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Abstract
The anti-inflammatory phytohormone abscisic acid (ABA) modulates immune and inflammatory
responses in mouse models of colitis and obesity. ABA has been identified as a ligand of
lanthionine synthetase C-like 2, a novel therapeutic target upstream of the peroxisome proliferator-
activated receptor γ (PPAR γ) pathway. The goal of this study was to investigate the immune
modulatory mechanisms underlying the anti-inflammatory efficacy of ABA against influenza-
associated pulmonary inflammation. Wild type (WT) and conditional knockout mice with
defective PPAR γ expression in lung epithelial and hematopoietic cells (cKO) treated orally with
or without ABA (100 mg/kg diet) were challenged with Influenza A/Udorn (H3N2) to assess
ABA’s impact in disease, lung lesions and gene expression. Dietary ABA ameliorated disease
activity, lung inflammatory pathology, accelerated recovery and increased survival in WT mice.
ABA suppressed leukocyte infiltration and MCP-1 mRNA expression in WT mice through PPAR
γ, since this effect was abrogated in cKO mice. ABA ameliorated disease when administered
therapeutically on the same day of the infection to WT but not mice lacking PPAR γ in myeloid
cells. We also show that ABA’s greater impact is between days 7 and 10 post-challenge when it
regulates the expression of genes involved in resolution, like 5 lipoxygenase and other members of
the 5-lipoxygenase pathway. Furthermore, ABA significantly increased the expression of the
immunoregulatory cytokine IL-10 in WT mice. Our results show that ABA, given preventively or
therapeutically, ameliorates influenza virus-induced pathology by activating PPAR γ in
pulmonary immune cells, suppressing initial proinflammatory responses and promoting resolution.
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1. Introduction
Studies on the pathogenesis of Influenza A virus infection have highlighted the relevance of
disassociating the cytopathic effects caused by the virus from the immunopathology
resulting from an exacerbated host response following infection in the better understanding
of viral pathogenesis and informed development of prophylactic and therapeutic
interventions against flu[1]. The use of immunotherapeutics targeting the immune response
and not directly the virus to ameliorate disease severity has been proposed as an alternative
approach to reduce flu-associated morbidity[2–4]. Human cases of influenza A (H5N1) have
been typically characterized by a predominance of high viral loads and increased levels of
inflammatory cytokines and chemokines (IP-10, MIG and MCP-1) in blood, which were
even more accentuated in patients that succumbed to the infection [5]. Mice challenged with
the reconstructed Influenza A/1918 (H1N1)virus overexpressed inflammatory genes
associated with immune cells infiltrating the lungs, mainly neutrophils and macrophages [6].
Moreover, even though the newly emerged Influenza A/2009 (H1N1) virus generally caused
mild disease, reported pathologic findings in fatal cases included enhanced bronchiolitis,
alveolitis and neutrophilic infiltration, closely resembling those described for the Influenza
A/1918 (H1N1) pandemic[7].

The underlying mechanisms by which the dysregulated cytokine and chemokine production
contributes to the pathogenesis of influenza are incompletely understood. Experimental
infections of mice lacking key cytokines, chemokines or their receptors have yielded
inconclusive results possibly due to the built-in redundancies found in the cytokine/
chemokine signaling pathways[8–11]. In support of the role of the host inflammatory
response in the pathogenesis of influenza, recent reports have shown that the use of
immunomodulators that partially block inflammatory cascades improve the outcome of
influenza A virus infection. For instance, inhibition of cyclooxygenase 2 combined with the
inflammatory bowel disease drug and peroxisome proliferator-activated receptor (PPAR) γ
agonist mesalazine[12], the PPAR γ agonist pioglitazone (Actos)[13], and the PPAR α
agonist germ fibrozil [14] have shown protective effects against Influenza A H5N1, H1N1
and H2N2, respectively. Interestingly, Cloutier at al demonstrated that rosiglitazone
(Avandia) was unable to protect mice against lethal influenza challenge [15]. This along
with their adverse side effects raises concerns on the eventual use of thiazolidinediones
(TZDs) for treating influenza. Therefore, the development of safer orally active, broad-
based, anti-inflammatory, host-targeted therapeutics represents a promising new avenue to
decrease the damage at the respiratory tract associated with influenza virus infection.

