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Universidade Federal do Triângulo Mineiro (UFTM), Rua Vigário Carlos 162, 38025-350 Uberaba, MG, Brazil
2
Instituto de Ciências Biológicas e Naturais, Universidade Federal do Triângulo Mineiro (UFTM), 38025-180 Uberaba, MG, Brazil
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In recent decades, considerable progress has been made
towards understanding the genetic, environmental, and
immunological factors that contribute to the development
of airway disorders. Current therapy for airway disorders
has not advanced at the same pace as our increased understanding of the underlying causes of disease and is far from
being ideal. This special issue places emphasis on the most
relevant research into the pressing aspects of airway disorders
including airway inflammation, tuberculosis, viral infection,
and potential therapies.
Dietary changes due to our modern lifestyle have
increased our susceptibility to inflammatory diseases such
as airway inflammatory diseases. The Western diet (characterized by a high intake of omega-6 fatty acids and low
intake of omega-3 fatty acids) is associated with unwanted
proinflammatory effects and metabolic syndrome (including
increased amounts of glucose and triglycerides circulating
in the blood). On the other hand, diets rich in omega3 fatty acids are associated with beneficial effects such as
anti-inflammatory effects. Physical activity, another health
related factor correlated with human lifestyle, can modulate
the immune system with increased activity causing beneficial
effects on systemic inflammation as well as overall health.
To determine the effects of exercise and a high fat diet, S. P.
Kurti et al. provided healthy volunteers with a high fat meal.
Individuals were, next, randomly assigned to either a bout of
moderate exercise or a rest period. Subjects were then tested

for pulmonary function and samples were taken to determine
the subjects metabolic and airway inflammatory states. The
results demonstrated similar increases in dyslipidemia and
markers of airway inflammation at 2 and 4 h after the meal
regardless of exercise. These data led the authors to suggest
that “it is necessary to develop other strategies to reduce
the postprandial inflammatory burden on the airways that is
present in asthmatics” and possibly in patients suffering from
other airways inflammatory disorders.
Acute inflammation is generally self-limited. However, if
acute inflammation fails to resolve, chronic inflammation can
persist. The innate and adaptive immune systems, as well as
structural cells, modulate the length and intensity of inflammatory responses. As cited above, lipids mediators, derived
from the omega-6 polyunsaturated fatty acids (PUFA) including leukotrienes (LTs) and prostaglandins (PGs), are potent
enhancers of innate and adaptive immune activity and are
implicated in numerous inflammatory disorders. On the
other hand, lipids mediators, derived from the omega3 polyunsaturated fatty acids (PUFA), including resolvins,
maresins, and protectins, dampen inflammation and promote
resolution. J. R. de Oliveira et al. demonstrated the effect
of aspirin-triggered-resolvin D1 (AT-RvD1, the R carbon 17
epimer of resolvin D1) on bronchial epithelial cells (BEAS2B) stimulated with IL-4, a Th2 cytokine involved in the
modulation of allergic airway inflammation such as asthma.
AT-RvD1 blocked the IL-4-triggered activation of bronchial
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epithelial cells. AT-RvD1 exposure, signaling through the
ALX/FPR2 receptor, led to decreased CCL2 (involved in
eosinophilic inflammation) and CXCL-8 (involved in neutrophilic inflammation) protein levels and downregulated
both NF-𝜅B and STAT6 pathways. In addition, AT-RvD1
decreased SOCS1 and increased SOCS3 RNA levels. These
results suggest that AT-RvD1 can inhibit the neutrophilic and
eosinophilic airway inflammation associated with asthma.
The immunoglobulin E (IgE) can be produced by body
upon exposure to allergens such as pollen and is associated with allergic disorders such as atopic dermatitis
(eczema), urticaria, asthma, and others. IgE can bind to
mast cells through high-affinity immunoglobulin (Ig) E
receptors (Fc𝜀RI). Upon re-exposure, the binding of the
allergen to IgE present on mast cells/basophils leads to
degranulation and the release of proinflammatory mediators
such as cytokines, leukotrienes, chemokines, and proteases
involved in the modulation of the pathophysiology of allergic
diseases. Omalizumab is a recombinant humanized monoclonal antibody that prevents IgE from interacting with
the FC𝜀RI on mast cells/basophils thereby blocking the
release of soluble proinflammatory mediators. In an in-depth
review, A. D. Yalcin describes our current understanding
of the effectiveness of omalizumab in several diseases such
as hyperimmunoglobulin-E syndrome, eosinophilic gastroenteritis, mastocytosis, pruritic bullous pemphigoid, nasal
polyps, atopic dermatitis, chronic urticaria, and others.
Tuberculosis is a global public health problem with an
enormous social impact. Upon interaction with Mycobacterium tuberculosis, the immune system releases a number
of cytokines (such as IFN-𝛾, IL-4, and IL-17) which are
secreted by specific immune cells (Th1, Th2, and Th17 helper
T cells, resp.). Th1 and Th17 cytokines provide essential
signals for the control of M. tuberculosis infection while Th2
cytokines antagonize the protective effects of Th1 and Th17
cytokines and result in unregulated M. tuberculosis infection.
Higher concentrations of IL-17 and IFN-𝛾 are found in
bacillus Calmette-Guérin (BCG) vaccinated and clinically
cured tuberculosis patients compared to those patients with
active infection. In contrast, infected patients display higher
concentration of IL-4 than the other groups. Regulatory T
cells (Tregs) also play an important role in M. tuberculosis
infections. They regulate immune responses by limiting
the extent of the immune response; however, this activity
may also facilitate chronic infection and block microbial
eradication. M. V. Silva et al. isolated peripheral blood
mononuclear cells (PBMCs) from three groups of volunteers,
healthy individuals with no history of tuberculosis but with
a positive tuberculin skin test (healthy control), patients
with clinically cured pulmonary tuberculosis (TB-treated
group), and patients with active pulmonary tuberculosis (TBactive group). The isolated PBMCs were stimulated with
mycobacterium antigens extracted from M. bovis (bacillus
Calmette-Guérin (BCG)) and characterized the CD4+ T cells
as Th1 (T-Bet+ and IFN-𝛾+ ), Th2 (GATA-3+ and IL-4+ ), Th17
(ROR𝛾T+ and IL-17+ ), or Treg (using CD25 and FoxP3 to
distinguish subtypes). The results as described by the authors
demonstrated that the active TB patients showed a global
reduction of T helper cells but a ratio favoring Th2 and Treg
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populations, whereas cured TB patients display increased
subpopulations of CD4+ T cells (Th1, Th2, Th17, and Treg),
although Th1 and Th17 cells predominate suggesting that
changes in the repertoire of mycobacterium-specific Th cells
are associated with clinical cure after treatment of pulmonary
tuberculosis.
Viruses such as rhinoviruses, paramyxoviruses, coronaviruses, and influenza viruses are major causes of human
respiratory tract diseases. Respiratory viruses damage lung
structural cells and trigger a host inflammatory response
inflammation that can lead to further tissue injury. Severe
injury to lung epithelial cells lowers the efficiency of alveolar
gas-exchange processes and can result in hypoxia, respiratory
failure, and death. Respiratory syncytial virus (RSV) is a
major cause of bronchiolitis and severe acute respiratory
infections and may become lethal. Risk factors such as low
gestational age, low birth weight, and malformations correlate
with the chances of severe RSV infection in the airways.
There is no specific treatment for RSV infection making
the understanding of the genetic and immunological factors
critical for the development of future therapies. In this issue,
S. Vandini et al. review critical aspects of RSV infections
including environmental and host factors influencing virus
activity, the elicited immune response, and the actions of
nonimmunological factors. In addition, they provide information regarding animal models of RSV infection and their
limitations.
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Respiratory syncytial virus is a worldwide pathogen agent responsible for frequent respiratory tract infections that may become
severe and potentially lethal in high risk infants and adults. Several studies have been performed to investigate the immune response
that determines the clinical course of the infection. In the present paper, we review the literature on viral, environmental, and host
factors influencing virus response; the mechanisms of the immune response; and the action of nonimmunological factors. These
mechanisms have often been studied in animal models and in the present review we also summarize the main findings obtained
from animal models as well as the limits of each of these models. Understanding the lung response involved in the pathogenesis of
these respiratory infections could be useful in improving the preventive strategies against respiratory syncytial virus.

1. Introduction
Respiratory syncytial virus (RSV) is the most important
cause of bronchiolitis and severe acute respiratory infections
in infants younger than 2 years [1, 2]; mortality rate for
RSV bronchiolitis is nine-fold higher than mortality due to
influenza virus during the first year of life [3]. The worldwide
burden of acute lower respiratory tract infections (LRTI) due
to RSV was estimated to be at least 33.8 million in children
<5 years of age in 2005 (22% of all episodes of LRTI in young
children). Moreover, the estimated hospitalization rate was
3.4 million/year and the estimated mortality was 66,000–
199,000 (99% of deaths occurred in developing countries)
[2]. RSV is a highly contagious virus and is easily spread in
hospitals, homes, and nurseries, despite being less cytopathic
and less invasive than the influenza A virus [4]. In addition,
RSV infections have a heavy impact on healthcare resources:
Paramore et al. [5] reported approximately 86,000 hospitalisation cases, 402,000 emergency room visits, 1.7 million office
visits, and 236,000 hospital outpatient visits in children <5
years during 2000, with estimated costs totalling almost $652
million USD.

Patients at high risk of severe RSV infections include
infants younger than one year, immunocompromised
patients, elderly people (≥65 years old), and high-risk adults
(those with chronic heart or lung disease) [6]. As evidence
shows, RSV is a serious healthcare challenge which up till
now does not have an approved vaccine to efficaciously
prevent infection. Presently, the only means of prevention
are limited to environmental prophylaxis and a humanized
monoclonal antibody administered to selected pediatric high
risk patients.
Several studies have been carried out to understand the
pathogenesis of the infection and the factors conditioning the
severity of the disease, with the aim to improve prevention
and treatment of the infection and to reduce RSV-related
mortality and morbidity.
Clinical consequences of the infection are dependent
on the virus, the environment, the host, and the immune
response and as a result, interactions among these factors
lead to different courses of the disease associated also with
differences in inflammatory and immune response in the
lung. The histological characteristics of the infection and the
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differences between nonsevere cases and lethal cases are well
expressed in two studies reporting autopsy data [7, 8]. The
first report documented an infant who died from an acute
trauma after an acute RSV infection [7] and the other one
was on 11 infants who died from a severe RSV infection [8].
In the first study, the infection was self-limiting, while in the
second study the infection was extremely severe and led to
the death of all 11 infected infants. In the severe cases, RSV
antigen was found in exfoliated alveolar cells associated with
high levels of neutrophils and monocytes and a low number
of T cells, while in the nonfatal case, the antigen was found
only in the bronchial epithelial cells and the infiltrate was
composed predominantly by CD8+ T cells and B cells.
Several studies have analyzed the pathogenesis of RSV
infection in animal models with the aim to confirm the
hypotheses about the mechanisms of the infection and the
onset of respiratory symptoms. Ideally, an animal model
of the infection provides the means to study the entire
spectrum of the disease, consisting of clinical features of
illness with appropriate histopathological and physiological
characteristics, including relevant pathogenic mechanisms.
Taking into consideration that it is unlikely that a single
animal model reproduces all these aspects of human disease,
one needs to specify what features of human RSV disease
are crucial and what are the advantages and the limits of
animal models [9]. Studies performed on mice and cotton rats
showed that infected mice developed mucus hyperproduction, increased airway hypersensitivity, airway remodeling,
and Th2 cytokines and cellular responses [10]. Another study
performed on neonatal mice showed that B- and T-cell mediated immune response was weaker in the neonatal period
than in adult age and that RSV infection in the neonatal
period causes a marked deviation of the subsequent T CD4+
cell response leading to the secretion of significant amounts
of Th2 cytokines in addition to IFN [11], whereas study on
mice demonstrated the immune-mediated pathogenesis of
RSV infection. It was observed that T-cell depleted BALB/c
mice had prolonged viral excretion after intranasal infection
with human RSV, but the clinical course was less severe than
the course observed in immunocompetent BALB/c mice [12].
There have been studies that showed the infection in lamb
models, because of the possibility to obtain both preterm and
term lambs and the similarity with the human respiratory
system [13, 14]. The lungs of preterm lambs had an increased
proinflammatory response after RSV infection, mediated
by MCP-1, MIP-1𝛼, IFN, TNF-𝛼, and PD-L1 mRNA in
comparison to the term lambs. Nitric oxide levels were lower
in preterm than in full-term lambs, demonstrating alternative
macrophage activation. Although infection induced a large
neutrophil recruitment into the lungs of preterm lambs,
neutrophils produced less myeloperoxidase than in full-term
lambs, indicating decreased functional activation [15]. Studies conducted on animal models are of outstanding interest
but each model poses limits because of the characteristic of
animals, the availability of research tools, and the differences
with humans. Clarke et al. in 1994 and Belshe et al. in 1977
[16, 17] studied RSV infection in a chimpanzee model. Given
the genetic and anatomic similarity to humans this model
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proved to be quite significant, nevertheless limited by the
economical, logistic, ethical, and emotional implication [9].
As previously reported, sheep and lambs have been used
in several experimental settings [13, 15]: the size of the
airways and the lungs and the development of the lungs in
fetal and neonatal period are comparable to humans (2008),
even if only few sophisticated molecular tools are available
and the management of these animals requires large spaces
and specific veterinary expertise. Cotton rats have also been
largely used to study RSV infection and to develop specific
neutralizing antibodies [18–20]. The disadvantages of cotton
rats are the restricted pool of reagents and the low availability
of transgenic or gene-deleted rats. Transgenic or gene deleted
mice have been instead widely used in the previously cited
studies [10–12]: the advantages of this model include the large
experience and availability of sophisticated molecular tools.
The limits of mice model are attributable to the molecular,
genetic, and anatomic differences between mice and humans
[21, 22]. Moreover, other studies that are comprised of two
cognate host-pneumovirus models were analyzed: bovine
RSV infection in cattle [23] and viral pneumonia in mice [24],
which also served useful as they both have some similarities
to human RSV infection.
Given that animal models are essential to understand the
pathophysiology of RSV infection, it is clear that no animal
model is ideal to completely clarify the mechanisms. For
this reason studies performed on human fluids and tissues
are essential to improve the knowledge of the infection. The
following is a summary of the main findings pertaining to
physiopathology of RSV infections in humans, particularly
focusing on the lung response (Table 1).

