lung system (Hugo
Sachs Elektronik, March-Huggstetten, Germany) as previously described (37), and
hemodynamic and pulmonary function parameters were recorded by the PULMODYN data
acquisition system (Hugo Sachs Elektronik). Lungs were maintained on the system for a 5-
minute equilibration period before data was recorded for an additional 5 minutes.

Cytokine analysis
Cytokine concentrations in BAL fluid were quantified using the Bioplex Bead Array
technique and a multiplex cytokine panel assay (Bio-Rad Laboratories, Hercules, CA) as
previously described (6).

HMGB1 measurement
HMGB1 was measured using an ELISA kit per the manufacturer’s instructions (IBL
International, Hamburg, Germany).

Lung wet/dry weight
Fresh lungs from separate groups of animals were weighed and desiccated until a stable dry
weight was achieved. Lung wet/dryweight was then calculated as an indicator of edema.

Immunohistochemistry
Immunostaining to identify neutrophils was performed as described previously (37).

Purification and adoptive transfer of iNKT cells
Reconstitution of Jα18−/−mice was performed by adoptive transfer of primary iNKT cells as
previously described (6). After lysis of red blood cells, splenocytes were suspended in FACS
staining buffer containing anti-mouse CD16/CD32 mAb (eBioscience) to block non-specific
FcR binding. Cells were then incubated with CD1d tetramer-Alexa647 (NIH Tetramer
Facility, Emory University) and enriched by positive magnetic bead selection using anti-
Alexa647 microbeads (Miltenyi Biotec, Auburn, CA). The enriched cells were stained with
FITC-conjugated anti-CD19 and PE-conjugated anti-TCRβ (eBioscience) and sorted using a
FACSVantage SE Turbo Sorter (Becton Dickinson) resulting in cell populations of >98%
pure CD1d tetramer+CD4+ iNKT cells. Purified iNKT cells (2.5×105) were injected into
Jα18−/−mice via tail vein injection 4 days prior to surgery.

In vitro hypoxia-reoxygenation (HR)
Primary iNKT cells were isolated (as described above) and cultured overnight in RPMI
media containing 10% fetal bovine serum and1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA). Alveolar macrophages (MH-S murine alveolar macrophage cell line; ATCC,
Manassas, VA) were grown in complete medium consisting of DMEM with 4.5 g/l glucose
containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C with 5% CO2
and 95% O2. For exposure to HR, 24-well culture plates were placed in a humidified, sealed
hypoxic chamber (Billups- Rothenberg, Del Mar, CA) that was purged with 95% N2 and 5%
CO2 for 25 min to establish hypoxia as described previously (38). The chamber was then
placed in an incubator for 3 hours after which it was opened and the culture media was
immediately analyzed for O2 concentration using a blood-gas analyzer (Chiron Diagnostics).
The partial percentage of O2 in culture media after hypoxia was consistently found to be 5%
versus 21% in normoxic cultures. Reoxygenation was achieved by transferring the plates to
a normoxic, humidified incubator (37°C, 5% CO2 and 95% O2) for 1 hour. Conditioned
media transfer (CMT) experiments were performed by exposing MH-S cells to HR, with or
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without 1 μg/ml sRAGE or 10 μg/ml anti-HMGB1 antibody treatment, followed by transfer
of this conditioned media to washed iNKT cells, which were then exposed to HR. IL-17A in
culture media was measured by ELISA (R&D Systems, Minneapolis, MN).

Statistical analysis
All statistical analyses were performed using GraphPad Prism 6.0 software, and data are
presented as the mean ± standard error of the mean. One-way ANOVA with post-hoc
Bonferroni’s multiple comparisons, Mann-Whitney U-test, or Student’s t-test were used as
appropriate to compare experimental groups. Statistical significance was set at P<0.05.