PPAR γ is a ligand-activated transcription factor that participates in cellular metabolic
adaptations to meet structural and energetic needs for differentiation, growth and
proliferation during inflammation [16]. PPAR γ in particular regulates lipid uptake and
storage and is activated by endogenous ligands, many of which arise during the
inflammatory process from the metabolism of fatty acids through the lipoxygenase and
cyclooxygenase pathways. The cellular metabolic control exerted by activated PPAR γ
occurs through transactivation and requires direct binding of the receptor to DNA in
promoter regions of its target genes. In parallel, activated PPAR γ antagonizes signal-
activated transcription factors that regulate the expression of pro-inflammatory genes such
as NF-κB, STAT-1 and AP1[17,18]. Ligand-activated PPAR γ has the ability to sequester
co-activator complexes on the promoter regions of pro-inflammatory genes making them
inaccessible to these transcription factors. In addition, the transcriptional and
transprepressional activities of PPAR γ are modulated by pos-transcriptional modifications,
such as phosphorylation. In this regard, cAMP has been shown to increase ligand-activated
PPAR γ transcriptional activity by modulating its ability to bind to DNA.
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We have identified the phytohormone abscisic acid (ABA) as a novel PPAR γ agonist that
activates the receptor through an alternative mode of action [19]. ABA mimicked other
PPAR γ agonists like TZDs in their ability to improve insulin resistance and suppress
systemic inflammation in obese mice, and upregulated PPAR γ target genes. However,
ligand binding assays and molecular modeling demonstrated that ABA does not bind to the
PPAR γ ligand-binding domain. It was also shown that ABA binds to the G-protein coupled
receptor lanthionine synthetase component C-like 2 (LANCL2), which results in cAMP
elevation. Thus, the molecular mechanism of action of ABA differs from that of the TZD.
Results of pre-clinical efficacy studies demonstrate that ABA ameliorates experimental IBD
through a mechanism that requires expression of PPAR γ in T cells[20].

The objectives of this study were to 1) determine whether dietary ABA prevents or
ameliorates influenza virus-related pulmonary immunopathology, 2) characterize the
mechanisms of immunoregulation by ABA in the respiratory mucosa, and 3) examine
whether the deletion of PPAR γ in immune and epithelial cells or myeloid cells abrogates
the preventive or therapeutic effects of ABA on influenza.

2. Materials and Methods
2.1 Animal Procedures

Hematopoietic and epithelial cell-specific PPAR γ-deficient mice were obtained by crossing
PPAR γ fl/fl mice with mice expressing cre under the control of the MMTV-LTR promoter
(PPAR γ fl/fl; MMTV-Cre+, referred to as conditional KO-cKO). Myeloid-specific PPAR
γ-deficient mice were obtained by crossing PPAR γ fl/fl mice with mice expressing cre
under the control of the LysM promoter (PPAR γ fl/fl; LysM-Cre+, referred to as Myeloid
KO). Homozygous PPAR γ fl/fl littermate mice lacking the MMTV-Cre transgene were
used as wild type (WT). All mice were in a C57BL/6 background. Screening of PPARγ
gene deletion was done by PCR on tail DNA using previously published protocols[21,22]. In
experiments where ABA was use preventively, mice were fed purified AIN-93G rodent diets
(Harlan Teklad) with or without ABA (Supplementary Table 1). Based on previous findings,
a dose of 100 mg ABA/kg of diet was determined to be optimal for down-modulating
systemic inflammation and glucose tolerance in mouse models of obesity and diabetes [23]
and decreasing intestinal inflammation in mouse models of IBD [24,25]. Four week-old
mice were administered the experimental diets supplemented for 36 days prior to an
intranasal challenge with influenza A/Udorn (H3N2), and throughout the challenge period
equivalent to an optimal prophylactic dosage of 0.2 mg ABA daily per mouse, based on
average feed intake of 2 g food/mouse/day. In experiments where ABA was administered
therapeutically, mice received 100 mg/kg of ABA given by oral gavage from day 0 to day
10 post-infection. Body weights were monitored daily following challenge. Mice were
housed at the animal facilities at Virginia Tech. All experimental procedures were approved
by the Institutional Animal Care and Use Committee of Virginia Tech and met or exceeded
requirements of the Public Health Service/National Institutes of Health and the Animal
Welfare Act.

2.2 Influenza virus challenge
Mice were challenged intranasally with 5×104 tissue culture infectious dose 50 (TCID)50 of
Influenza A/Udorn/72 (H3N2) given in 50 μl of sterile PBS under anesthesia with xylazine
and ketamine (50–150 mg/kg). Mock-infected mice received the same volume of PBS.

2.3 Quantification of viral loads
Viral loads in lung homogenates were determined as described[26]. Briefly, serial 10-fold
sample dilutions of lung homogenates were incubated with MDCK cells for 1 hour at 37°C
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to allow for virus adsorption. Subsequently, cells were washed and incubated for 3 days at
37°C in the presence of 1.5 μg/ml TPCK-treated trypsin (Sigma) and cytopathic effects were
recorded. Viral loads are reported as 50% tissue culture infectious dose units (TCID50/ml)
per gram lung tissue as determined by the Reed-Muench method[27].