2. Viral Factors
RSV is an enveloped RNA virus of the Paramyxoviridae
family with a single-stranded negative-sense RNA genome
of 15.2 kb [25, 26]. There are five RSV proteins detectable
in nucleocapsid structure and/or RNA synthesis: the nucleocapsid N protein that tightly encapsidates genomic RNA,
the large L protein of the major polymerase subunit, the
P phosphoprotein that is an essential cofactor in RNA,
and the M2-1 and M2-2 proteins, respectively are involved
in transcription and in modulating the balance between
transcription and RNA replication [27]. Four other proteins
are associated with the lipid bilayer: the matrix M protein
which lines the inner envelope surface, the heavily glycosylated G, fusion F, and small hydrophobic SH proteins
that are transmembrane surface glycoproteins. G and F are
the only antigens involved in the virus neutralization [27,
28]. The G protein plays a key role in immune evasion of
the virus. First, it is a highly glycosylated protein, which
may interfere with immune recognition [28, 29]. It is also
highly variable, which allows easy escape from neutralizing
antibodies. Furthermore, a truncated, secreted form, sG, is
produced during RSV infection and it binds RSV-specific
antibodies reducing the concentrations available for RSV
neutralization [30]. The G protein also has reduced homology
to fractalkine and can reduce the action of host fractalkine
and the influx of natural killer (NK) cells and CD4+ and
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Table 1: Factors involved in the lung response to respiratory syncytial virus infections.
Viral factors

(i) Subgroup [28]
(ii) Viral load and high
infectivity [4]
(iii) Immune evasion
mediated by G protein
[28–32]
(iv) NS1 and NS2 proteins
[14]

Host and environmental factors
(i) Preexisting diseases [34, 35]
(ii) Young age [34, 35]
(iii) Exposure to tobacco smoke
and traffic-derived pollution
[34, 35]
(iv) Lack of breastfeeding [36]
(v) Daycare attendance [34, 35]
(vi) Siblings [34, 35]
(vii) Meteorological factors
[37, 38]
(viii) Low levels of vitamin D [39]
(ix) Immunodeficiency [40]

CD8+ T cells [31]. The glycoprotein G mimics fractalkine
and chemokine involved in the chemotaxis of leukocytes
expressing its receptor [32]. For this reason some authors [32]
hypothesized that RSV modulates effector functions of cytotoxic T cells and that disease severity is linked with CX(3)CR1
expression. Finally, the sG protein acts as a toll like, receptor
(TLR) antagonist, resulting in the downregulation of their
inflammatory response [33]. Several studies confirmed that G
glycoprotein has important immune modulatory effects. For
example, it has been shown that during RSV infection the G
glycoprotein promotes a Th2 immune response in pulmonary
CD3+ T cells (mediated by upregulation of IL-4 and IL-5) by
negatively modulating Th1 cytokines (IFN-𝛾 and IL-2) [31].
The virus has a single-serotype with two antigenic subgroups (A and B); the most divergent surface protein between
subgroups A and B is G protein. The association between
subgroup and severity of the disease is still controversial [28].
Both subgroups circulate during epidemic seasons with an
alternate predominance every one or two years [28].
The tropism of the virus is extremely high for superficial
cells of the respiratory tract. Pathological findings include
necrosis of epithelial cells, proliferation of the bronchiolar
epithelium, infiltrates of monocytes, T cells, and neutrophils
between vessels and small airways. Syncytia, polynucleotide
cells derived from the fusion of infected cells, are sometimes
observed in the bronchiolar epithelium but are not common
[7, 52]. NS2 protein was observed to be involved in the shedding of infected epithelial cells, resulting in an accelerated
clearance of the virus from the mucosa, as well as in airway
obstruction secondary to the accumulation of detached
infected epithelial cells and increased mucous secretion [26].
Moreover, the NS1 and NS2 proteins downregulate the type
1-IFN response through the inactivation of the factor 3 [14].

3. Host and Environmental Factors
The host response to RSV infections has largely been studied
in infants with comorbidities (prematurity, immunodeficiency, congenital heart disease, and chronic lung disease)
but not in healthy infants. In these populations, incomplete
development and hyperreactivity of the airways, pulmonary
congestion, and immunological impairments may play a role
in the pathogenesis of a severe LRTI [14]. Moreover, several

Immunological factors

Nonimmunological factors

(i) Innate immunity
(neutrophils,
eosinophils, and
complement) [41–46]
(ii) Adaptive immunity
(IgA, IgG, and T
lymphocytes) [47–49]
(iii) Th1/Th2 balance
[44]

(i) Anatomy of the airways
in young infants [50]
(ii) Surfactant proteins [51]

genetic polymorphisms of the genes involved in the immune
response (innate defense, host cell receptors, neutrophil
response, Th1/Th2 response, and adaptive immunity) have
been identified as significant factors in the severity of RSV
disease [53]. Other factors influence the severity of RSV
disease in infants: young age at the onset of the RSV season
(<3 months); tobacco smoke and pollution exposure; daycare
attendance; presence of siblings; meteorological factors (temperature, humidity); and lack of breastfeeding [34–38, 54].
Recent studies suggest that low levels of vitamin D in cord
blood of healthy neonates are associated with increased risk
of severe RSV LRTI in the first year of life [39].

4. Immune Response
Two different mechanisms are involved in the development of
airway inflammation: first, airway inflammation was caused
by the necrosis of airway epithelial cells subsequent to
the cytopathological effect of RSV [41–44] and second, the
immune response to RSV may directly damage the airways,
resulting in inflammation and more airway destruction [44].
Innate immunity is firstly involved against virus infection,
before induction of the adaptive immune response [45, 46]. It
is well documented that innate immunity is critical to restrain
virus spreading and infection. After RSV infection, the virus
infects epithelial cells, alveolar macrophages, and dendritic
cells, which trigger an innate antiviral response thought
pattern recognition receptors including toll-like receptors
(TLRs), nucleotide-biding oligomerization domain- (NOD-)
like receptors (NLRs), and retinoic acid-inducible gene-I(RIG-I-) like receptors (RLRs) [46]. This response induces
the upregulation of cytokines and chemokines (IL-8, IP-10,
MCP-1, MIP-1𝛼, MIP-1𝛽, RANTES, IL-6, TNF-𝛼, IL-1𝛼𝛽, and
IFN-𝛼𝛽) [14, 50] and surfactant and cell-surface proteins.
This subsequently leads both to both a direct antiviral action
and the activation of natural killer cells (NK), granulocytes,
monocytes, macrophages, dendritic cells, and T lymphocytes.
Neutrophils are the predominant cells found in the airways
of RSV infected patients [44], since their prevalence in
lavages taken during an episode of RSV bronchiolitis was
observed to be 93% in the upper airways and 76% in the
lower airways [55], respectively. Similar to other respiratory
inflammatory diseases (such as asthma), neutrophils are

4
recruited in the airways by chemokines, such as IL-8 that
was found in high concentration in nasal lavages of infants
during RSV bronchiolitis [56]. The neutrophils are responsible of the damage of the airways resulting in sloughing
of the epithelium [57]. Eosinophils also play a role in the
pathogenesis of the inflammatory response following a RSV
infection. Elevated levels of eosinophilic cationic protein
(ECP) in serum and nasal secretions have been found [58],
even if an increase in eosinophils was not found in lavages. It
is possible that eosinophils remain in the mucosa, while their
secreted products are detectable in the secretions.
Besides the innate immune response previously
described, the adaptive immune response is activated
after RSV infection and it plays an important role in the
clinical course of the infection and in the protection against
subsequent reinfections [59]. The immune response induces
the synthesis of secretory immunoglobulins A (IgA) that
are protective for the upper respiratory tract and serum IgG
antibodies that are more efficient in protecting the lower
respiratory tract [47]. Secretory IgA play an important role
in protecting the upper respiratory tract, where the access
of serum IgG is difficult [48]. The IgA response is shortlived following primary infection, but it is longer after an
episode of following reinfection [47]. Protective serum IgG
antibodies determine a substantial but limited protection
to RSV infection; the short duration of the protective
antibody titre may explain the high incidence of reinfections
after a first episode of natural infection. The production
of protective IgG antibodies increases after reinfections,
as demonstrated by the high antibody titers measured in
adult populations [49]. In addition to producing antibody
secretion, CD4+ and CD8+ T cells promote viral clearance
mediated by IFN-𝛾 secretion [25].
Dendritic cells (DC) also play an important role in the
activation of the host adaptive immune response [60]: after
RSV infection lung-resident DCs incorporate viral antigens,
migrate to the lymph nodes draining from the lung, and
activate the T-cell response. Poor T-cell responses were
observed to play a key role in the pathogenesis of severe
RSV infections [44] and lower T-cell counts in peripheral
blood were observed to be positively correlated to a more
severe course of RSV bronchiolitis [61]. Moreover, immune
responses during RSV bronchiolitis requiring mechanical
ventilation show low T-cell proliferative responses and IFN𝛾 secretion [62, 63]. The activation of CD8+ T cells is
primarily mediated by dendritic cells [64]. In absence of
inflammatory response, CD103+ and CD11b+ conventional
DC and plasmacytoid DC are detectable in the lungs. In the
inflammatory response, such as a respiratory viral infection,
monocyte-derived DC are recruited to the lung and CD103+
DC migrate from the epithelium of the airways to the
draining mediastinal lymph nodes to primarily induce the
CD8+ T cell response against the invading virus [65, 66].
In a recent study, regulatory T cells (Tregs) were shown
to be important in modulating the innate and adaptive
responses during the later stages of RSV lung infection;
depletion of Tregs before RSV infection determined delayed
viral clearance and a severe clinical course in mice [14, 64,
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67]. The secretion of interferon 𝛼𝛽 (IFN𝛼𝛽) along with the
expression of the IFN𝛼𝛽 receptor (IFNAR) is crucial not
only in limiting viral replication but also in activating the
inflammatory response in the respiratory tract [68]. CD14
monocytes were also observed to play a key role in the
control of antiviral type I IFN responses to RSV through a
direct antibody mediated and an indirect infection mediated
mechanisms [69]. With regard to CD4+ response, it was
shown to be crucial for the course and the outcome of the
disease, since the polarization of the CD4+ T cells towards
a Th1 phenotype reduces viral replication and inflammatory
response through the secretion of IFN-𝛾 and IL-12, while
the polarization towards a Th2 phenotype promotes the
secretions of proinflammatory cytokines (IL-4, IL-5, and
IL-13) and the recruitment of eosinophils, neutrophils, and
monocyte [44]. These mechanisms demonstrate that the
Th1/Th2 balance is crucial for the severity of the disease
and the outcome and the host response is involved in the
pathogenesis of the disease. The immune response itself,
when characterized by a Th2 response, may contribute to
the pathogenesis of severe infections. This may be explained
through the analysis of pathogenetic mechanisms that occur
in response to the administration of formalin-inactivated
RSV vaccine (FI-RSV) and in RSV-infected immunocompromised hosts. In the 1960s, an experimental vaccine against
RSV inactivated with formalin was administered to a cohort
of 219 children including four-month-old infants and their
siblings <10 years and to a group of healthy infants between
the ages of 6 and 24 months [70]. In the following RSV
epidemic season, 80% of the FI-RSV vaccinated children had
a natural RSV infection and were hospitalized; two of them
died [70–72]. Postmortem examination of the lungs showed
an extensive mononuclear cell and eosinophils infiltrate.
Moreover, a higher eosinophils number was found in the
blood of vaccinated infants than in blood of control children
[70]. The immunological explanation of this episode was
subsequently formulated through a murine model [73]. The
lack of protective effect of FI-RSV vaccine and its correlation
to a more severe infection were probably due to several factors, including inadequate development of incomplete affinity
maturation of the antibodies, poorly neutralizing antibodies
against RSV encoded epitopes, and lack of an anti-RSV cytotoxic T lymphocyte response [73]. The response to FI-RSV
vaccine was associated with the activation of IL-4 secreting
CD4+ cells with subsequent Th2 response determining more
significant pulmonary damage and a marked eosinophilic
infiltration. This experience with FI-RSV vaccine demonstrated that an exaggerate Th2 response is related to the
severity of the RSV infection since it determines exacerbate
inflammatory response. Moreover, children with T-cell deficiencies have an impaired viral clearance, and therefore they
are at higher risk for severe and potentially lethal viral infections, including RSV LRTI [74]. Several authors have reported
cases of increased morbidity and mortality after an acute
RSV infection in comparison to immunocompetent infants
[40].
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5. Nonimmunological Factors
The anatomy of the airways predisposes young infants to
severe RSV infections. The symptoms are subsequent to
inflammatory response to RSV in the lung that causes the
narrowing of the airways. Sloughed necrotic epithelium and
excessive mucus secretion increase the airway obstruction
and the formation of mucus plugs. This determines air trapping and hyperinflation or collapse of distal lung tissue [50].
It has been hypothesized that some infants have relatively
smaller airways that make them predisposed to both RSV
LRTI and recurrent lower respiratory symptoms in the first
years of life [75]. Recently, RSV has been shown to determine
increased sensitivity to the proinflammatory effects of substance P by upregulating neurokinin-1 gene receptor expression in several cells including endothelial cells, lymphocytes,
macrophages, and mast cells [50]. Growing evidence has
demonstrated a crucial role of the pulmonary surfactant in
the pathophysiology of RSV LRTI [51]. In particular, the
surfactant proteins SP-A and SP-D influence the mechanisms
of lung innate immunity against RSV infection. Modifications in lipid components and hydrophobic proteins alter
the surface tension at the alveoli and terminal bronchioles
and determine an increase effort in breathing resulting in
respiratory distress [51].