Results
Pulmonary dysfunction and lung edema after IR is mediated by the HMGB1/RAGE axis

To investigate the importance of the HMGB1/RAGE axis in lung IR injury, pulmonary
function was measured in WT and RAGE−/− mice after sham surgery or IR (Figure 1A).
Significant pulmonary dysfunction occurred after IR in WT mice as indicated by increased
airway resistance and pulmonary artery pressure as well as decreased pulmonary
compliance. Pulmonary dysfunction after IR was significantly attenuated in RAGE−/− mice
compared to WT mice after IR. Pulmonary function was similar between WT and RAGE−/−

sham mice. These results confirm that RAGE is an important mediator of lung dysfunction
after IR.

Lung dysfunction after IR was significantly worsened in WT mice treated with rHMGB1
(10 μg/mouse intratracheally 5 min before ischemia) as exemplified by increased airway
resistance and pulmonary artery pressure as well as decreased pulmonary compliance
(Figure 1B). However, rHMGB1 had no significant effect on lung function after IR in
RAGE−/− mice. Treatment of WT mice with sRAGE (20 μg/mouse intratracheally 5 min
before ischemia) significantly attenuated lung dysfunction after IR compared to WT mice
undergoing IR alone (Figure 1B). Treatment of WT mice with sRAGE improved lung
dysfunction to levels similar to that of RAGE−/− mice. rHMGB1 did not significantly alter
lung function in WT or RAGE−/− sham mice (Figure S1).

In addition, pulmonary edema (wet/dry weight) was measured in separate groups of mice
(Figure 1C). There was no difference in lung wet/dry weight between WT and RAGE−/−

sham mice. A marked increase in edema occurred in WT mice after IR compared to sham,
which was significantly reduced in RAGE−/− mice after IR. Treatment with rHMGB1
significantly enhanced edema after IR in WT mice, but not in RAGE−/− mice. Furthermore,
treatment of WT mice with sRAGE significantly attenuated edema after IR compared to WT
mice undergoing IR alone (Figure 1C). These results suggest that RAGE signaling plays a
crucial role in mediating lung IR injury and that RAGE is required for rHMGB1 to enhance
lung dysfunction after IR.

Inflammation after IR is mediated by the HMGB1/RAGE axis
The expression of proinflammatory cytokines and chemokines was measured in BAL fluid
to assess pulmonary inflammation. A significant induction of IL-17, TNF-α, KC (CXCL1),
IL-6 and MIP-1α (CCL3) occurred after IR in WT mice, which were all significantly
attenuated in RAGE−/− mice (Figure 2A). Treatment with rHMGB1 significantly enhanced
cytokine production after IR in WT mice; however, this was significantly attenuated or
blocked in RAGE−/− mice. Although a small but significant increase in TNF-α, MIP-1α and
KC occurred in rHMGB1-treated RAGE−/− mice after IR, the enhancement of IL-17 and
IL-6 were completely blocked in these mice. Furthermore, sRAGE treatment significantly
attenuated proinflammatory cytokine production in WT mice after IR (Figure 2A).
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HMGB1 levels in BAL fluid were not detected in sham animals, but a large increase in
HMGB1 occurred in both WT and RAGE−/− mice after IR (Figure 2B). Although rHMGB1
did not significantly induce IL-17 production in sham RAGE−/− mice, rHMGB1 did result in
a small but significant increase in IL-17 production in sham WT mice (Figure S1). These
results suggest that HMGB1 exacerbates lung inflammation after IR and that blockage of
ligand binding to RAGE via sRAGE attenuates proinflammatory cytokine production.

Neutrophil infiltration and activation after IR are mediated by the HMGB1/RAGE axis
To determine the role of the HMGB1/RAGE axis in neutrophil infiltration, neutrophils were
quantified in lung sections by immunohistochemistry (Figure 3A and B). Neutrophil
numbers were similar between WT and RAGE−/− sham mice. Significant infiltration of
neutrophils occurred in WT mice after IR, which was significantly attenuated in RAGE−/−

mice. Treatment with rHMGB1 significantly enhanced neutrophil infiltration after IR in WT
mice but not RAGE−/− mice. Treatment with sRAGE significantly attenuated neutrophil
infiltration in WT mice after IR.