2.4 Pulmonary Histopathology
Lung specimens were fixed in formalin and processed for hematoxylin and eosin staining.
Lesions were graded based on a compounded histology score including the extent of 1)
epithelial necrosis/regeneration, 2) presence of desquamated cells and inflammatory cellular
infiltrates within the airways, 3) presence of leukocytic infiltrates in the mucosa and
submucosa of airways, 4) presence of marginated leukocytes and inflammatory cells
surrounding blood vessels (i.e., perivascular cuffing), 5) presence of edema, fibrin deposits
or hyaline membranes and 6) terminal airway infiltration. The sections were graded with a
score of 0–4 for each of the previous categories and data were analyzed as a normalized
compounded score.

2.5 Bronchoalveolar lavage (BAL)
To obtain cells from the bronchoalveolar space, the trachea was cannulated postmortem by
using a gavage needle and lungs were washed three times with 1 ml of room temperature
PBS that were subsequently combined. Approximately 90% of the total instilled volume was
consistently recovered.

2.6 Western blot
Cells obtained by lavage and lung specimens were homogenized in RIPA buffer (150 mM
NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH
8.0) containing protease and phosphatase inhibitors and incubated for 30 min on ice. Whole
lysates were cleared by centrifugation (10,000 rpm for 10 min) and protein concentration
was measured using a DC protein assay kit (Bio-Rad Laboratories). Proteins were separated
on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF) membrane.
The membrane was blocked with 1x TBS-T (20 mM Tris-HCl pH 7.6, 8.5% NaCl, 0.1%
Tween-20) containing 3% Bovine Serum Albumin (BSA, Sigma-Aldrich) 30 min at room
temperature. Membranes were incubated overnight at 4°C with anti-PPAR γ antibody
diluted in 1x TBS-T 3% BSA. After 3 washes with 1x PBS-T, membrane was incubated for
45min at room temperature with anti-mouse IgG conjugated to horseradish peroxidase
(HRP). The antigen detection was performed with the ECL (Bio-Rad Laboratories)
chemiluminescent detection system.

2.7 Real-time RT-PCR
Total RNA was isolated from the lung homogenates or BAL-derived cells using the RNA
isolation Minikit (Qiagen) according to the manufacturer’s instructions. Total RNA (0.5 to 1
μg) was used to generate cDNA template using the iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA). Starting cDNA concentrations for genes of interest were examined by
quantitative PCR using an iCycler IQ System and the iQ SYBR green supermix (Bio-Rad)
as previously described [21]. A standard curve was generated for each gene using 10-fold
dilutions of purified amplicons starting at 5 pg of cDNA and used later to calculate the
starting amount of target cDNA in the unknown samples.

2.8 Statistical analyses
Data were analyzed as a 2 × 2 factorial arrangement of treatments within completely
randomized design. The statistical model was: Yijk = μ + Genotypei + Treatmentj +
(Genotype ×Treatment)ij + error Aijk, in which μ was the general mean, Genotypei was the
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main effect of the ith level of the genotypic effect (expression of PPAR γ by immune and
epithelial cells), Treatmentj was the main effect of the jth level of the dietary effect (ABA vs
control), (Genotype ×Treatment)ij was the interaction effect between genotype and diet, and
error A representing the random error. For analyzing the weight loss or histological lesion
scores over time a repeated measures ANOVA was utilized (treatment × genotype × time).
To determine the statistical significance of the model, analysis of variance (ANOVA) was
performed using the general linear model procedure of Statistical Analysis Software (SAS),
and probability value (P)< 0.05 was considered to be significant. When the model was
significant, ANOVA was followed by Fisher’s Protected Least Significant Difference
multiple comparison method.

3. Results
3.1 Influenza virus infection upregulates pulmonary PPARγ expression

PPARγ is expressed in the lungs of healthy mice [28], however the expression of PPARγ
during influenza virus infection has not been reported before. Because we were proposing to
use a therapeutic intervention targeting PPARγ, we evaluated changes in protein expression
overtime following infection. Figure 1 shows that PPARγ is significantly upregulated and
reaches its maximum expression in the lungs as early as 24 hours post-infection, it slightly
declines on day 3 and again increases between days 5 and 9 post-infection. The kinetics of
PPARγ expression in cells obtained from the lung airways by lavage, which correspond
mainly to infiltrated immune cells, was very different from the pattern obtained in the lungs.
Protein was not detectable until day 3 post-infection and reached a maximum at day 9.
These results indeed give support to interventions targeting PPARγ via exogenous
activation using orally active compounds to ameliorate influenza virus-associated disease
and lung pathology.