6. Conclusions
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Omalizumab depletes free IgE in the blood and interstitial space and inhibits IgE binding to Fc𝜀RI on basophils, mast cells, and
dendritic cells. We stopped omalizumab treatment after four years. Recurrences of urticaria symptoms were found to be higher in
patients with chronic urticaria than recurrences of asthmatic symptoms in severe persistent asthma patients. For the very first time,
we used omalizumab in symptomatic therapy of recurrent laryngeal oedema and urticaria attacks in a patient with postoperative
pulmonary carcinoid tumor for eight months. During the four years of follow-up, no recurrence was noted in pulmonary carcinoid
tumor. Control PET CT results revealed normal findings. After omalizumab treatment, laryngeal oedema and urticaria symptoms
were decreased. The most common adverse reaction from omalizumab is injection site induration, injection site itching, injection
site pain, and bruising but the package insert contains warnings regarding parasitic infections. While there are no reports of fatal
anaphylaxis as a result of omalizumab, some cases have been serious and potentially life-threatening. Therefore, the FDA requires
that people receiving omalizumab be monitored in the physician’s office for a period of time after their injections.

1. Introduction
Omalizumab, a humanized mAb that binds to the CH3
domain, near the binding site for the high-affinity type-I IgE
Fc receptors of human IgE, can neutralize free IgE and inhibit
the IgE allergic pathway without sensitizing mast cell and
basophils. Omalizumab is a humanized recombinant anti-IgE
monoclonal antibody approved for therapeutic use both in
adults and in children aged 6–12 years with severe allergic
asthma. The coexistence of severe asthma refractory to the
conventional pharmacological approach and sensitization to
at least one perennial allergen represent the current indications for omalizumab prescription. Its efficacy and safety
as an add-on therapy is sustained by several data coming
from both clinical trials and real life experiences [1–10] and
showing a significant reduction of yearly exacerbation rate.
Omalizumab, which has been conceptualized for treating IgE
mediated allergic diseases and approved for treating patients
with severe persistent allergic asthma in many countries, can
neutralize IgE, impede the IgE allergic pathway, and render
mast cells and basophils insensitive to activation through
IgE/Fc𝜀RI. In addition to asthma, omalizumab has been

investigated in various other conditions including chronic
urticaria (CU), perennial and seasonal allergic rhinitis (AR),
pruritic bullous pemphigoid, latex allergy, peanut allergy,
idiopathic anaphylaxis, hyper-IgE syndrome, chronic rhinosinusitis, interstitial cystitis, aspirin sensitivity, mastocytosis, eosinophilic gastroenteritis, and atopic dermatitis. Most
patients with chronic urticaria have an autoimmune cause:
some patients produce IgE autoantibodies against autoantigens, such as thyroperoxidase or double stranded DNA,
whereas other patients make IgG autoantibodies against
Fc𝜀RI, IgE, or both, which might chronically activate mast
cells and basophils. In the remainder of patients with CSU,
the nature of the abnormalities has not yet been identified.
Accumulating evidence has shown that IgE, by binding to
Fc𝜀RI on mast cells without Fc𝜀RI cross-linking, can promote
the proliferation and survival of mast cells and thus maintain
and expand the pool of mast cells. IgE and Fc𝜀RI engagement
can also decrease the release threshold of mast cells and
increase their sensitivity to various stimuli through either
Fc𝜀RI or other receptors for the degranulation process [11, 12].
The development of omalizumab therapy over the past 20
years provides an interesting example of the emergence of
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a conceptually new, biotechnology-produced pharmaceutical
[13–18].

2. Omalizumab and IgE Receptors
In a patient with an allergic disease caused by type I
hypersensitivity toward specific external antigens, omalizumab induces multifactorial therapeutic effects. Omalizumab depletes free IgE in the blood and interstitial space
and inhibits IgE binding to Fc𝜀RI on basophils, mast cells,
and dendritic cells. Omalizumab cannot bind to IgE that is
already bound to Fc𝜀RI and does not have a direct effect on
Fc𝜀RI levels. However, the depletion of free IgE results in
the downregulation of Fc𝜀RI on cells bearing the receptor,
making those cells insensitive to the stimulation by incoming
allergens [16–19].
Omalizumab has been approved in over 120 countries
for treating patients with SPA. These pharmaceutical developments have validated the IgE pathway as an effective
therapeutic target for treating IgE mediated allergic disease
[20–22].

3. Omalizumab Effects on sApo-2L and
Allergen Specific Immunotherapy
Tumor necrosis factor related apoptosis inducing ligand
(TRAIL: Apo-2L) is used as a marker for apoptosis. TRAIL
(Apo-2L) is a transmembrane (type II) glycoprotein belonging to the TNF superfamily. The extracellular domain of
TRAIL is homologous to that of other family members and
shows a homotrimeric subunit structure. Like TNF and FasL,
sApo-2L also exists physiologically in a biologically active
soluble homotrimeric form. An increase in eosinophil levels
has been reported in allergic asthma and is thought to reflect
an increase in peripheral blood eosinophil survival promoted
by Apo-2L.
In our previous study we showed that soluble Apo2L levels in patients with severe persistent allergic asthma
decreased after anti-IgE treatment using omalizumab. These
results suggested that sApo-2L may act as a soluble effector
molecule and that the decrease in levels after omalizumab
treatment may allow us to use this marker to monitor clinical
improvement. Combination therapy with omalizumab and
specific subcutaneous immunotherapy (SCIT) in patients
with severe persistent asthma also suggest that omalizumab is
an effective therapy in such individuals. Omalizumab reduces
serum IgE levels and Fc𝜀RI receptor expression on key cells
in the inflammatory cascade. The consequences of these
processes are the inhibition of the release of inflammatory
mediators from mast cells and diminished recruitment of
inflammatory cells, especially eosinophils, into the airways
[22, 23].
Allergen specific immunotherapy (SIT) has the advantage
of being the only causal treatment of allergic controlled
asthma and rhinitis but is fraught with the dangers of severe
systemic or local side effects and anaphylaxis. Omalizumab
can possibly overcome these limitations by binding exclusively to circulating IgE molecules and reducing the levels of
circulating IgE regardless of allergen specificity by binding
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to the constant region of circulating IgE molecule. This
prevents free IgE from interacting with the high- and lowaffinity IgE receptors (Fc RI and Fc RII) on mast cells,
basophils, macrophages, dendritic cells, B lymphocytes and
subsequently leads to a decrease in the release of the mediators of the IgE mediated allergic response, namely, cytokines,
histamines, and leukotrienes [22, 24, 25].
The first clinical trial looking for the clinical effects of a
combined therapy of SIT and omalizumab was performed in
grass and birch pollen allergic children and adolescents in
Germany. Kuehr and colleagues recruited 221 children and
adolescents to evaluate the efficacy and safety of omalizumab
with SIT on birch pollen induced allergic rhinitis (AR) [26].
SIT plus omalizumab-treated subjects were reported to have
a 48% reduction in allergen-induced symptom load over two
pollen seasons independent of the allergen. Furthermore,
rescue medication use, number of days with symptoms,
and symptom severity were significantly lower in the SIT
plus omalizumab groups compared with SIT alone. A post
hoc subanalysis of this study to assess the effects of each
treatment (SIT or omalizumab) demonstrated that SIT alone
did not significantly reduce either symptoms severity score
[27]. Hence, combination therapy may be complimentary,
providing the superior effect compared to individual treatments. Recently, there have been trials of omalizumab and
SIT in patients with AR and comorbid asthma. In the trial
by Kopp and colleagues, a significant reduction of 40% in
symptom load was observed in favor of SIT plus omalizumab
compared with SIT alone (𝑃 = 0.04) [28]. Another study
showed that the tolerability of SIT after pretreatment with
omalizumab or placebo in patients with symptomatic asthma
was not adequately controlled with inhaled corticosteroids.
A total of 13.5% of patients treated with omalizumab showed
systemic allergic reactions to SIT compared to 27% in those
receiving placebo (𝑃 = 0.017). More patients were able to
reach the target maintenance SIT dose (𝑃 = 0.004) in the
omalizumab group compared to placebo [29, 30], suggesting
that pretreatment with omalizumab was associated with
fewer systemic allergic reactions to SIT and enabled more
patients to achieve the target immunotherapy maintenance
dose [22, 31, 32].

4. Omalizumab Effects on Oxidative Stress
Markers, Vitamin-D, and Homocysteine
Ceruloplasmin (CP) is a copper-containing alpha-2glycoprotein with a molecular weight of approximately
132 kDa. Ceruloplasmin is essential for iron homeostasis,
is involved in angiogenesis, and under different conditions
can act as either a pro- or antioxidant. The known functions
of ceruloplasmin oxidase activity (COA) include copper
transportation, iron metabolism, antioxidant defense and
involvement in angiogenesis, and coagulation. It was
previously reported that synthesis of CP was stimulated by
interleukin-1 in normal and copper deficient rat models
concluding that CP was dependent on oxidase activity
[33]. Moreover, the copper ions had been suggested as an
explanation for the sensitivity of asthmatic individuals by
their biologic effects of inhaled particulate air pollution. In
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vivo experiments on finding the cytokines involved in acutephase protein response showed that there were three major
cytokines: interleukin-1-beta, interleukin-6, and TNF-alpha
[26, 34].
An imbalance between oxidative stress and antioxidative
capacity may play an important role in the development and
progression of bronchial asthma (BA) and chronic obstructive pulmonary disease (COPD). The systemic oxidantantioxidant status changes during exacerbation versus stable
periods in patients with BA and COPD. During an exacerbation period of BA, despite the decreases in glutathione peroxidase (GSH-Px), glutathione reductase (GRd) and melatonin
levels, malondialdehyde (MDA) and catalase (CAT) levels,
and the white blood cell count, the percentage of eosinophils
is significantly higher than in the stable period. MDA and
superoxide dismutase (SOD) values are higher in the exacerbation period than in the stable period although GSHPx, GRd, melatonin, pH, and pO2 values are lower in the
exacerbation period than in the stable period. Blood counts
and respiratory function tests were reported not to change
between exacerbation and stable periods in patients with
COPD. Thus episodes of BA or COPD might be associated
with elevated levels of oxidative stress.
A decrease in NO during omalizumab therapy was also
previously described by Barber and Cousins [34]. Downregulation of ET-1 in EBC significantly correlates with a decrease
in the markers of allergic (and eosinophilic) inflammation,
such as NO, ECP, or blood eosinophil counts, as well as
increase in spirometric indices. These changes were observed
after 16 weeks of therapy. A follow-up observation performed
after 52 weeks of treatment revealed a further significant fall
in ET-1 concentrations in EBC; however, the improvement of
other markers of allergic inflammation was less pronounced.
This could indicate that anti-IgE therapy has its greatest
influence on eosinophilic inflammation during the first 16
weeks of therapy. Nevertheless the effects of many other
immunological mechanisms related to remodeling, as well
as the known action and interactions of ET-1 observed in
the first period of treatment, are thought to continue over
time. This suggests that longer-term anti-IgE therapy with
omalizumab in asthmatic patients could significantly limit
the development of inflammation and bronchial structural
changes. In our previous study we investigated changes in
total antioxidant capacity in asthmatic patients treated with
omalizumab. Our data suggested that ongoing therapy with
omalizumab is already proven to be clinically effective in
treatment of severe allergic asthma. Anti-IgE therapy is an
innovative and promising treatment modality that mediates
its effects in part at least through decreased inflammation
following improved antioxidant capability. In turn, our study
was suggesting that measuring of the latter may prove to be
useful surrogate markers to monitor efficacy of treatment in
patients suffering from this disease [22].
Alternatively, the development of atopy may also be a
direct effect of elevated homocysteine or some of its metabolites, which appears to exert a number of diverse effects on
immune function. In addition, total homocysteine (Hcy) has
been shown to increase in response to immune activation
and cell proliferation during a nonallergic Th1-type immune
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response. Although much less is known about the health
effects of sustained postload homocysteine concentrations,
there is evidence that it has negative effects on platelet
aggregation and endothelial function. A number of studies
have indicated that homocysteine may contribute to the
development and progression of atherosclerosis, a risk factor
for cardiovascular diseases. However, the mechanisms by
which Hcy can induce vascular dysfunction are not fully
understood [35–41].
Vitamin-D (25(OH)D) has effects on the innate and
adaptive immune system. 25(OH)D levels are associated with
poor asthma control, reduced pulmonary function, increased
medication intake, and exacerbations. Little is known about
25(OH)D in adult asthma patients or its association with
asthma severity [42, 43]. More than that, 25(OH)D triggers
a Hcy metabolizing enzyme and data from the Longitudinal
Aging Study Amsterdam suggested a correlation between
25(OH)D status and Hcy levels [44]. The decrease in Hcy
concentrations and increase in 25(OH)D also support the
possible vascular endothelial protection mechanism.