Myeloperoxidase, a peroxidase enzyme abundantly present in neutrophil granules and
released upon activation, was measured in BAL fluid to assess neutrophil activation and
infiltration into alveolar airspaces (Figure 3C). There was no difference in myeloperoxidase
levels between WT and RAGE−/− sham mice. A marked increase in myeloperoxidase
occurred in WT mice after IR compared to sham, which was significantly reduced in
RAGE−/− mice after IR. Treatment with rHMGB1 significantly enhanced myeloperoxidase
after IR in WT mice, but not in RAGE−/− mice. Furthermore, treatment of WT mice with
sRAGE significantly attenuated myeloperoxidase after IR compared to WT mice undergoing
IR alone. These results suggest that the HMGB1/RAGE axis mediates neutrophil infiltration
and activation after IR.

RAGE signaling in iNKT cells mediates lung dysfunction and inflammation after IR
To investigate the role of RAGE signaling specifically in iNKT cells, pulmonary function
was assessed after IR in Jα18−/− mice (iNKT cell-deficient) that were reconstituted with
iNKT cells from WT or RAGE−/− mice. Lung dysfunction after IR was significantly
attenuated in Jα18−/−mice, and reconstitution with WT iNKT cells restored dysfunction to
WT levels (Figure 4). However, reconstitution of Jα18−/− mice with RAGE−/− iNKT cells
failed to restore lung dysfunction, which remained significantly attenuated after IR
compared to WT mice as demonstrated by decreased airway resistance and pulmonary artery
pressure as well as increased pulmonary compliance (Figure 4). There was no difference in
lung function in sham Jα18−/− mice with or without rHMGB1 treatment (Figure S1). These
results establish a key role for RAGE activation specifically on iNKT cells in pulmonary
dysfunction after IR.

Moreover, the expression of proinflammatory cytokines (IL-17A, TNF-α, KC and IL-6)
after IR in Jα18−/− mice reconstituted with RAGE−/− iNKT cells was significantly
attenuated compared to Jα18−/− mice reconstituted with WT iNKT cells (Figure 5). There
was no difference in IL-17 production in sham Jα18−/− mice with or without rHMGB1
treatment (Figure S1). These results implicate RAGE activation specifically on iNKT cells
as a critical mediator of inflammation, especially iNKT cell-derived IL-17 production, after
lung IR.

RAGE-dependent activation of iNKT cells mediates neutrophil infiltration after IR
To determine if RAGE activation on iNKT cells contributes to neutrophil infiltration and
activation after IR, quantification of neutrophils (by immunohistochemistry) and
myeloperoxidase were performed. Both neutrophil numbers (Figure 6A and B) and
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myeloperoxidase levels (Figure 6C) were significantly attenuated after IR in Jα18−/− mice
reconstituted with RAGE−/− iNKT cells versus reconstitution with WT iNKT cells.
Neutrophil numbers and myeloperoxidase levels in Jα18−/− mice were similar between IR
and sham animals (data not shown). These results demonstrate that RAGE activation on
iNKT cells is a key mediator of neutrophil infiltration after lung IR.

Alveolar macrophage-produced HMGB1 modulates RAGE-mediated activation of iNKT
cells

HMGB1 is known to be rapidly released by activated macrophages among other cells (27,
30). To investigate potential crosstalk between alveolar macrophages and iNKT cells via
HMGB1 after IR, we used an in vitro model of acute hypoxia-reoxygenation (HR) as a
surrogate for lung IR. HR-exposed MH-S cells (a murine alveolar macrophage cell line)
resulted in a significant increase in HMGB1 release compared to normoxia (Figure 7A).
However, exposure of WT iNKT cells to HR did not induce detectable HMGB1 (Figure
7A). IL-17 production was significantly induced by HR-exposed iNKT cells but not by HR-
exposed MH-S cells (Figure 7B). IL-17 production was significantly enhanced by HR-
exposed WT iNKT cells after treatment with rHMGB1 compared to HR-exposed WT iNKT
cells alone (Figure 7C). IL-17 production by HR-exposed RAGE−/− iNKT cells was similar
to HR-exposed WT iNKT cells, and treatment with rHMGB1 failed to augment IL-17
production in HR-exposed RAGE−/− iNKT cells (Figure 7C). These results demonstrate that
RAGE signaling in iNKT cells is responsible for the rHMGB1-mediated enhancement of
IL-17 after HR.