3.2 Effect of ABA and conditional PPAR γ deletion on influenza virus infection-associated
weight loss and pulmonary pathology

Based on previous work showing that ABA transactivates PPARγ reporter activity in
macrophages [19] and mimics the capacity of other PPARγ agonists to suppress
inflammation [29,30] we hypothesized that ABA could ameliorate the inflammatory
response that takes place during viral pneumonia. To investigate the possible interaction
between ABA and PPAR γ during influenza A virus infection, we used conditional KO
(cKO) mice that have defective PPAR γ expression in immune and epithelial cells of the
lungs due to cre-induced deletion of PPAR γ, and their cre- WT littermates. Mice were fed
either a diet containing ABA (100 mg/kg) or an isocaloric control AIN-96G diet without
ABA for 36 days prior to an intranasal challenge with 5 × 104 TCID50 of Influenza A/Udorn
(H3N2). Weight loss was monitored daily after challenge as an indicator of disease severity.
Figure 2 illustrates that following the influenza virus challenge WT mice treated orally with
ABA lost a maximum of 5 % of their original body weight compared to 10 % in mice that
received control diet. Moreover, WT mice orally treated with ABA recovered their pre-
challenge body weight between days 8 and 9 post challenge, while control-fed WT mice did
not recover their original body weight until day 14 post-infection. Thus, oral ABA treatment
ameliorated the clinical disease associated with influenza virus infection and accelerated the
recovery in WT mice. Our data also show that the beneficial effect of ABA on influenza-
related weight loss was PPAR γ dependent, since cKO mice behaved similar to WT mice
fed the control diet. In addition to minimizing influenza-associated weight loss, oral ABA
administration improved survivability rates in WT mice. Specifically, whereas 100% of
mice in the WT/ABA group survived the infection, the rate dropped to 85.7 % in the cKO
mice in control diet, 71,2 % in cKO mice in ABA diet and to 62.5 % in WT mice in control
diet (Figure 2B).
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3.3 ABA pre-treatment does not suppress virus replication
To evaluate whether ABA had any direct or indirect impact on the virus, we measured virus
loads in lungs of mice at day 4 post-infection, coinciding with the end of the phase of
maximum replication. Figure 2C shows that there were no significant differences in the
amount of virus detected due to ABA treatment or genotype, which indicates that ABA
ameliorated the disease through a mechanism independent of suppressing viral replication or
enhancing early viral clearance. Of note, ABA also did not influence viral replication or
viral yield when in vitro infection of MDCK cells was carried out in the presence of ABA,
further suggesting that ABA does not act directly on the virus replication machinery or
interfere in virus assembly or release (data not shown). Thus, suggesting an effect on the
modulation of the host response to the virus.

3.4 Dietary ABA improves influenza virus-associated lung immunopathology in WT mice
by diminishing the recruitment of inflammatory leukocytes

To examine whether the improved clinical findings observed in ABA-treated WT mice
correlated with decreased lung pathology, we evaluated microscopic pulmonary lesions at 2,
4 and 7 days post-infection. Dietary ABA treatment did not affect the extent of epithelial
necrosis or the amount of necrotic and inflammatory cells in large airways occurring early
following infection (Figure 3A–B). However, ABA treatment diminished the extent of
vascular infiltrates (Figure 3C) as well as the infiltration of respiratory airways mucosa and
submucosa, and alveolar space in WT mice (Figure 3D) when compared to infected WT
mice fed the control diet. Moreover, the effect of ABA in decreasing pulmonary damage
was PPARγ-dependent, since the beneficial effect of ABA on lung inflammatory cell
infiltration observed in WT mice was abrogated in cKO mice fed ABA. These results
suggest that the mechanism by which ABA protects from influenza-induced lung pathology
is related to diminished recruitment of inflammatory cells into the lung and requires full
expression of PPAR γ.

We had previously demonstrated that ABA treatment suppressed macrophage infiltration
into the white adipose tissue of obese mice in part by suppressing the expression of
MCP-1[30]. The expression of this chemokine in the lungs during infection and
inflammation is regulated by NF-κB binding to its promoter region, a process that is
sensitive to inhibition by activated PPAR γ. Figure 3E confirms that ABA-treated WT mice
had consistently lower levels of pulmonary MCP-1 mRNA compared to WT mice fed the
control diet. Our data also shows that by day 7, cKO mice had not down-regulated lung
MCP-1 expression whereas in the WT mice, irrespective of the diet, MCP-1 mRNA levels
dropped to almost pre-challenge levels by day 7. These results confirm the relevance of
PPAR γ expression in the down-regulation of pulmonary inflammation by ABA.