5. Omalizumab Effects on Pruritic
Bullous Pemphigoid
Bullous pemphigoid (BP) is an acquired, autoimmune, bullous disease that is characterized by autoantibodies against
the 230-kDa bullous pemphigoid antigen within basal keratinocytes and the 180-kDa type XVII collagen within the
basement membrane zone lying between the epidermis and
dermis. In addition to skin blisters, patients with BP often
experience pruritus and erythematous urticaria-like skin
lesions.
CD200 (OX-2) is a novel immune-effective molecule,
both cell membrane-bound and also existing in a soluble
form in serum (sCD200, sOX-2), act as a proinflamatory
through its receptor [11, 14, 22]. In our previous study, we
reported a patient who had a pruritic bullous pemphigoid and
very high levels of total IgE (5000 kU/L) who was refractory
to the aggressive immunosuppressive regimens for bullous
pemphigoid but responded rapidly to systemic anti-IgE. The
circulating level of sOX-2 was 48.45 pg/mL in serum and
243 pg/mL in blister fluid. Soluble OX-2 levels were higher
in blister fluid than in serum. During the second month of
follow-up, the patient’s sOX-2 level decreased to 26.7 pg/mL.
Clinical improvement was demonstrated as histological reepithelialization. Optimal treatment modalities need to be clarified in such situations. After the second round of omalizumab
(300 mg), frequency of exacerbations decreased and after
13th round it was completely disappeared [45]. Reduction
in serum levels sOX-2 with anti-IgE treatment suggests that
sOX-2 could be proinflammatory [21–23, 45]. Soluble OX-2
might also play a role in immune response in the pathogenesis
of autoimmune and inflammatory skin disorders [45].

6. Omalizumab Effects on
Coagulation Pathway
More interestingly, as in some of our cases we have observed,
one with severe persistent asthma (SPA) patient who had
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protein C/S deficiency history, multiple massive pulmonary
embolus, and systemic subacute thrombosis determined in
vena saphena parva and in left vena perforantes cruris
underwent omalizumab treatment. After a long term (20
months) treatment with omalizumab, he had a decreased
fractional exhaled nitric oxide concentrations (FENO), ddimer (DD), sTRAIL, proinflammatory IL-1𝛽, and OX-2 and
had an increased CXCL8, activated pC (APC), antithrombin
III (AIII), protein S (pS), and protein C (pC) levels [11]. In this
patient’s blood levels of APC, AIII, pS, and pC were found to
be increased (74, 128%, 102%, and 86%, resp.), and DD level
(412 U/L) was found to be decreased at the 30th month under
omalizumab therapy and this results were significant [46].
Severe persistent asthma is associated with a procoagulant state in the bronchoalveolar space and is further
aggravated by impaired local activities of the anticoagulant
pC/S, AIII system, and fibrinolysis, as demonstrated by
massive fibrin depositions in the alveoli of a SPA who died
from a SPA attack who did not respond to treatment. Recent
reports revealed that patients with CU also show signs of
thrombin generation and activation of the TF pathway of
the coagulation system. DD, a fibrin degradation product
formed during the lysis of a thrombus, is also detected in high
levels in patients with active CU [47–51]. After omalizumab
therapy, significant decrease of the levels of DD shows the
importance of procoagulant state in allergic patients. We also
believe that DD may also have an important role for the
relationship between IgE and extrinsic coagulation pathway
in the endothelial cells [46]. The biologic effects of APC
and pC can be divided into anticoagulant and cytoprotective
effects. [48] In patients with SPA bronchoalveolar levels
of APC decreased after a bronchial allergen challenge and
were significantly lower than healthy controls and APC/pC
ratios were decreased in induced sputum of patients with
SPA, pointing to an imbalance between coagulation and the
pC system [49, 50]. We think that omalizumab inhibited
activation of extrinsic coagulation pathway and lowered ddimer level by blocking free IgE. Because of this, we think
that omalizumab has a similar effect with heparin. After
the injection of heparin, an increase in the percentage of
protein C/S has been observed. Anticoagulant treatment with
heparin and warfarin had been attempted to reduce the
symptoms of CU and SPA; however inhaled heparin is no
longer used in clinical practice as adjunctive therapy for SPA
attacks because of equivocal results [50–53].
The function of platelets is well known in haemostasis
but also platelets are fully functional cells concurrently with
haemostasis. Previous studies suggested that platelets have
a role in asthma pathogenesis in development of bronchoconstriction, airway inflammation, airway remodelling,
and bronchial hyperresponsiveness. Lifestyle modification,
antihypertensive, lipid lowering, and diet therapies can
affect MPV values, but these effects need to be investigated
with thrombotic endpoints. It was previously suggested that
increased MPV values are predictors of early atherosclerosis.
However, there were conflicting results in the association of
asthma and atherosclerosis. And if MPV value is an indicator
of inflammation and atherosclerosis, increased MPV values
may be associated with asthma. However, we could not find
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Figure 1: The insignificant MPV level difference was observed
between before-omalizumab and after omalizumab period.
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Figure 2: The insignificant platelet level difference was observed
between before-omalizumab and after omalizumab period.

any difference in MPV values of patients both in pre- and
postomalizumab period. Thrombocytopenia developed in
one male patient (number 11) after the 22nd dose of the drug
was given. When the platelet count fell down to 55,000/mm3 ,
the omalizumab treatment was suspended for 4 weeks until
the platelet count rose up to 100,000/mm3 ([20], Figures 1, 2,
3, and 4).

7. Omalizumab Effects on
Hyperimmunoglobulin-E Syndrome,
Eosinophilic Gastroenteritis, Mastocytosis
Hyperimmunoglobulin E syndrome (HIES) is a heterogeneous group of immune disorders. It is characterized by very
high concentrations of the serum antibody IgE. Clinically
eczema-like rash, cold staphylococcal infection, severe lung
infection are seen. An IgE level greater than 2,000 IU/mL is
often considered diagnostic, except patients younger than 6
months of age. Extrinsic pathway of coagulation is activated
in response to high level of circulatory IgE. Abnormal neutrophil chemotaxis due to decreased production of interferon
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Figure 3: Asthma control test asthma control test (ACT) (Quality
Metric Inc.) score of <20, indicating that asthma was not well
controlled (before omalizumab therapy and a year later).
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Figure 4: Fractional exhale nitric oxide concentrations (FENO)
(ppb) (before omalizumab therapy and a year later).

gamma by T lymphocytes is thought to cause the disease.
Both autosomal dominant and recessive inheritance have
been described [54, 55]. Mutations in molecules DOCK8 have
been associated with syndromes that share many features
with classical autosomal dominant HIES, which is inherited
by an autosomal recessive trait and tend to have a milder
clinical picture [55, 56]. STAT3 is a key regulator of many
immunologic pathways. It is involved in the signal transduction of many cytokines, including but not limited to IL-6,
IL-10, IL-21, IL-22, and IL-23 [57]. Animals with a myeloidspecific deletion of STAT3 lead to upregulation of many Th1
cytokines, such as IFN𝛾 and TNF𝛼, and downregulation of
proinflammatory and anti-inflammatory responses regulated
by IL-6 and IL-10, respectively [55, 56]. These cytokines are
critical to differentiation of TH17 cells, which are important in
inflammatory response to bacterial and fungal pathogens. It
was reported that both STAT3 mutation-positive and STAT3
mutation-negative HIES exhibited a profound deficit in TH17
differentiation. Several studies reported clinical improvement

in patients with severe atopic eczema with high serum IgE
level [58, 59].
Eosinophilic gastroenteritis (EGE) is characterized by
patchy or diffuse eosinophilic infiltration of any part of
gastrointestinal (GI) tract [60, 61]. Eosinophils are normally
present in gastrointestinal mucosa, but deeper infiltration and
more than 30 eosinophils per high-power field in at least five
areas are pathologic [62]. Since GI tract is frequently faced
with external allergens via ingested foods, allergens from
food pass the mucosa and trigger an inflammatory response
that lead mast cell degranulation and recruit eosinophils.
Tissue damage is caused by cytotoxic proteins contained in
the cytoplasmic granules of eosinophil. In addition to tissue
eosinophil, eosinophil can also mediate proinflammatory
effects, that is, upregulation of adhesion systems, modulation of cell trafficking, releasing chemokines (eotaxin), lipid
mediators, and leukotriene. Eosinophil recruitment into the
tissue is regulated by a number of inflammatory cytokines,
that is, IL-3, IL-4, IL-5, IL-13, granulocyte macrophage colony
stimulating factor (GM-CSF), and T helper 2 (Th2) cytokines.
A Th2-type immune response seems to be involved in both
IgE and non-IgE mediated EGE [63]. Anti-IgE treatment with
omalizumab is associated with a 35–45% drop in peripheral
blood eosinophil count as well as decrease in duodenal and
antral eosinophil count [64, 65]. It also effectively blocks
CD23 mediated allergen binding to B cells. But some reports
failed to demonstrate in vivo immunomodulatory activity on
T cell responses [66].
Mastocytosis is a heterogeneous disorder that results
from clonal mast cell proliferation (myeloproliferative neoplasm), characterized by excessive mast cell accumulation in
skin (cutaneous form) or multiple tissues, with or without
skin involvement (systemic form) [67, 68]. Increased local
concentration of soluble mast cell growth factors in lesions
are believed to stimulate mast cell proliferation. Impaired
mast cell apoptosis and interleukin-6 have also been postulated to be involved, as evidenced by BCL-2 upregulation
and IL-6 elevation in tissue. Some activating point mutation
of c-kit in codon 816 (usually KITD816V), encoding the
tyrosine kinase receptor for stem cell factor, are found to
be associated with systemic form. Since omalizumab reduces
the expression of Fc𝜀RI on circulating basophils and mast
cells, it seems to lower the activity potentials of basophils and
mast cells, thereby reducing the potential reactivity of these
cells [65, 69]. Concordantly, serum tryptase was reported
to decrease under omalizumab therapy in two mastocytosis
patients, but it remained unchanged in two other patients
[69–81].

8. Omalizumab Effects on Nasal Polyps and
Samter’s Syndromes
The historic triad of nasal polyposis, asthma, and intolerance to aspirin and related chemicals, recently designated
as Samter’s syndrome, is an inflammatory condition of
unknown pathogenesis. Many patients with Samter’s syndrome also have a marked eosinophilia of both bronchial and
nasal secretions as well as the circulating blood. Approximately 10% of the patients have urticaria-angioedema, alone
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or in combination with respiratory inflammation. As with
all allergic diseases, the cornerstone of treatment is environmental control with avoidance of respiratory irritants,
aspirin, and aspirin-like medications. Management of upper
airway disease requires careful prescription of medication
supplemented by judicious selection of surgery. Omalizumab
demonstrated clinical efficacy in the treatment of nasal
polyps with comorbid asthma, supporting the importance
and functionality of local IgE formation in the airways [76],
but in our study, no change was seen on nasal polyposis
after omalizumab treatment [21]. Nasal polyps from patients
with Samter’s triad had a significantly higher inducible nitric
oxide synthase activity when compared with the nasal polyp
patients without Samter’s syndrome [77].

9. Omalizumab Effects on Atopic Dermatitis
Severe refractory atopic dermatitis is a chronic, debilitating
condition that is associated with elevated serum IgE levels.
The mechanisms of omalizumab in the treatment of atopic
dermatitis (AD) need further research in lowering serum IgE
subjects. Several case reports investigating anti-IgE therapy
in patients with AD found symptomatic improvement with
omalizumab [13]. Recently, Ozdemir et al. [68] showed that
all patients receiving omalizumab had strikingly decreased
levels of TSLP, OX40L, TARC (involved in Th2 polarization),
and interleukin-9 compared to placebo in their randomized,
placebo-controlled clinical trial. In addition, they found a
marked increase in IL-10, a tolerogenic cytokine, in the
omalizumab-treated group. Patients on anti-IgE therapy had
an improvement in clinical outcomes.