Conditioned media transfer (CMT) experiments were performed to evaluate potential
crosstalk between macrophages and iNKT cells via RAGE signaling (Figure 7D). CMT
from HR-exposed MH-S cells to HR-exposed WT iNKT cells resulted in a significant
enhancement of IL-17 production, which was completely blocked by CMT to RAGE−/−

iNKT cells (Figure 7D). Treatment of HR-exposed MH-S cells with sRAGE and subsequent
CMT to HR-exposed WT iNKT cells also blocked the enhancement of IL-17 production
(Figure 7D). Treatment of normoxic WT iNKT cells with rHMGB1 induced a small but
significant increase in IL-17 production compared to normoxic WT iNKT cells alone;
however, rHMGB1 did not significantly induce IL-17 production by normoxic RAGE−/−

iNKT cells (Figure 7E). These results demonstrate that an alveolar macrophage-derived
RAGE ligand activates iNKT cells after HR to produce IL-17, and treatment with sRAGE
attenuates this crosstalk. When taken together with results from Figure 7C, the likely
macrophage-derived RAGE ligand is HMGB1.

HMGB1 directs RAGE-mediated lung IR injury and activation of iNKT cells
The results of the above experiments suggest that HMGB1 is a key ligand for RAGE-
mediated IR injury and activation of iNKT cells, however these experiments do not
specifically establish HMGB1 as the predominant ligand since sRAGE can bind to many
RAGE ligands. To address this, two key experiments were performed to test if anti-HMGB1
neutralizing antibody has the same protective effects as sRAGE. WT mice underwent lung
IR and treatment with either control IgG antibody or anti-HMGB1 neutralizing antibody,
and lung function was evaluated (Figure 8A). Anti-HMGB1 antibody significantly
attenuated lung dysfunction after IR by decreasing airway resistance and pulmonary artery
pressure as well as improving pulmonary compliance. In addition, IL-17 expression in lungs
after IR was abolished by anti-HMGB1 antibody treatment (Figure 8B). This attenuation of
lung dysfunction and IL-17 production was very similar to the results obtained with sRAGE
in Figures 1 and 2. Furthermore, treatment of HR-exposed MH-S cells with anti-HMGB1
antibody and subsequent CMT to HR-exposed WT iNKT cells blocked the enhancement of
IL-17 production (Figure 8C); results that are very similar to those obtained with sRAGE in
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Figure 7D. Taken together, these results confirm that the primary RAGE ligand that
mediates lung dysfunction after IR is HMGB1 and that alveolar macrophage-produced
HMGB1 plays a critical role in iNKT cell-dependent IL-17 production.

Discussion
The results of the current study define a pivotal role for the HMGB1/RAGE axis in the
initiation of lung IR injury via iNKT cell activation as demonstrated by the fact that Jα18−/−

mice reconstituted with RAGE−/− iNKT cells failed to restore lung dysfunction, injury and
IL-17 production after IR. Furthermore, treatment with sRAGE or anti-HMGB1 antibody
significantly attenuated lung dysfunction, injury and IL-17 production after IR, thereby
blocking the proinflammatory effects of HMGB1. Finally, using an in vitro model, we
showed that alveolar macrophages communicate with iNKT cells after HR via the HMGB1/
RAGE axis, thereby underlining the importance of macrophage-produced HMGB1 on
RAGE-mediated activation of iNKT cells that ultimately leads to inflammation, neutrophil
infiltration and lung injury after IR.