3.5 Effect of ABA on influenza virus infection-associated inflammatory gene expression in
BALF-derived cells

Our cKO mice have deficient PPAR γ expression in immune and epithelial cells[21,31].
Because PPARγ is highly expressed in the lungs by different cell types besides immune and
epithelial cells, we measured gene expression in cells obtained from bronchoalveolar space
at day 4 post-challenge with influenza virus A/Udorn. This compartment is composed
mainly of proinflammatory immune and dying or apoptotic epithelial cells, thereby
permitting a more cell-specific assessment of the role of PPAR γ in regulating inflammation
triggered by influenza virus. First we showed that dietary administration of ABA for 36 days
increased the expression of PPAR γ in cells obtained from alveolar space of healthy
uninfected WT mice (Figure 4A). Following influenza virus infection PPAR γ mRNA
levels were higher in control-fed WT mice (Figure 4B), which correlated with higher
expression of MCP-1 and TNFα in BAL-derived cells (Figure 4C and D).
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3.6 ABA targets PPAR γ in myeloid cells
In our initial studies, we used mice with deficient PPAR γ expression in epithelial and
immune cells (cKO mice) to demonstrate ABA’s dependency on PPAR γ for protection.
The results indicate that the loss of PPAR γ broadly in epithelial and immune cells indeed
abrogates ABA-induced protection. Based on our data, one of the mechanisms by which
ABA suppresses influenza virus-induced pathology is by decreasing the leukocyte
recruitment. Neutrophils, exudate macrophages and monocyte-derived dendritic cells are the
predominant cell types involved in the inflammatory host response to influenza. To follow
on in these initial findings, we specifically addressed whether ABA acts on PPAR γ
expressed by myeloid cells using myeloid-specific PPAR γ conditional KO (myeloid KO)
mice. In this case we used a therapeutic approach by giving mice 100 mg/kg of ABA by oral
gavage on the same day of challenge. Similar to our initial results, WT mice that received
ABA recovered their initial condition faster than the WT mice that received vehicle only, or
myeloid KO mice, irrespective of the treatment (not shown). The improvement in morbidity
was paralleled by amelioration of lung inflammation assessed by histopathology. The WT
mice treated with ABA had significantly less leukocytic infiltration in perivascular areas
(Figure 5A) and had a dramatic reduction of inflammatory infiltrates associated with the
respiratory airways (Figure 5B). The greatest differences between groups were seen at day
10 post-infection. In addition, the effect was abrogated in myeloid KO mice, demonstrating
that ABA requires the expression of PPAR γ in myeloid cells (e.g., macrophages, dendritic
cells) to suppress the inflammatory response that followed challenge with influenza virus
H3N2.

3.7 Impact of ABA in gene expression at the recovery phase
We conducted targeted gene expression analysis in lung specimens collected from the WT
and myeloid KO mice described above. Our analysis focused on PPAR γ and target genes,
LANCL2, which has been shown to interact with ABA[32], genes that participate in lipid
mediators generation and cytokines that participate in inflammatory, regulatory or immune
pathways. Unexpectedly, we found that the major impact of ABA on gene expression
occurred between days 7 and 10 post-infection. Our results show that there was a significant
effect of ABA treatment in WT mice. Specifically, both PPAR γ and LANCL2 were
significantly upregulated on day 10 (Figure 6A and B). The PPAR γ target gene
angiopoietin like 2 showed two peaks on days 3 and 7. On day 3 the expression was higher
in WT mice that received vehicle while on day 7, angiopoietin like 2 expression was
significantly higher in WT mice that received ABA (Figure 6C). iPhospholipase A2
(iPLA2), which acts in proximal steps of the lipoxygenase and cyclooxygenase pathways by
releasing arachidonic acid from cell membranes, was also significantly upregulated in WT
mice treated with ABA (Figure 6D). In parallel to iPLA2 we detected upregulation of 5-
lipoxygenase (5-LO) and 5-lipoxygenase activating protein (FLAP), also at day 10 post-
infection (Figure 6E and F). TNFα was also upregulated in WT mice treated with ABA only
on day 10 post-infection, and followed a similar pattern of expression as iPLA2, 5-LO and
FLAP (Figure 6G). Finally, the immunoregulatory cytokine IL-10 showed a peak of
expression at day 7 post-infection in WT mice compared to the myeloid KO mice,
irrespective of the treatment, although the expression was significantly higher in the WT
mice that were treated with ABA (Figure 6H).