10. Omalizumab Effects on Chronic Urticaria
Metz et al. [74] assessed responder rates, optimal dosage,
response to up-/downdosing, time to relief of symptoms,
rates of return and time of relapse after omalizumab administration, and safety in 51 CU patients, 20 with chronic
spontaneous urticaria (CSU) alone, 21 with different forms
of chronic inducible urticaria (CindU) and 10 with both
in their clinical analysis. They showed that omalizumab
was a rapidly acting, highly effective, and safe drug in
CSU and CindU patients in their clinical experience from
more than 1250 injections in those patients over four years.
Their observations in a real life clinical setting support the
recommendation of current EAACI/GA2LEN/EDF/WAO
guideline for the management of urticaria to use omalizumab
on the treatment of urticaria patients [75].
The activation of mast cells and their release of inflammatory mediators are regarded as the “final common pathway”
for a myriad of proinflammatory factors, including those
involved in the various types of urticaria [82, 83].
The clinical response of urticaria to H1-antihistamines
and the finding of increased concentrations of histamine in
skin tissue fluid underscore the role of histamine derived
from dermal mast cells as a major mediator of urticaria.
Although highly unlikely, it cannot be excluded that in some
cases of urticaria, the primary abnormality lies in the mast
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cells themselves. If this were the case, it would be likely that
the condition would be systemic rather than confined to the
skin. Therefore it is more likely that skin mast cells in patients
with urticaria are not intrinsically abnormal but become
increasingly sensitive or “unstable” or activated as the result
of certain abnormal factors present in their surroundings.
Although there are many nonimmunologic factors that might
influence mast cell function in the skin, such as components
of the complement system and neuropeptides, particularly
those related to stress, because this review is primarily
concerned with the mechanisms by which omalizumab might
be effective, nonimmunologic factors will not be considered
in detail [84–89].
In conventional thinking the involvement of IgE in mast
cell activation requires the cross-linking of Fc𝜀RI-bound
IgE by antigen or anti-IgE antibodies. This initiates the
aggregation of Fc𝜀RI, leading to tyrosine kinase activation
and subsequent mast cell activation for secretion. However,
in 2001, it was suggested independently by 2 groups that
monomeric IgE in the absence of antigen can have multiple
effects in murine mast cells, including differentiation, proliferation, survival, and mediator and cytokine generation.
These effects, which involve the binding of IgE to Fc𝜀RI
and the aggregation of Fc𝜀RI, occur without the mast cells
undergoing degranulation. The finding that monomeric IgE
can augment mast cell activity has been confirmed by studies
using various techniques. In a transcriptome analysis of
8793 genes, sensitization of mast cells with monoclonal IgE
alone, without Fc𝜀RI cross-linking, was found to upregulate
58 genes more than 2-fold compared with their levels in
unsensitized mast cells. These genes included those for
cytokines, such as IL-1b, IL-6, and colony stimulating factor 1;
chemokines, such as CXCL8, CCL4, and CCL7; and cytokine
and chemokine receptors. The genes for various immune
regulators, adhesion molecules, antiapoptosis proteins, and
cytoskeletal elements, such as RAS protein activator like 1 and
fibronectin leucine-rich transmembrane protein 2, were also
upregulated [89–91].
First, omalizumab sequesters monomeric IgE to reduce
its priming effect on mast cells. This would be particularly
relevant if HC IgE is involved in the pathogenesis of urticaria.
Second, in patients with IgG autoantibodies against IgE or
Fc𝜀RI, the depletion of mast cell-bound IgE by omalizumab
and the subsequent downregulation of Fc𝜀RI on mast cells
and basophils would lead to their decreased state of hyperexcitability. Third, in those patients with IgE autoantibodies
against autoallergens, the inhibition of IgE binding to Fc𝜀RI
by omalizumab and the downregulation of Fc𝜀RI would
represent a central mechanism of omalizumab [84]. Other
studies have followed the suggestion that mouse monoclonal
IgE molecules are heterogeneous with respect to their ability
to induce survival and activation events in mast cells [92].
We stopped omalizumab treatment after 4 years. Recurrences of urticaria symptoms were found to be higher in
patients with chronic urticaria than recurrences of asthmatic
symptoms in severe persistent asthma patients. This might be
due to transient effect of omalizumab on extrinsic coagulation pathway in the endothelial cells.
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11. Omalizumab and Cardiovascular Safety
There have been concerns about the cardiovascular safety
in patients initiating omalizumab therapy, because of the
most recent study that analyzed the association between
omalizumab and arterial thrombotic events [79–81, 93]. We
showed that, in one of our patient, Doppler ultrasonography
did not reveal any thrombus after anti-IgE therapy and
the patient did not require lung transplantation and that
serum protein S/C levels increased to normal ranges. Exercise
stress testing was normal and after initiation of anti-IgE
treatment, neither cranial emboli event nor any neurologic
complications did occur. Patient did not report any cardiac
arrhythmias after initiation of anti-IgE therapy. Besides, exercise stress testing was normal, while the patient was treated
with anti-IgE. Aneurysm enlargement or complications were
not detected during the treatment with anti-IgE [23].

12. Omalizumab Effects on Diabetes Mellitus
The clinical experience during the patient follow-up of omalizumab-treated severe persistent allergic asthma patients
with type-2 diabetes mellitus is introduced. Omalizumab is
generally considered safe. The most common adverse reaction from omalizumab is injection site pain and bruising but
the package insert contains warnings regarding malignancies,
geohelminth infections, and a “black box” warning about
anaphylaxis. While there are no reports of fatal anaphylaxis
as a result of Xolair, some cases have been serious and
potentially life-threatening. Therefore, the FDA requires that
people receiving Xolair be monitored in the physician’s office
for a period of time after their injections. Also, it is not yet
known what the potential long term effects of Xolair use may
have on people who are prone to getting cancer (such as the
elderly). While it would appear that Xolair has potentially
severe side effects, it must be remembered that anaphylaxis
and cancer formation occurred only in a very small number
of patients. Moreover, our knowledge about omalizumab
use for asthma and other allergic diseases has improved to
such an extent that we now better understand the treatment
influence on systemic levels of oxidative stress markers, the
interaction of oxidant and antioxidant balance, and apoptotic
and inflammatory markers. We showed that omalizumab
therapy increases blood glucose levels in allergic asthma
patients with diabetes mellitus. Although we do not know the
exact mechanism behind this relationship, it might be related
with vial containing (145 mg sucrose) of omalizumab. Patients
with diabetes mellitus should be informed that such a need
of insulin dose should be increased due to the possible effect
of omalizumab on blood glucose level. In these two patients
half of the recommended dosage was given and blood glucose
levels were controlled [22].

13. There Might Be a Risk of Anaphylaxis due
to Omalizumab Therapy
The most common adverse reaction from omalizumab is
injection site induration, injection site itching, injection site
pain, and bruising but the package insert contains warnings
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regarding parasitic infections. While there are no reports
of fatal anaphylaxis as a result of omalizumab, some cases
have been serious and potentially life-threatening. Therefore,
the FDA requires that people receiving omalizumab be
monitored in the physician’s office for a period of time after
their injections [20].
A female patient with severe persistent allergic asthma,
aged 58, is introduced. Laboratory tests are as follows: antinuclear antibody, and viral hepatitis markers such as HBsAg,
HBsAb, anti-HCV HIV, thyroid antibodies were negative,
autologous serum skin test was positive. Liver, thyroid, and
renal function tests, serum IgG, IgA, and IgM levels were
within normal ranges. Skin prick tests (SPTs) were highly
positive for mite and mold. The specific IgE levels were
correlated with the SPTs. Total IgE level was 480 IU/L. Body
temperature was 38.5∘ C.
The patient had not previously reported drug induced
anaphylaxis. On omalizumab (on the 23rd dose) therapy, this
patient had laryngeal oedema during a complicated common
cold infection with bacterial sinusitis after omalizumab injection.
Systemic steroids (500 mg prednisolone), ketotifen
fumarate (1X1), antibiotic and antihistamines (desloratadine,
1X1) were given. Oral antihistaminics and mast cell stabilizing
agents were used for treatment afterwards. We did not stop
omalizumab therapy. We do not suggest omalizumab during
the first five days of complicated viral infections such as
common cold and bacterial sinus infections [94].

14. Omalizumab and the Risk of Malignancy
I had a male patients with food allergy with pulmonary
carcinoid tumor, aged 23. Autologous serum skin test was
positive in patients. Anti-nuclear antibody and viral hepatitis
markers such as HBsAg, HBsAb, anti HCV HIV, thyroid
antibodies were negative in patients. Liver, thyroid, and
renal function tests, serum IgG, IgA, and IgM levels were
within normal ranges. Skin prick tests (SPTs) were highly
positive for kiwi, tomato, fish, and orange. The specific IgE
levels were correlated with the SPTs. Total IgE level was
960 IU/L (normal range: 0–100 IU/L). A mass was defined
on lower lobe of left lung on computerized tomography
(PET CT SUVmax: 6). The patient was operated. In postoperative period, he had recurrent laryngeal oedema and
urticaria attacks. Omalizumab treatment planned because
of the patient was resistant to antihistaminics and steroids.
For the very first time, we used omalizumab in symptomatic
therapy of recurrent laryngeal oedema and urticaria attacks
in a patient with postoperative pulmonary carcinoid tumor
for eight months. During the four years of follow-up, no
recurrence was noted in carcinoid tumor. Control PET CT
and CT results revealed normal findings. After omalizumab
treatment, laryngeal oedema and urticaria symptoms were
decreased. Oral antihistaminics and mast cell stabilizing
drugs were used for treatment afterwards. Oral steroid was
given only once [95].
Omalizumab has the potential to be an additional and
solitary treatment option in patients with allergic bronchopulmonary aspergillosis and cystic fibrosis. Early onset
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treatment may be beneficial and patients with early stage of
lung disease seem to benefit more [96]. Pooled data analysis
revealed that a causal relationship between omalizumab
therapy and malignancy is unlikely [97].
To sum up what I would like to express as a conclusion is
that omalizumab in patients with severe persistent asthma is
an effective therapy for asthma and comorbid conditions (CU,
bee venom allergy, latex allergy, multidrug allergy, atopic dermatitis, food allergy, and Samter’s syndrome) just like I have
mentioned above. The mechanism of action of omalizumab
in the treatment of asthma is believed to be multifactorial
and includes effects mediated through altered production of
redox metabolites, oxidative markers related mi RNA, TRAIL
related mi RNA, and regulation of production of known
inflammatory proteins.
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Bronchial epithelial cells represent the first line of defense against microorganisms and allergens in the airways and play an
important role in chronic inflammatory processes such as asthma. In an experimental model, both RvD1 and AT-RvD1, lipid
mediators of inflammation resolution, ameliorated some of the most important phenotypes of experimental asthma. Here, we
extend these results and demonstrate the effect of AT-RvD1 on bronchial epithelial cells (BEAS-2B) stimulated with IL-4. AT-RvD1
(100 nM) decreased both CCL2 and CXCL-8 production, in part by decreasing STAT6 and NF-𝜅B pathways. Furthermore, the
effects of AT-RvD1 were ALX/FRP2 receptor dependent, as the antagonist of this receptor (BOC1) reversed the inhibition of these
chemokines by AT-RvD1. In addition, AT-RvD1 decreased SOCS1 and increased SOCS3 expression, which play important roles in
Th1 and Th17 modulation, respectively. In conclusion, AT-RvD1 demonstrated significant effects on the IL-4-induced activation of
bronchial epithelial cells and consequently the potential to modulate neutrophilic and eosinophilic airway inflammation in asthma.
Taken together, these findings identify AT-RvD1 as a potential proresolving therapeutic agent for allergic responses in the airways.

1. Introduction
Asthma is an inflammatory disease of the airways characterized by the migration and accumulation of leukocytes, particularly eosinophils, mucus hypersecretion, and
bronchial hyperreactivity. The pathophysiology of asthma
is coordinated by the immune response of CD4+ T cells,
specifically the Th2 phenotype. IL-4 is the major cytokine
involved in the Th2 immune response. IL-4 uses Janus

kinases (JAKs) to initiate the signaling cascade and activate
signal transducer and activator of transcription 6 (STAT6),
consequently modulating allergic airway inflammation in
asthma and other diseases [1]. Most patients with asthma have
symptoms that are readily controllable by standard asthma
therapies, including 𝛽2-adrenergic agonists, low doses of
inhaled corticosteroids, or leukotriene modifiers [2]. However, 5–10% of asthmatic individuals have poorly controlled
disease with frequent exacerbations or symptoms that are

2
refractory to current therapy [3]. Th1 and Th17 cells promote
neutrophil recruitment and have been associated with both
severe and steroid-resistant asthma [4].
Bronchial epithelial cells are involved in the homeostasis
and coordination of immune responses in the airways and
represent the first line of defense against microorganisms
and allergens in the lungs [5, 6]. These cells express pattern
recognition receptors, such as Toll-like receptors (TLR),
and protease-activated receptors (PARs), which recognize
microorganisms and allergens, respectively [7, 8]. The activation of these receptors on epithelial cells induces the
production of chemokines and the expression of adhesion
molecules and cytokines [9, 10] that can influence dendritic
cell maturation, T cell differentiation, and airway inflammation modulation [11–14]. Bronchial epithelial cells also express
the receptor for IL-4 (IL-4RA), and the activation of these
cells by IL-4 induces, among other inflammatory parameters
[15], the production of chemokines, for example, CCL2,
CXCL-8, among others [7, 13, 14, 16, 17], which modulate
leukocyte traffic and consequently airway inflammation in
asthma.
During inflammation, the essential omega-3 fatty acid
docosahexaenoic acid (DHA; C22:6) is available for enzymatic transformation into several anti-inflammatory and
proresolving mediators, including the class of molecules
termed resolvins [18]. Resolvin and its epimer, AspirinTriggered-Resolvin D1 (AT-RvD1, R configuration at carbon
17), are enzymatically derived from DHA and demonstrate
anti-inflammatory and pro-resolving effects in several experimental models, including in the airways in acute lung injury
[19] and experimental airway allergic inflammation induced
by ovalbumin [20] in mice. In this study, we investigated the
role of AT-RvD1 on bronchial epithelial cells stimulated with
IL-4.