High levels of RAGE expression in the lung, especially type I epithelial cells, are well
documented (15), and RAGE has been implicated as a marker of type I epithelial cell injury
in acute lung injury models (33). However, the role of RAGE and its ligands in the context
of innate immune cells such as T lymphocytes is unknown in the setting of IR. Recent
studies have shown that RAGE affects T cell activation and differentiation in mouse models
of inflammation (31, 32). RAGE is able to modulate T cell phenotype by regulating the
secretion of cytokines such as IFN-γ and by signaling through intermediaries such as NF-
κB, MAP kinase, Jak/STAT and PI3K/Akt (31, 39, 40). In the present study, using both in
vivo and in vitro models, we have demonstrated that RAGE signaling in iNKT cells plays a
crucial role in lung inflammation and cytokine production after IR. The adoptive transfer
experiments demonstrated the importance of RAGE activation specifically on iNKT cells in
the pathogenesis of lung IR injury. This data represents a novel paradigm wherein the role of
RAGE has been implicated in the context of the immunomodulation and proinflammatory
signaling of iNKT cells after lung IR.

Our results demonstrate a critical role for the HMGB1/RAGE axis in lung IR injury as
treatment with rHMGB1 exacerbated lung dysfunction and injury in WT, but not RAGE−/−,
mice. We also observed an increased expression of HMGB1 (Figure 2B), but not S100A/B
(data not shown), another RAGE ligand, in lungs of WT mice after IR. In addition to RAGE,
HMGB1 is capable of binding to toll-like receptor (TLR)-2, TLR-4 and TLR-9 (22, 41).
Thus it is plausible that TLRs may also play a role in HMGB1-mediated lung IR injury.
However, rHMGB1 failed to augment lung dysfunction and cytokine production in
RAGE−/− mice, suggesting that RAGE, and not TLRs, is the predominant target of HMGB1
during lung IR. Furthermore, our data suggest that alveolar macrophage-derived HMGB1
activates iNKT cells after HR to enhance IL-17 production. The fact that macrophages can
produce HMGB1 under inflammatory conditions has been demonstrated in recent studies
where the translocation of HMGB1 from the nucleus to cytoplasm requires inflammasome
and caspase activity (42–45). On the other hand, extracellular HMGB1 can induce cytokine
release from macrophages via its interactions with TLR-4 (46). Thus neutralizing HMGB1
can be of paramount importance for the mitigation of inflammation and disease
pathogenesis, as has been shown in models of colitis, liver IR, sepsis and arthritis (25, 41,
43).

Because sRAGE readily binds to HMGB1 in circulation, thus serving as a decoy receptor,
we postulate that sRAGE treatment prevents HMGB1 (one source being alveolar
macrophages) from activating iNKT cells via RAGE, resulting in protection from IR injury.
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A previous study by Sternberg et al. has similarly shown that sRAGE attenuates lung IR
injury (14). However, our current study importantly establishes a mechanism by which
sRAGE affords protection from IR injury. Our results suggest that sRAGE blocks the effects
of HMGB1-mediated IL-17 production by iNKT cells after HR. It has also been shown that
sRAGE can be used as a biomarker as well as a therapeutic agent to neutralize inflammation
(8, 9, 16, 47, 48). Other studies have shown similar protective effects with the use of
neutralizing antibody to HMGB1 (23, 24, 45, 49–51), and our own results with anti-HMGB1
antibody confirms that the major ligand for RAGE-mediated lung IR injury and iNKT cell
activation is HMGB1. However, regarding therapeutic efficacy, sRAGE, an endogenously
secreted molecule that can attenuate proinflammatory signaling, is likely to be more
clinically relevant as a therapeutic strategy to prevent IR injury in lung transplant patients.