4. Discussion
Our results show for the first time that dietary ABA ameliorates influenza-virus induced
pulmonary pathology through a mechanism that depends on the full expression of PPAR γ
in epithelial and immune cells of the lung. The epithelial compartment is the main target of
influenza virus and the site where antiviral and subsequent immune responses are
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initiated[33]. Very recent findings however, point at endothelial cells as major initiators of
the cytokine storm early post-infection [34], or as important cellular targets of the cytokines
and chemokines released by other cell types during the initial innate immune response
[35,36]. Our analyses of microscopic lesions, indicate that dietary ABA does not
significantly change influenza-induced pulmonary epithelial cell necrosis. The main effect
of ABA in the lung of WT mice is to diminish in filtration of inflammatory leukocytes,
which correlates with a sustained down-regulation of MCP-1 mRNA expression in both lung
tissue and cells obtained from the bronchoalveolar space. Moreover, these results were
confirmed in our second study with myeloid KO mice, in which we found the same effect of
ABA. In both cases, the greatest differences in lung pathology were found at later stages of
the disease, which coincided with infiltration of the lung by T cells and with the initiation of
the resolution phase (discussed below). These results do not rule out a possible impact of
ABA on the epithelial, or even endothelial compartments, since they are source of MCP-1
and other chemokines [34,37]. These novel findings are consistent with our previous reports
on the ability of ABA to suppress macrophage infiltration into the white adipose tissue and
MCP-1 gene expression in the stromal vascular fraction of obese mice[30]. They are also in
line with the reduction of pro-inflammatory cell infiltration, MCP-1 and MCP-3 levels in the
lungs of mice infected with influenza A virus that received prophylactic treatment with a
synthetic PPARγ agonist[13]. More recent data also shows that exogenous administration of
12-deoxy-PGJ2(15d-PGJ2), a metabolite generated through the COX2 pathway that can
activate PPAR γ, protects mice from lethal infection with H1N1 influenza A virus [15].
Interestingly, we find that ABA did not reduce viral loads in the lung measured 4 days post-
infection. These data indicate that the treatment targets the host and not the virus and are in
line too with results obtained with pioglitazone [13]. Interestingly 15-dPGJ2 reduced lung
viral loads when mice were treated 24 hours post-infection although no effect on virus
replication was noted in vitro[15].

Our data demonstrate for the first time that deficient PPARγ expression in immune and
epithelial cells prolongs the MCP-1 response in the lungs during influenza virus infection.
More specifically, on day 7 post-infection the pulmonary MCP-1 mRNA concentrations had
returned to pre-challenge levels in WT mice, whereas in PPARγ cKO mice MCP-1 lung
transcripts remained upregulated. In addition, dietary ABA-supplementation was effective in
down regulating lung MCP-1 mRNA expression. This chemokine is required for homing of
CCR2+ monocytes, which then differentiate into exudate macrophages and monocyte-
derived dendritic cells, two major contributors to the pathogenesis of influenza by producing
large amounts of TNFα and iNOS[10,13]. When we analyzed the impact of dietary ABA in
cells residing in the alveolar space in the absence of virus (figure 4A), which corresponds to
healthy mice that had been in control or ABA diets for 36 days, we found that ABA
increased PPARγ mRNA expression in BAL-derived cells from WT mice. About 90 % of
the cells extracted from the alveolar space of a healthy mouse are alveolar macrophages. The
alveolar macrophage in particular expresses high levels of PPAR γ constitutively[38] thus it
is likely that the increase in mRNA observed after 35 days of dietary supplementation
corresponds to higher levels of the receptor in these cells. However, the effect that the
“preconditioning” of alveolar macrophages by ABA has on the outcome of infection is
unknown. In contrast, monocytes express low levels of PPARγ, and the protein is highly
induced upon differentiation into macrophages or dendritic cells[39,40]. The distinct pattern
of PPARγ expression we observe in figure 4B, where WT mice in control diet have higher
expression than WT mice in ABA diet, is likely due to differences in the composition of
cells within the bronchoalveolar space between infected and uninfected control mice. FACS
profiling results show that at day 4 post-infection alveolar macrophages are significantly
reduced and the space is filled with a mixture of GR1+ myeloid cells (data not shown) that
include mainly neutrophils and macrophages. Thus the increase in PPAR γ is likely due to
the presence of myeloid cells undergoing differentiation and maturation.
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Our data on gene expression analysis indicates that ABA has a very significant impact on
later phases on the disease, between days 7 and 10, which coincides with the initiation of
resolution and of T cell responses. These data suggest that in addition to suppressing
infiltration of inflammatory cells, at least in part, by downregulating MCP-1, ABA might
accelerate the active process of resolution. This assessment is supported by data on
morbidity and mortality shown in figure 2 where 100 % of ABA-treated WT mice survived.
In contrast, between 15 and 40 % of mice in the control and cKO groups died between days
10 and 14 post-infection. Thus in addition to suppressing the initial inflammatory response,
ABA had a significant impact in the recovery phase. The arachidonic acid-derived
eicosanoids lipoxins and resolvins are important mediators of resolution[41]. In a recent
study of global gene expression analysis it was concluded that suppression of lipoxin
signaling might contribute to the pathogenesis of highly virulent H5N1 influenza virus
infection, particularly to its dissemination [42]. We report that ABA significantly increases
the expression of 5-LO and FLAP. The former enzyme participates in the process of
transcellular biosynthesis of lipoxins, which have anti-inflammatory and pro-resolutory
actions. Although 5-LO also participates in the biosynthesis of pro-inflammatory
leukotriens, this process is relevant during initial phases of the acute inflammatory
response[43]. It was shown that Rosiglita zone has neuroprotective effects during
experimental stroke by increasing lipoxin A 4 synthesis by 5-LO. More importantly, 5-LO
expression was positively modulated PPAR γ transcriptional activity contributing toits anti-
inflammatory/pro-resolutory effects [44]. Our results show that the enhanced expression of
5-LO induced by ABA on day 10 is highly dependent on the expression of PPAR γ in
myeloid cells. In addition to the changes in enzymes that participate in the synthesis of lipid
mediators, ABA differentially regulates the expression of IL-10. A study mapping IL-10
production in the lung during influenza virus infection, identified CD4 and CD8 effector T
cells as the major source of this cytokine [45]. This however doesn’t rule out that other cells
and organs secrete this cytokine as well. For instance, splenic macrophages were found to
secrete large amounts of IL-10 in burned mice which ameliorated acute lung injury due to
endotoxemia[46]. It was also reported in a model of acute lung injury that the IL-10
response was enhanced in the absence of MCP-1 [47]. The increase in IL-10 gene
expression occurs in parallel to upregulation of TNF α. Flow cytometry data shows that
changes in IL-10 and TNF α occur in parallel to the accumulation of CD8 T cells in the lung
(not shown), suggesting that both cytokines are produced locally during the T cell response
to the virus. Thus, ABA modulates inflammation without suppressing the anti-viral
response.