2. Materials and Methods
2.1. Bronchial Epithelial Cells. The human bronchial epithelial
cell line BEAS-2B (ATCC, Rockville, MD) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM-F12/GibcoLife Technologies, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (Gibco-Life Technologies) and 1%
penicillin + streptomycin (Gibco-Life Technologies, Carlsbad, CA, USA) and incubated at 37∘ C in a humidified
atmosphere with 5% CO2 and 95% ambient air.
2.2. Stimulus and Treatment. AT-RvD1 was donated by Dr.
David Bruce Levy of the Harvard Medical School. BEAS2B (4 × 104 cell/mL) cells were cultivated in 96-well plates
and treated with AT-RvD1 (1–100 nM) or vehicle (absolute
alcohol) for 30 minutes prior to IL-4 (25 ng/mL) [17] stimulation. The use of BOC1 (10 𝜇M), an ALX receptor antagonist,
followed the same experimental procedure described above
but was added 15 min before treatment with AT-RvD1 [21].
2.3. CCL2 and CXCL-8 Production in the Supernatant of
Cells Treated with AT-RvD1 to Chemokine Quantification. The
supernatant was collected at 24 h after IL-4 stimulation, and
the CCL2 and CXCL-8 concentrations were measured by

BioMed Research International
enzyme-linked immunosorbent assays (ELISA) according to
the manufacturers’ instructions (BD Pharmingen, San Diego,
CA, USA).
2.4. Expression of NF-𝜅B and STAT6 in Cells Treated with ATRvD1. The effect of AT-RvD1 on the NF-𝜅B and STAT6 pathways was assessed by cytometry according to Cao et al. [22].
Briefly, 15 min after IL-4 stimulation, cells were fixed with prewarmed BD Cytofix Buffer (4% paraformaldehyde) for 10 min
at 37∘ C. After centrifugation, the cells were permeabilized in
ice-cold methanol for 30 min and then stained with mouse
monoclonal antibodies against anti-NF-𝜅B (BD Biosciences
Pharmingen, Phosflow, USA), anti-STAT6 (BD Biosciences
Pharmingen, Phosflow, USA), or their corresponding mouse
IgG2b isotype (BD Biosciences Pharmingen, Phosflow, USA)
for 60 min followed by an FITC- or PE-conjugated goat
anti-mouse IgG2b secondary antibody for another 45 min at
10∘ C in the dark. The cells were then washed, resuspended,
and subjected to analysis. The expression of intracellular
phosphorylated signaling molecules in 50,000 viable cells was
analyzed by flow cytometry (FACSCalibur; BD Biosciences
Pharmingen).
The results for phosphorylated NF-𝜅B and STAT6 are
shown as a percentage of fluorescence and are expressed as
the arithmetic mean.
2.5. SOCS1 and SOCS3 Expression. At 1 h after IL-4 stimulation, total RNA was extracted from cells using Pure Linkr
RNA Mini Kit (Life Technologies, Carlsbad, CA, USA).
cDNA was synthesized by reverse transcription (RT) from
total RNA with SuperScript VILO MasterMix ((Invitrogen), Carlsbad, CA, USA) according to the manufacturer’s
instructions. Duplicate qPCR reactions were performed with
primers for SOCS1 (Forward: 5 -TTTTTCGCCCTTAGCGTGA-3 , Reverse: 5 -AGCAGCTCGAAGAGGCAGTC-3 )
and SOCS3 (Forward: 5 -TGAGCGCGGCTACAGCTT-3 ,
Reverse: 5 -TCCTTAATGTCACGCACGATTT-3 ) and control GAPDH (Forward: 5 -CCACCCATGGCAAATTCC-3 ,
Reverse: 5 -TCGCTCCTGGAAGATGGTG-3 ) (Life Technologies) using cDNA-specific TaqMan Gene Expression
Assays with an ABI 7500 Fast Real-Time PCR System
(Applied Biosystems). In each 5 𝜇L TaqMan reaction, cDNA
(corresponding to 100 ng reverse transcribed RNA) was
mixed with 0.25 𝜇L TaqMan Gene Expression Assay, 2.5 𝜇L
TaqMan Universal PCR Master Mix (Applied Biosystems),
and 1.25 𝜇L H2 O. The PCR conditions were 95∘ C for 20 s,
followed by 50 cycles at 95∘ C for 3 s, and 60∘ C for 30 s.
Negative control reactions with no cDNA present and three
interrun calibrator samples were included on each assay plate.
The Ct (cycle threshold) values for SOCS1 and SOCS3
mRNA were normalized to GAPDH to provide the delta Ct
values. The relative mRNA expression was determined using
the Livak method (the 2−ΔΔCt method for real-time PCR) [23].
2.6. Statistical Analysis. The results were expressed as the
mean ± standard error of the mean. An evaluation of the
results was performed by an analysis of variance (ANOVA)
followed by a Tukey post-test among the means using
GraphPad PRISM (Version 6.0; GraphPad Software Inc., San
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Figure 1: AT-RvD1 reduced the production of CCL2 (a) and CXCL-8 (b) in bronchial epithelial cells stimulated with IL-4. BEAS-2B cells
were stimulated with IL-4 (25 ng/mL) in the presence or absence of AT-RvD1 (1–100 nM) for 24 h, and the culture supernatants were analyzed
to determine CCL2 and CXCL-8 concentrations using an ELISA kit. The data are reported as the means ± SEM (𝑛 = 7). ∗ 𝑃 < 0.05 versus
control group; # 𝑃 < 0.05 versus IL-4-treated group.

Diego, CA, USA). 𝑃 values less than 0.05 were considered
statistically significant.

3. Results
3.1. AT-RvD1 Reduces the Concentration of Chemokines. The
activation of bronchial epithelial cells induces, among others,
the release of chemokines [7, 13, 14, 16, 17]. Therefore, we evaluated the role of AT-RvD1 in CCL2 and CXCL-8 production
in bronchial epithelial cells stimulated with IL-4. Our results
showed that IL-4 stimulation (25 ng/mL for 24 h) induced
a prominent increase in CCL2 and CXCL-8 concentrations
compared to nonstimulated cells (control group; Figures 1(a)
and 1(b), resp.). At all doses (1–100 nM), AT-RvD1 significantly reduced CCL-2 (Figure 1(a)) and CXCL-8 (Figure 1(b))
production when compared with the cells treated with IL-4,
whereas no significant difference was observed in cells treated
with vehicle compared to cells treated with IL-4 (data not
shown).
3.2. The Inhibitory Effect of AT-RvD1 on Chemokine Production
Is ALX/FPR2 Receptor Dependent. The results presented
above demonstrated that AT-RvD1 modulated the chemokine
production induced by IL-4 in bronchial epithelial cells.
Recent findings have shown that AT-RvD1 exerts part of
its proresolving effects via interactions with the ALX/FPR2
receptor present on bronchial epithelial cells [24, 25]. Accordingly, we verified whether the ALX/FPR2-selective antagonist, BOC1, is capable of blocking the effects of AT-RvD1 on
chemokine release by BEAS-2B cells after IL-4 stimulation.

As demonstrated above, IL-4 stimulated CCL-2 and CXCL8 production, and AT-RvD1 reduced both (Figures 2(a) and
2(b), resp.). Interestingly, BOC1 significantly reversed the
inhibitory effect of AT-RvD1 on CCL2 (Figure 2(a)) and
CXCL-8 (Figure 2(b)) production. No significant difference
was observed in cells stimulated with IL-4 and treated with
BOC1 (10 𝜇M) when compared with cells treated with IL-4.
3.3. AT-RvD1 Downregulates the Phosphorylation of Transcription Factors. We next evaluated the effect of AT-RvD1 on the
STAT6 and NF-𝜅B pathways. Signal transducer and activator
of transcription 6 (STAT6) and nuclear factor kappa B (NF𝜅B) have been demonstrated to regulate many pathologic
features of asthma, and both are activated by IL-4 [26, 27]. As
shown in Figures 3(a) and 3(b), IL-4 induced the significant
phosphorylation of NF-𝜅B and STAT6 in cells compared
to the control. Of note, AT-RvD1 significantly reduced cells
expressing of NF-𝜅B (Figure 3(a)) and STAT6 (Figure 3(b))
when compared to cells treated only with IL-4.
3.4. AT-RvD1 Acts in Modulating the Expression of SOCS1
and SOCS3. As the SOCS family is known to inhibit STAT
signaling, we next evaluated the effect of AT-RvD1 on SOCS1
and SOCS3. In these experiments, the dose of 50 ng/mL
was used for stimulation because the dose of 25 ng/mL
did not induce the SOCSs expression (data not shown);
this is in agreement with previous results [27]. The results
showed that AT-RvD1 significantly reduced the expression
of SOCS1 when compared with cells stimulated with IL4 (Figure 4(a)); moreover, AT-RvD1 significantly increased
SOCS3 expression (Figure 4(b)).
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4. Discussion
IL-4 coordinates the Th2 immune response, which is associated with the pathophysiology of asthma. Interesting lipids
mediators of resolution, such as AT-RvD1, demonstrate
significant anti-inflammatory and proresolution effects in
several experimental models. Here, we demonstrate for the
first time the effect of AT-RvD1 in bronchial epithelial cells
stimulated with IL-4. AT-RvD1 significantly reduced CCL2
and CXCL-8 production when compared to cells treated with
IL-4. These effects are ALX/FPR2 receptor dependent and in
part associated with the downregulation of STAT6 and NF-𝜅B
pathways by AT-RvD1. Therefore, AT-RvD1 decreased SOCS1
and increased SOCS3 expression, which play critical roles in
lymphocyte differentiation, maturation, and function. These
results suggest that AT-RvD1 can modulate the innate and
adaptive immune responses of asthma and other diseases, but
further studies are needed for confirmation.
IL-4 is the major factor in the differentiation of the
Th2-type immune response and blocks the differentiation
of Th1 cells by indirect inhibiting interferon-𝛾 (IFN-𝛾) [28].
Bronchial epithelial cells express IL-4 receptor (IL-4R), and
IL-4 induces the production of chemokines such as CCL2
and CXCL-8, among other inflammatory parameters [7,
22, 24–26]. CCL2, also known as monocyte chemotactic
protein-1 (MCP-1), is a potent chemotactic for monocytes
and is produced constitutively or after stimulation in various
cell types, including bronchial epithelial cells [27]. Indeed,
CCL2 is chemotactic to monocytes/macrophages, basophils,
eosinophils, and Th2 cells. In addition, CCL2 is involved in
the polarization of Th2 cells and therefore is associated with
the pathogenesis of allergic inflammatory diseases, such as
asthma [29, 30]. Most patients with asthma have symptoms
that are readily controllable by standard asthma therapies
[2]. However, 5–10% of asthmatic individuals have poorly