We acknowledge that a limitation of this study is that the mouse hilar clamp model of lung
IR injury does not truly represent a clinical lung transplant scenario. However, this model
does allow for a detailed analysis of the molecular and cellular mechanisms and innate
immune responses that occur in response to IR, as a model of primary graft dysfunction. The
molecular and cellular events observed in the murine lung IR model appear to be clinically
relevant as recent studies have provided evidence that iNKT cells and IL-17 play a key role
in mediating primary graft dysfunction in clinical lung transplantation (52–55). For example,
Hodge et al. showed that IL-17 production by NKT cells is increased in transplant patients,
suggesting that these cells may play an important role in lung transplant rejection (52). Thus,
increased expression of iNKT cell-derived IL-17 (via the HMGB1/RAGE axis as shown in
the present study) may partially explain the link between early post-transplant acute lung
injury (primary graft dysfunction) and shortened allograft survival in lung transplant patients
since IL-17 expression is associated with destructive adaptive immune responses.

In summary, the present study demonstrates that in the setting of lung IR injury: a) HMGB1
is a potent inflammatory molecule that leads to RAGE-mediated activation of iNKT cells, b)
the HMGB1/RAGE axis induces IL-17 and TNF-α production leading to infiltration of
neutrophils, and c) the crosstalk between alveolar macrophages and iNKT cells via the
HMGB1/RAGE axis is a novel signaling paradigm in the context of lung IR injury. The
implication of RAGE-mediated signaling events in T cells furthers our knowledge of IR
injury and may help in the design of novel therapeutic strategies that target T cells for
preventing IR injury in patients undergoing lung transplantation.
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Abbreviations

HMGB1 high mobility group box 1

RAGE receptor for advanced glycation end products

iNKT cells invariant natural killer T cells

IR ischemia-reperfusion

HR hypoxia-reoxygenation
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TLR Toll like receptor

CMT conditioned media transfer
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Figure 1. Pulmonary dysfunction and edema after IR is mediated by the HMGB1/RAGE axis
Lung function was measured in WT and RAGE−/− mice after IR. (A) A significant increase
in airway resistance and pulmonary artery pressure as well as a decrease in pulmonary
compliance occurred in WT mice after IR versus sham. Pulmonary dysfunction after IR was
significantly attenuated in RAGE−/− mice versus WT mice. (B) Pulmonary function was
measured in WT and RAGE−/− mice after IR with or without treatment with recombinant
HMGB1 (rH) or sRAGE (sR). A significant enhancement in airway resistance and
pulmonary artery pressure and a decrease in pulmonary compliance occurred after IR in WT
mice treated with rHMGB1 compared to WT mice undergoing IR alone. However,
rHMGB1 had no significant effects in RAGE−/− mice. Treatment of WT mice with sRAGE
significantly attenuated lung dysfunction in WT mice after IR compared to WT mice
undergoing IR alone. (C) Pulmonary edema was assessed by measuring lung wet/dry weight
in WT and RAGE−/− mice after sham surgery or lung IR. A significant increase in wet/dry
weight occurred after IR in WT mice versus sham, which was significantly attenuated in
RAGE−/− mice. Lung edema was significantly enhanced after IR in WT mice treated with
recombinant HMGB1 (rH) versus WT mice undergoing IR alone. Treatment of RAGE−/−