Results of human studies demonstrate the presence of high levels of proinflammatory
cytokines and chemokines in serum specimens of hospitalized patients infected with
influenza A virus[5]. These findings provide support for the theory that the extent of the host
innate immune response to influenza virus infection contributes to the pathogenesis of the
disease [5]. The hypercytokinemia hypothesis was later confirmed in experimental animal
models, including mice, non-human primates and ferrets challenged with the highly
pathogenic strains H5N1 and the reconstructed 1918 H1N1 [8,48,49]. Although the presence
of high levels of inflammatory mediators is common for these two strains of influenza A
virus, a report by Garigliani et al. [50] shows that two subtypes of mouse-adapted influenza
A virus, an H1N1 and H5N1 of equal pathogenicity induced different pattern of lesions.
Specifically, the lungs of mice infected with the H1N1 strain showed extensive epithelial
damage and an infiltrative pattern characterized by the presence of inflammatory leukocytes
surrounding blood vessels and respiratory airways with little or no edema. On the other
hand, lungs from mice infected with the H5N1 subtype showed mild lesions in the airway
epithelium and extensive alveolar edema and hemorrhage with low numbers of
inflammatory leukocytes[50], suggesting the existence of distinct mechanisms of
immunopathogenesis some of which are dominated by the elevated secretion of the same
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chemokines and cytokines. The influenza model we have used is characterized by an influx
of inflammatory cells into the lungs, which were diminished in WT mice treated with ABA.
Thus, PPAR γ agonists and anti-inflammatory compounds might be most effective for
treating influenza virus infections that produce a leukocytic infiltrative pattern. So far, there
have been no reports showing that a PPAR γ agonist alone protect against H5N1 influenza
A virus infection, although it was shown that mezalamine, a prescription drug for Ulcerative
Colitis which activates PPAR γ, in combination with COX-2 inhibitors and zanamivir
protected mice against lethal challenge with this strain [12]. Palamara and colleagues
demonstrated that the plant-derived polyphenol resveratrol improved survival and decreased
pulmonary viral titers in influenza-infected mice, by blocking nuclear-cytoplasmic
translocation of the viral ribonucleoprotein, which affects the synthesis of late proteins. This
mechanism is actually dependent on the host and involves the inhibition of protein kinase C
[51]. Thus both plant-derived products ABA and resveratrol protect against influenza virus-
induced disease through targeting the host, although with different mechanisms. Moreover,
the lack of efficacy of rosiglitazone treatment in protecting mice from lethal influenza
infection as well as better safety profiles for ABA might suggest differential mechanisms of
action for ABA and TZDs.