controlled disease with frequent exacerbations or symptoms
that are refractory to current therapy [2, 3]. Distinct from
the airway inflammation of stable asthma, which has been
attributed to ongoing Th2-mediated inflammation, with a
predominance of eosinophils and lymphocytes, there is
increasing evidence to suggest that the increased inflammation in asthma exacerbation is under different regulation
[31]. In addition to the eosinophils and lymphocytes that
predominate in Th2-type inflammation, asthma exacerbations are notable for a neutrophil-enriched inflammatory
response, which in some cases is the principal cellular
infiltrate. Neutrophils are the major inflammatory cell in
the airways of individuals dying within several hours of
an asthma attack and are found in increasing numbers in
patients dying of status asthmaticus [32]. Their numbers are
increased in the sputum and bronchial washings of patients
intubated for status asthmaticus [33–35]. There are several
chemoattractants for neutrophils, such as the CXCL-8 [36]
and the lipid mediator leukotriene B4 (LTB4 ) [37]. CXCL8 is a chemokine that is mainly involved in the recruitment
of neutrophils and exerts this effect by binding to two cell
surface receptors, chemokine receptors CXCR1 and CXCR2
[36]. In addition to neutrophils, CXCL-8 may also recruit B
and T lymphocytes, NK cells, and dendritic cells [38–40]. In
addition, CXCL-8 induces the degranulation of neutrophils,
basophils, and macrophages [41].
LTB4 and proinflammatory lipids mediators are well
known to play important roles in asthma [42], but not all lipid
mediators are associated with inflammation. For example,
lipoxins and resolvins and their epimers are lipids mediators
generated during the resolution phase and demonstrate
significant anti-inflammatory and proresolution effects [43,
44]. In a previous study, our group demonstrated that ATRvD1 markedly decreased airway eosinophilia and mucus
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metaplasia, in part by decreasing IL-5 and IkB𝛼 degradation
in allergen-sensitized and challenged mice. In addition, ATRvD1 significantly enhanced the macrophage phagocytosis of
IgG-OVA-coated beads in vitro and in vivo, a new proresolving mechanism for the clearance of allergens from the airways
[20]. In the present work, AT-RvD1 significantly reduced
CCL2 and CXCL-8 production in bronchial epithelial cells
when compared to cells stimulated with IL-4, demonstrating
the potential to reduce both neutrophilic and eosinophilic
inflammation in asthma.
AT-RvD1 can serve as an agonist for the ALX/FPR2 receptor to transduce, in part, its proresolution action [45–48]. The
ALX/FPR2 receptor is broadly expressed in airway epithelial
cells and alveolar macrophages and is dynamically regulated
during allergic airway responses, leading to decreased receptor abundance [20, 49]. These changes are similar to those
observed in human asthma [50]. We demonstrated that the
inhibitory effect of AT-RvD1 on chemokine production by
BEAS-2B cells stimulated with IL-4 is ALX/FPR2 receptor
dependent, because the antagonist of this receptor reversed
its effects.
Several transcription factors have also been implicated in the inflammatory process of asthma, including
STAT6 and NF-𝜅B [51–54]. STAT6 has been demonstrated
to regulate many pathologic features of lung inflammatory responses, including Th2 cell differentiation, airway
eosinophilia, epithelial mucus production, and smooth muscle changes [55, 56]. NF-𝜅B controls the expression of
some relevant genes encoding chemokines (CCL11, CXCL8), cytokines (IL-5), and adhesion molecules (P-selectin)
involved in airway eosinophilic and/or neutrophilic inflammation [57–60]. AT-RvD1 demonstrated a significant effect
in reducing the phosphorylation of both STAT6 and NF-𝜅B
in BEAS-2B cells stimulated with IL-4. The downregulation
of NF-𝜅B by AT-RvD1 is in agreement with a previous study
by our group [19, 20]; however, the present study is the first
to demonstrate STAT6 modulation by AT-RvD1.
The JAK/STAT pathways have a pivotal role in the
differentiation of helper T cells. The SOCS family, induced
by cytokine stimulation, inhibits STAT signaling [59, 60].
SOCS1 has been shown to be a critical negative regulator
of IFN-𝛾 and consequently of the Th1 immune response
[61]. SOCS3 promotes Th2 differentiation by blocking STAT4
signaling. However, the removal of SOCS3 from T cells
inhibits Th1 and Th2 responses [62, 63]. In addition, SOCS3
blocks STAT3 signaling and consequently inhibits Th17
polarization [64]. IL-17 plays an important role in the
development of severe asthma due to induced neutrophilic
inflammation [65, 66]. Therefore, the inhibition of Th17
cell differentiation or IL-17 production could be beneficial
for controlling severe asthma. SOCS plays an important
role in the modulation of inflammation and is critical due
to its broad spectrum of signaling events. However, the
role of SOCS in bronchial epithelial cells is not clear. In
our experiments, IL-4 increased both SOCS1 and SOCS3
expression, with SOCS1 showing higher expression, whereas
AT-RvD1 decreased SOCS1 and increased SOCS3 expression
compared to cells stimulated with IL-4. Thus, it is possible
that SOCS1 inhibition and SOCS3 induction, involved in
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Th1 and Th17 immune responses, respectively, by AT-RvD1
may also negatively regulate JAK/STAT signaling pathways
in BEAS-2B cells. However, additional studies are needed to
test this hypothesis. Taken together, the results suggested that
AT-RvD1 has a potential to modulate the immune response
in both stable and severe asthma.

5. Conclusion
In conclusion, our results demonstrate that AT-RvD1 modulates the activation of bronchial epithelial cells induced by
IL-4. AT-RvD1, via the ALX/FPR2 receptor, decreased CCL2
and CXCL-8 production and downregulated the NF-𝜅B and
STAT6 pathways. In addition, AT-RvD1 decreased SOCS1
and increased SOCS3 expression. Together, these results
suggest that AT-RvD1 has the potential to control airway
inflammation.
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Tuberculosis (TB) remains a major global health problem and is the second biggest cause of death by infectious disease worldwide.
Here, we investigate in vitro the Th1, Th2, Th17, and Treg cytokines and transcriptional factors produced after Mycobacteriumspecific antigen stimulation in patients with active pulmonary tuberculosis, clinically cured pulmonary tuberculosis, and healthy
donors with a positive tuberculin skin test (TST+). Together, our data indicate that clinical cure after treatment increases the
percentages of Mycobacterium-specific Th1, Th2, and Th17 cells compared with those found in active-TB and TST+ healthy donors.
These results show that the host-parasite equilibrium in latent TB breaks in favor of the microorganism and that the subsequent
clinical recovery posttreatment does not return the percentage levels of such cells to those observed in latent tuberculosis.
Additionally, our results indicate that rather than showing an increase in the percentage of Mycobacterium-specific Tregs, activeTB patients display lower Th1 : Treg and Th17 : Treg ratios. These data, together with lower Th1 : Th2 and Th17 : Th2 ratios, may
indicate a mechanism by which the breakdown of the host-parasite equilibrium leads to active-TB and changes in the repertoire of
Mycobacterium-specific Th cells that are associated with clinical cure after treatment of pulmonary tuberculosis.

1. Introduction
Tuberculosis (TB) remains a major global health problem
and is the second biggest cause of death by infectious disease
worldwide. According to the World Health Organization
(WHO), approximately one-third of the world’s population
is infected by Mycobacterium tuberculosis (Mtb) and approximately 8.6 million new TB cases and 1.6 million deaths

occur per year [1, 2]. It is estimated that one-third of the
world’s population is infected with Mtb and 90–95% of those
infected are asymptomatic; this status is called latent TB
[1]. Of those infected, 5–10% progress to active disease [3].
In the case of chronic infection, most infected individuals
maintain a lifelong state of latency. Several immune mechanisms have been proposed regarding the maintenance of this
latency, especially those related to cellular immune response
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development and T helper-derived cytokine profile, including macrophage activation and granuloma maintenance [4].
CD4+Th1 cells are interferon-gamma (IFN-𝛾) producers
and their signature transcription factor is T-box expressed
in T cells (T-bet). Previous results from our group point
to an increase in IFN-𝛾 production that is associated with
clinically cured TB, although the IFN-𝛾 source still needs
to be determined [5]. Additionally, mice are incapable of
controlling a low-dose Mtb infection in the absence of IFN-𝛾
[6]. On the other hand, the Th2 cell profile is characterized
by IL-4 and IL-13 production and expression of GATAbinding protein-3 (GATA-3), a transcription factor that
acts in a regulatory feedback loop to further increase IL4 and IL-13 production [7, 8]. A Th2 profile-predominant
response has been associated with susceptibility to TB, due
to IL-12R and STAT4 inhibition by GATA-3, weakened Th1mediated immunity, and IL-4- and IL-13-induced alternative
macrophage activation and inhibition of autophagic control
of Mtb [8, 9]. This association persists, even though several
studies, especially in humans, have failed to clearly show this
relationship at the single-cell level, due to solely evaluating
cytokine production or plasma levels [10–13], thus making
it difficult to determine whether they are the cause or the
consequence of infection reactivation [14]. Th17 cells, which
produce IL-17 and IL-22, contribute to immune defense
against Mtb by cytokine and chemokine induction of initial
neutrophil recruitment and granuloma formation [15]. Naı̈ve
T cell activation, in the presence of transforming growth
factor-𝛽 (TGF-𝛽) and IL-6, leads to initial Th17 cell differentiation, and STAT3 activation by these cytokines upregulates
the RAR-related orphan receptor 𝛾-t (ROR𝛾t) transcriptional
factor, while both factors increase proinflammatory IL-17
cytokine production [16]. However, studies show that IL-17
overproduction may induce pathological effects during Mtbinduced inflammation [17], although its role in establishing
clinically cured TB in humans still needs to be determined.
Treg cells are essential for immune tolerance and can suppress
the effector activity of several other Th subsets [18]. These
cells are characterized by expression of the transcriptional
factor forkhead box protein 3 (Foxp3) and may express high
levels, low levels, or no IL-2 receptor 𝛼-chain (CD25); yet
they still reveal the same transcriptional signature and potent
suppressor function [19]. In human tuberculosis, the role
of T regulatory cells remains controversial, especially the
relationship between protective and pathological responses
[20–22].
In our study, we used a single-cell analysis approach to
investigate the in vitro percentage levels of Th1, Th2, Th17,
and Treg cells after in vitro Mycobacterium-specific antigen stimulation in active pulmonary tuberculosis, clinically
cured pulmonary tuberculosis, and TST+ healthy donors to
determine the extent to which active disease development,
therapeutic intervention, and clinical recovery impact the
percentage levels of these cells. Our results suggest that
the development of active pulmonary tuberculosis reduces
the percentage of Mycobacterium-specific Th1 cells but not
Th2 cells, which become predominant, compared with Th1
and Th17 cells. Additionally, active-TB patients have a predominance of various subpopulations of potential regulatory
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cells (FoxP3+) compared with Th1 and Th17 cells. Moreover,
the establishment of clinically cured TB leads to an overall
increase in subpopulations of CD4+ T cells (Th1, Th2, Th17,
and Treg), despite Th1 and Th17 cells predominate.