mice with recombinant HMGB1 after IR failed to enhance lung edema versus untreated
RAGE−/− mice after IR. Treatment with sRAGE (sR) significantly attenuated lung edema in
WT mice undergoing lung IR versus WT mice undergoing lung IR alone. *P<0.05 versus
WT IR; n=5–8/group.
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Figure 2. The HMGB1/RAGE axis mediates proinflammatory cytokine production after lung IR
(A) Cytokine levels (IL-17A, TNF-α, KC, MIP-1α and IL-6) were measured in BAL fluid
of WT and RAGE−/− mice after sham surgery or lung IR. A significant, multifold increase
of each cytokine occurred after IR in WT mice compared to sham, which was significantly
attenuated in RAGE−/− mice after IR. A significant enhancement in cytokine production
occurred after IR in WT mice treated with rHMGB1 versus WT mice undergoing IR alone.
However, recombinant HMGB1 (rH) treatment of RAGE−/− mice undergoing IR did not
enhance IL-17A or IL-6 expression and induced only a small, but significant, increase in
TNF-α, MIP-1α and KC expression compared to RAGE−/− mice undergoing IR alone.
Treatment with sRAGE (sR) significantly attenuated cytokine production in WT mice
undergoing IR versus WT mice undergoing IR alone. (B) Expression of HMGB1 in BAL
fluid was not detectable in WT or RAGE−/− sham mice but was significantly increased in
both after IR. *P<0.05 versus WT IR, #P<0.05 versus RAGE−/−IR, **P<0.001 versus Sham;
n=5–8/group.
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Figure 3. The HMGB1/RAGE axis mediates neutrophil infiltration and activation after IR
(A) Immunohistochemical staining of lung sections was performed to assess neutrophil
infiltration after lung IR in WT and RAGE−/− mice. Representative images of
immunostaining are depicted. Neutrophils are stained red, sections are counterstained with
hematoxylin, and images are at 40X magnification (bar=50 μm). Insets show higher
magnification images (100X) to reveal neutrophil staining and morphology. (B) The number
of neutrophils per high power field (neutrophils/HPF) significantly increased after IR in WT
mice compared to sham, which was attenuated in RAGE−/− mice after IR. A significant
enhancement in neutrophil numbers occurred in lungs of WT mice undergoing IR with
treatment with recombinant HMGB1 (rH) versus WT mice undergoing IR alone. However,
treatment of RAGE−/− mice undergoing lung IR with recombinant HMGB1 failed to
enhance neutrophil numbers compared to untreated RAGE−/− mice after IR. Neutrophil
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infiltration was significantly attenuated in sRAGE (sR)-treated WT mice undergoing IR
versus WT mice undergoing IR alone. (C) Neutrophil activation and infiltration into alveolar
air spaces was also assessed by measuring myeloperoxidase levels in BAL fluid of WT and
RAGE−/− mice after sham surgery or lung IR. Myeloperoxidase, a peroxidase enzyme
abundantly present in neutrophil granules, was used as an indication of neutrophil activation
and infiltration into alveolar airspaces. A significant increase in myeloperoxidase levels
occurred after IR in WT mice versus sham, which was significantly attenuated in RAGE−/−

mice. Myeloperoxidase levels were significantly enhanced after IR in WT mice treated with
recombinant HMGB1 (rH) versus WT mice undergoing IR alone. Treatment of RAGE−/−

mice with recombinant HMGB1 after IR failed to enhance myeloperoxidase levels versus
untreated RAGE−/− mice after IR. Treatment with sRAGE (sR) significantly attenuated
myeloperoxidase levels in WT mice undergoing lung IR versus WT mice undergoing lung
IR alone. *P<0.05 versus WT IR, #P=0.001 versus RAGE−/−Sham; n=5–8/group.
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Figure 4. Lung dysfunction after IR is mediated by RAGE activation on iNKT cells
Pulmonary function was measured after IR in Jα18−/− mice that were reconstituted with
iNKT cells purified from either WT or RAGE−/− mice as indicated. Lung dysfunction was
significantly attenuated in Jα18−/− mice reconstituted with RAGE−/− iNKT cells (Jα18−/− IR
+ RAGE−/− NKT) compared to Jα18−/− mice reconstituted with WT iNKT cells (Jα18−/− IR
+ WT NKT). *P<0.05 versus WT IR, #P<0.05 versus Jα18−/− IR + WT NKT; n=5/group.
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Figure 5. Proinflammatory cytokine production after lung IR is mediated by RAGE activation
on iNKT cells
Proinflammatory cytokine levels (IL-17A, TNF-α, KC and IL-6) were significantly
increased after IR in WT mice versus sham and were significantly attenuated in Jα18−/−

mice after IR. Cytokine production was restored after IR in Jα18−/− mice reconstituted with
WT iNKT cells (Jα18 IR + WT NKT) but was significantly attenuated after IR in Jα18−/−