The results of these studies support the use of ABA as a novel adjunct for influenza that
dampens the host inflammatory response in the lungs, ameliorates clinical disease and lung
pathology, and improves resolution of lung pathology and survival. We also provide
definitive molecular evidence in vivo demonstrating that the beneficial effects of ABA on
influenza are mediated through a mechanism involving immune cell PPAR γ both at the
initiation and resolution stages of disease. In summary, ABA has the potential to become an
effective immune modulatory treatment for respiratory infections that targets the host and
not the pathogen and has no known adverse side effects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Peroxisome proliferator-activated receptor (PPAR)γ protein expression during influenza
virus infection in cells obtained by bronchoalveolar lavage fluid (BALF) (top), and lung
(bottom). WT mice were infected with 5 × 104 tissue culture infectious dose 50 (TCID50) of
influenza A/Udorn (H3N2) and sacrificed 1,3,5,7 or 9 days post-challenge. Non-infected
mice (0) were used to assess baseline PPAR γ expression at day 0. Influenza virus infection
upregulated PPAR γ protein, reaching highest expression at day one post-infection in whole
lung and on day 9 post-infection in cells obtained from the bronchoalveolar space. Results
from BALF correspond to cells pooled from at least 3 mice at each time point. Results from
lung correspond to a sample obtained from one mouse at each time point and the picture is
representative of 4 replicates with identical results.
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Figure 2.
Effect of dietary abscisic acid (ABA)-supplementation on weight loss (A), survival rates
(B), and lung viral loads(C) following infection with influenza virus. Wild-type (WT) or
immune/epithelial cell-specific PPAR γ null mice (cKO) mice were fed either a control or
an ABA-supplemented diet (100 mg/ABA kg of diet) for 36 days and then challenged with 5
× 104 tissue culture infectious dose 50 (TCID50) of influenza A/Udorn (H3N2). Body
weight results indicate that ABA treatment prevented weight loss associated with influenza
virus infection in the WT but not in the cKO mice, suggesting a PPAR γ-dependent
mechanism of action (A). A similar beneficial pattern was observed in the survival rates for
the ABA-treated mice (B). For the weight loss data, Asterisks denote statistically significant
differences between the ABA-treated WT and the myeloid KO mice. Pound signs denote
statistically significant differences between the ABA-treated WT and the control WT (n=10
mice per treatment and genotype). These effects were not associated to differences in lung
viral load due to ABA treatment on day 4 post-infection (C).
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Figure 3.
Effect of dietary ABA-supplementation on lung histopathology. Wild-type (WT) or cKO
mice were fed either a control or pre-treated with ABA and infected with influenza 104

TCID50 of A/Udorn (H3N2) virus. ABA treatment did not ameliorate epithelial necrosis (A),
but it diminished perivascular infiltration (C) as well as the infiltration of the terminal
respiratory airways mucosa and submucosa (D) when compared to control-fed mice. The
lower number of inflammatory cells in the lungs of ABA-treated WT mice correlated with
downregulation of monocyte chemo attractant protein-1 (MCP-1) mRNA following
infection when compared to control-fed mice(E). Data points with an asterisk (P<0.05) are
significantly different (n=10 mice per treatment and genotype).
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Figure 4.
Effect of dietary ABA-supplementation on pulmonary expression of PPAR γ and monocyte
chemotactic protein 1 (MCP-1) in broncholveolar lavage-derived cells. Cells were collected
from the airway of WT or cKO mice 4 days post-infection. Dietary treatment and infection
were as described before. ABA treatment increased PPAR γ mRNA expression in healthy
non-infected WT mice (A) although following infection WT mice fed the control diet had
significantly higher levels of PPAR γ, which correlated with higher mRNA expression of
MCP-1 and TNFα, compared to the rest of the groups. Data points with different letters
(P<0.05) are significantly different (n=10 mice per treatment and genotype).
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Figure 5.
Effect ABA treatment on vascular infiltration (A) and airway infiltration (B) in the lung
following infection with influenza virus. Wild-type (WT) or myeloid-specific PPAR γ null
mice (myeloid KO) mice were challenged with 5 x TCID50 of influenza A/Udorn (H3N2)
and then treated with either PBS or ABA (100 mg/ABA kg body weight) by oral gavage for
10 days starting on the day of infection. Asterisks denote statistically significant differences
between the ABA-treated WT and the myeloid KO mice. Pound signs denote statistically
significant differences between the ABA-treated WT and the control WT (n=10 mice per
treatment and genotype).
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Figure 6.
Effect of ABA treatment on pulmonary gene expression following infection with influenza
virus.(A) PPAR γ, (B) LANCL2, (C) angiopoietin-like 4, (D) iPLA2, (E) LOX5, (F) FLAP,
(G) IL-10 and (H) TNF-α. WT or myeloid KO mice were challenged with 5 × 104 TCID50
of influenza A/Udorn (H3N2) and then treated with either PBS or ABA (100 mg/ABA kg
body weight) by oral gavage for 10 days. Asterisks denote statistically significant
differences between the ABA-treated WT and the myeloid KO mice. Pound signs denote
statistically significant differences between the ABA-treated WT and the control WT (n=10
mice per treatment and genotype).
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