mice reconstituted with RAGE−/− iNKT cells (Jα18−/− IR + RAGE−/− NKT). *P<0.05
versus WT IR, #P<0.05 versus Jα18−/− IR + WT NKT; n=5/group.
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Figure 6. RAGE activation on iNKT cells mediates neutrophil infiltration and activation after IR
Neutrophil infiltration and activation were assessed in lungs by immunohistochemistry and
quantification of myeloperoxidase in BAL fluid. (A) Representative immunohistochemistry
of lung sections. Neutrophils are stained red, sections are counterstained with hematoxylin,
and images are at 40X magnification (bar=50 μm). (B) The number of neutrophils per high
power field (neutrophils/HPF) was significantly increased after IR in WT mice (WT IR)
versus sham (WT Sham) and was attenuated in Jα18−/− mice after IR (Jα18−/− IR).
Neutrophil infiltration was restored after IR in Jα18−/− mice reconstituted with WT iNKT
cells (Jα18−/− IR + WT NKT) but was significantly attenuated after IR in Jα18−/− mice
reconstituted with RAGE−/− iNKT cells (Jα18−/− IR + RAGE−/− NKT). (C)
Myeloperoxidase levels in BAL fluid were significantly increased in WT mice after IR and
were attenuated in Jα18−/− mice after IR. Myeloperoxidase levels after IR were restored in
Jα18−/− mice reconstituted with WT iNKT cells but were significantly attenuated after IR in
Jα18−/− mice reconstituted with RAGE−/− iNKT cells. *P<0.05 versus WT IR, #P<0.05
versus Jα18−/− IR + WT NKT; n=5/group.
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Figure 7. Alveolar macrophage-produced HMGB1 mediates IL-17 production by iNKT cells
after hypoxia-reoxygenation (HR) via RAGE activation
An in vitro model of HR was used to evaluate the effect of macrophage (MH-S cell)-derived
HMGB1 on IL-17 production by primary iNKT cells. (A) HR-exposed MH-S cells produced
significantly greater amounts of HMGB1 versus normoxic (Norm) controls. There was no
detectable production of HMGB1 in either normoxic- or HR-exposed iNKT cells. (B) HR-
exposed iNKT cells had significantly increased IL-17 production versus normoxic controls.
There was no significant production of IL- 17 by either normoxic- or HR-exposed MH-S
cells. (C) Treatment of HR-exposed WT iNKT cells with recombinant HMGB1 (rHMGB1)
significantly enhanced IL-17 production, which was blocked in RAGE−/− iNKT cells treated
with rHMGB1. (D) IL-17 production was significantly enhanced upon conditioned media
transfer (CMT) from HR-exposed MH-S cells (MH-SHR) to HR-exposed WT iNKT cells
(WT NKTHR), but not to RAGE−/− iNKT cells (RAGE−/− NKTHR). Pretreatment of HR-
exposed MH-S cells with sRAGE blocked the enhancement of IL-17 production after CMT
to HR-exposed WT iNKT cells. *P<0.05, n = 5–8/group. (E) Treatment of normoxic WT
iNKT cells with recombinant HMGB1 (rHMGB1) significantly increased IL-17 production
versus normoxia alone. There was no significant difference in IL-17 production between
normoxic RAGE−/− iNKT cells with or without rHMGB1 treatment. *P<0.05; n=4–6/group.
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Figure 8. Anti-HMGB1 antibody attenuates lung dysfunction and IL-17 production after IR
Lung function (A) and IL-17 expression in BAL fluid (B) were assessed after IR in WT
mice treated with control IgG antibody or anti-HMGB1 neutralizing antibody intratracheally
5 min prior to ischemia. Lung dysfunction and IL-17 expression were significantly
attenuated by anti-HMGB1 antibody treatment. (C) Pretreatment of HR-exposed MH-S cells
with anti-HMGB1 significantly attenuated IL-17 production after conditioned media transfer
(CMT) to HR-exposed WT iNKT cells. *P<0.01; n=5–7/group.
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