2. Patients and Methods
Peripheral blood samples were collected from 10 patients with
active pulmonary tuberculosis (TB-active group), 10 patients
with clinically cured pulmonary tuberculosis (TB-treated
group), and a control group of 10 healthy individuals with
no history of tuberculosis (pulmonary or extrapulmonary)
but with a positive tuberculin skin test (healthy control),
located in the same microregion and in compliance with the
exclusion criteria. None of the TB-treated patients had any
symptoms indicating that active disease developed after the
end of treatment. All of the participants in this study were
recruited from the city of Uberaba, in the state of Minas
Gerais, in the southeast region of Brazil. Brazil is one of
the 22 high-burden countries that collectively account for
approximately 80% of the TB cases in the world. In the state of
Minas Gerais, an average of 6,085 cases/year occurred in the
last six years, with an incidence coefficient of 23 cases/100,000
inhabitants, the 4th highest TB burden in the country. The
city of Uberaba had 73 confirmed cases in 2012 [23, 24].
The diagnosis of tuberculosis was based on clinical,
radiographic, and laboratory findings, and it was performed
by the Municipal Department of Health team in Uberaba,
Minas Gerais state, Brazil. Patients with a diagnosis of
pulmonary tuberculosis were immediately referred for specific chemotherapy according to the regimen recommended
by the Brazilian Ministry of Health. Blood was collected
from patients with active disease for a maximum period
of 21 days after the beginning of treatment in order to
reduce the impact of therapy on the parameters studied.
HIV-infected patients (regardless of clinical disease status),
transplant patients, patients using immunosuppressive drugs,
patients with chronic alcoholism, malnourished patients, and
patients with any known cause of immunosuppression were
excluded from the study. All of the participants recruited were
previously vaccinated with BCG.
2.1. Ethics Statement. This study was approved by the Ethics
Committee of Federal University of Triângulo Mineiro, Uberaba, Minas Gerais state, Brazil, and all participants signed the
Free and Informed Consent Form.
2.2. Isolation and Culture of Peripheral Blood Mononuclear Cells. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque density gradient centrifugation (GE Healthcare, Uppsala, Sweden) at 400 ×g at 21∘ C
for 30 min. The cells were then resuspended in RPMI
1640 medium (GE Healthcare) containing 50 mM HEPES
buffer (Gibco, Grand Island, NY, USA), 10% inactivated
fetal bovine serum (Gibco), 2 mM L-glutamine (Gibco),
50 mM 𝛽-mercaptoethanol (Gibco), and 40 𝜇g/mL gentamicin (Neoquı́mica, Anápolis, GO, Brazil) to a final concentration of 2 × 106 cells/mL. PBMCs were cultured in 24-well
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microplates (Falcon, San Jose, CA, USA) in the presence of
4 𝜇g/mL M. bovis antigen or maintained in culture medium
at 37∘ C in a 5% CO2 atmosphere. The cells were collected after
48 h for immunophenotyping.
2.3. Preparation of Mycobacterium Bovis Soluble Antigens.
Mycobacterium antigens were extracted from Mycobacterium
bovis (bacillus Calmette-Guérin (BCG)), strain Moreau
(Instituto Butantan, São Paulo, Brazil). The mycobacteria
were first resuspended in 0.85 g NaCl at a concentration of 2 ×
106 bacteria/mL, in accordance with the recommendations
of Instituto Butantan. Next, the bacteria were incubated
in a water bath at 90∘ C for 30 min and then autoclaved
for 30 min. The cultures were centrifuged at 10,000 ×g at
4∘ C for 30 min and the supernatant (protein fraction) was
collected and filtered through a 0.22 𝜇m filter (Millipore,
Molsheim, France). Protein concentration was quantified
by the Bradford method (Pierce, Rockford, IL, USA) and
the protein fraction was divided into aliquots and stored at
−20∘ C.
2.4. Analysis of Transcription Factors and Intracellular
Cytokines Associated with T Helper Subsets. For analysis of T
cell profiles, PBMCs cultured for 48 h were resuspended (5 ×
105 cells/mL) in Hank’s medium (Sigma, St. Louis, MO, USA),
washed three times (400 ×g, 4∘ C, 10 min), and incubated in
Hank’s medium supplemented with 10% inactivated human
AB+ serum. Subsequently, the samples were labeled with
corresponding surface antibodies for each T cell profile.
The cells were washed to remove excess antibody and then
permeabilized and fixed with the addition of 500 𝜇L Cytoperm/Cytofix (BD Biosciences, San Jose, CA, USA). Next,
the samples were labeled with corresponding intracellular
antibodies for each T cell profile and washed again to remove
excess antibodies. Finally, the cells were resuspended in
500 𝜇L PBS containing 0.5% paraformaldehyde and stored at
4∘ C in the dark until flow cytometry analysis. The samples
were labeled with antibodies (BD Biosciences, San Jose,
CA, USA) for T cell profiles, including Th1 (IFN-𝛾-FITC,
T-bet-PE, and CD4-PerCP), Th2 (IL-4-FITC, GATA-3-PE,
and CD4-PerCP), Th17 (IL-17-FITC, ROR𝛾T-PE, and CD4PerCP), and Treg (CD25-FITC, FoxP3-PE, and CD4-PerCP).
A FACSCalibur cytometer (Becton-Dickinson, Mountain
View, CA, USA) was used for the acquisition of events
(100,000 events/tube) and the data were analyzed using the
CellQuest program (Becton-Dickinson).
2.5. Statistical Analysis. Statistical analysis was performed
using StatView software (version 4.57, Abacus Concept,
Berkeley, CA, USA) and GraphPad Prism software (version
6.00, GraphPad Software, La Jolla, California, USA). Variables without normal distribution, which were expressed as
the median, with range and percentiles, were analyzed using
the Kruskal-Wallis test followed by Dunn’s post hoc test to
compare the three groups. Correlation analyses were performed using the Spearman test. Differences were considered
statistically significant if 𝑃 < 0.05.
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3. Results
3.1. Percentage of In Vitro Activated CD4+ T Cells after
Mycobacterial Antigen Stimulation Is Increased in TB-Treated
Patients. The percentage of activated CD4+ T cells after
specific stimulation was measured by the expression of CD69.
CD69 is a molecule expressed in T cells after stimulation
via the TCR [25, 26], and although it is an early activation
marker that is expressed within minutes after cell activation,
it is relatively stable, especially in vitro [27, 28]. Activated T
cell phenotype was examined by the coexpression of CD4
and CD69 (activated T helper cells), as illustrated in Figures
1(a) and 1(b). In our study, we observed an increase in
CD4+ T cell activation in the Pulmonary-TB-treated group in
comparison with the active-pulmonary-TB group and TST+
healthy donors after antigen stimulation (𝑃 = 0.016 and
𝑃 = 0.029, resp., Kruskal-Wallis test followed by Dunn’s post
hoc test) (Figure 1(c)).
3.2. Clinically Cured Tuberculosis Increases MycobacteriumSpecific T Helper Cells. We evaluated CD4+ T cells expressing
transcription factors and cytokines related to Th1 (T-Bet and
IFN-𝛾), Th2 (GATA-3 and IL-4), and Th17 (ROR𝛾T and IL17) after in vitro culture in the absence or presence of antigen
stimulation. The results were expressed as the percentage of
positive cells compared with CD4+ T cells, as illustrated in
Figures 2(a)–2(d). We have observed, in general, that the
clinical cure of pulmonary tuberculosis leads to an increase
in Th1, Th2, and Th17 Mycobacterium-specific cells compared
with patients with active pulmonary tuberculosis and TST+
controls.
The pulmonary-TB-treated group showed a higher percentage of CD4+IFN-𝛾+ cells in antigen-stimulated cultures
than did the active-pulmonary-TB group and healthy donors
(𝑃 = 0.006 and 𝑃 = 0.049, resp., Kruskal-Wallis test
followed by Dunn’s post hoc test). Furthermore, although
TST+ healthy controls showed a lower percentage of antigenspecific CD4+IFN-𝛾+ cells than did clinically cured patients,
they showed a higher percentage of these cells than did the
active-pulmonary-TB group, but not statistically significantly
(𝑃 = 0.04, Kruskal-Wallis test followed by Dunn’s post hoc
test), Figure 2(e).
Similarly, the percentage of CD4+T-bet+ cells was higher
in clinically cured individuals with pulmonary tuberculosis
than in those with active disease, both in cultures without
stimulation (𝑃 = 0.001, Kruskal-Wallis test followed by
Dunn’s post hoc test) and with stimulation (𝑃 = 0.001,
Kruskal-Wallis test followed by Dunn’s post hoc test). Analogous to the CD4+IFN-𝛾+ cells, the healthy donors had a
significantly higher percentage of antigen-specific CD4+Tbet+ cells than did those with active-pulmonary TB (unstimulated, 𝑃 = 0.02; antigen, 0.021, Kruskal-Wallis test followed
by Dunn’s post hoc test), Figure 2(f). In evaluating the
cells coexpressing T-bet and IFN-𝛾 (classical Th1 cells), we
observed an increase in the percentage of double-positive
cells in clinically cured individuals when compared with
unstimulated and stimulated cultures from the active disease
group (𝑃 = 0.004 and 𝑃 = 0.0006, resp., Kruskal-Wallis test
followed by Dunn’s post hoc test), Figure 2(g).
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Figure 1: Activation of T helper cells in patients with active tuberculosis, clinically cured tuberculosis, and TST+ healthy donors. (a) Schematic
representation of the gating strategy and determination of percentage of CD69+ cells among CD4+ cells in stimulated (4 𝜇g/mL M. bovis
antigen) and unstimulated (medium only) cultures. First, T cells were separated based on FSC and SSC patterns. Then, these cells were isolated
according to CD4 expression. (b) Activation was evaluated based on CD69 expression. Positive cells were defined using an appropriate isotype
control. (c) Comparison among healthy donors TST+ (white box-plots), active-TB patients (dashed box-plots), and TB-treated patients (gray
box-plots) in stimulated (4 𝜇g/mL M. bovis antigen) and unstimulated (medium only) cultures. ∗ 𝑃 < 0.05: Kruskal-Wallis test followed by
Dunn’s post hoc test. Horizontal lines represent the median, bars represent 25th–75th percentiles, and vertical lines represent 10th–90th
percentiles.

Regarding Th2 responses, we observed that the TBtreated patients had a significantly higher percentage of
CD4+IL-4+ cells than did those presenting active disease
(𝑃 = 0.005, Kruskal-Wallis test followed by Dunn’s post hoc
test), although this difference was not statistically significant
when analyzing the isolated expression of GATA-3 (Figures
2(h) and 2(i)). However, we demonstrated a significantly
higher percentage of CD4+GATA-3+IL-4+ cells in antigenstimulated cultures from TB-treated patients, compared with
those from TST+ controls and active-TB patients (𝑃 = 0.021
and 𝑃 = 0.034, resp., Kruskal-Wallis test followed by Dunn’s
post hoc test), Figure 2(j).
Additionally, when analyzing the Th17-axis, we observed a
significant increase in CD4+IL-17+ and CD4+ROR𝛾T+ cells
in stimulated cultures from TB-treated patients compared
with TST+ controls (𝑃 = 0.02 and 𝑃 = 0.002, resp., KruskalWallis test followed by Dunn’s post hoc test), Figures 2(k)
and 2(l). However, when TB-treated patients were compared
to TB-Active patients, this difference was only significant

for CD4+ROR𝛾T+, although under both stimulated and
unstimulated culture conditions (𝑃 = 0.002 and 𝑃 = 0.0003,
resp., Kruskal-Wallis test followed by Dunn’s post hoc test),
Figure 2(l). In evaluating CD4+ROR𝛾T+IL-17+, we observed
an increase in the percentage of antigen-specific cells in TBtreated patients compared with the active-TB patients and
TST+ controls (𝑃 < 0.0001 and 𝑃 < 0.0001, resp., KruskalWallis test followed by Dunn’s post hoc test).
Together, our data indicate that the processes of development of active pulmonary tuberculosis and subsequent
clinical cure after treatment have a direct impact on the
repertoire of T helper cells, and the process of clinical cure
has an impact of increasing the percentage of Mycobacteriumspecific Th1, Th2, and Th17 cells. Furthermore, despite the
fact that all patients had been vaccinated during infancy with
BCG and were TST+, the repertoire against soluble crude
antigens of Mycobacterium bovis varies considerably, showing
that the host-parasite equilibrium in latent TB breaks in favor
of the microorganism and that subsequent clinical recovery
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Figure 2: Transcription factors and cytokines in T helper cells from active tuberculosis patients, clinically cured tuberculosis patients, and
TST+ healthy donors. (a) Schematic representation of the gating strategy of CD4+ T cells and determination of percentage of transcription
factors and cytokines ((b) T-Bet and IFN-𝛾; (c) GATA-3 and IL-4; (d) ROR𝛾T and IL-17) in CD4+ cells. From left to right, T cells were
separated based on FSC and SSC patterns. These cells were isolated according to CD4 expression and the expression of transcription factors
and cytokines was evaluated. Dot plots representative of a single participant are shown. (e)–(m) Comparison of cytokines and transcription
factors among TST+ healthy donors (white box-plots), active-TB patients (dashed box-plots), and TB-treated patients (gray box-plots) in
stimulated (4 𝜇g/mL M. bovis antigen) and unstimulated (medium only) cultures. (e) %IFN-𝛾+; (f) %T-Bet+; (g) T-Bet+IFN-𝛾+; (h) %IL-4+;
(i) %GATA-3+; (j) GATA-3+IL-4+; (k) %IL-17+; (l) %ROR𝛾T+; (m) ROR𝛾T+IL-17+. ∗ 𝑃 < 0.05: Kruskal-Wallis test followed by Dunn’s post
hoc test. Horizontal lines represent the median, bars represent 25th–75th percentiles, and vertical lines represent 10th–90th percentiles.
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Figure 3: T helper regulatory cells in active tuberculosis, clinically cured tuberculosis, and TST+ healthy donors. (a) Cells were previously
separated based on FSC and SSC patterns (as showed in Figure 2(a)). (b) These cells were isolated according to CD4 expression and the
expression of CD25 was evaluated (upper panel). Lower left panel represents FoxP3+ cells in CD4+CD25− cells and lower right panel
represents FoxP3+ cells in CD4+CD25+ cells. Positive cells were defined using an appropriate isotype control. Dot plots representative of a
single participant are shown. Comparison of (c) %CD4+CD25−, (d) %CD4+CD25+, (e) %CD4+CD25+FoxP3+, (f) %CD4+CD25Low FoxP3+,
and (g) %CD4+CD25High FoxP3+ among TST+ healthy donors (white box-plots), active-TB patients (dashed box-plots), and TB-treated
patients (gray box-plots) in stimulated (4 𝜇g/mL M. bovis antigen) and unstimulated (medium only) cultures. ∗ 𝑃 < 0.05: Kruskal-Wallis
test followed by Dunn’s post hoc test. Horizontal lines represent the median, bars represent 25–75th percentiles, and vertical lines represent
10–90th percentiles.

posttreatment does not return cell percentage levels to those
observed in latent tuberculosis.

resp., Kruskal-Wallis test followed by Dunn’s post hoc test),
Figure 3(g).

3.3. Different T Regulatory Subsets Are Increased between
Active-TB and Clinically Cured Tuberculosis Patients. Analogous to our observation of significant differences in the
percentage of Th1, Th2, and Th17 cells among active-TB,
TB-treated, and TST+ healthy donors, it is possible that
these different clinical conditions affect the repertoire of T
regulatory cells. Due to the wide phenotypic range described
for these cells, we chose to evaluate different subtypes of
Treg based on expression of CD25 and FoxP3. Thus, we
evaluated CD25−FoxP3+, CD25+FoxP3+, CD25Low FoxP3+,
and CD25High FoxP3+ cells.
We observed that TB-treated patients had a higher
percentage of CD4+CD25−FoxP3+ than TST+ controls and
TB-active patients in cultures stimulated with antigen (𝑃 =
0.027 and 𝑃 = 0.019, resp., Kruskal-Wallis test followed by
Dunn’s post hoc test), Figure 3(c). Regarding the expression
of CD25, although we observed an upward trend associated
with clinical cure, no significant difference was observed,
Figure 3(d).
We observed an increase in both CD4+CD25+FoxP3+
cells and CD4+CD25Low FoxP3+ cells in TB-treated patients
compared to active-TB patients and healthy donors, Figures 3(e) and 3(f). However, an increase in the in vitro
percentage of CD4+CD25High FoxP3 cells was observed in
active pulmonary tuberculosis patients in stimulated cultures
(𝑃 = 0.029 resp., Kruskal-Wallis test followed by Dunn’s
post hoc test). These cells remained significantly elevated in
patients after clinical cure in stimulated cultures (𝑃 = 0.045,

3.4. Active-TB and TB-Treated Patients and TST+ Healthy
Donors Present Different Ratios of T Helper Subsets. The
overall profile of immune response can be influenced not only
by the percentage of cells committed to specific phenotypes
but also by the ratio of cells with different functions. Based
on this phenomenon, we investigated whether differences
in the percentage of Mycobacterium-specific T helper cells
influenced the growing prevalence of effector populations
(Th1, Th2, and Th17), regulatory populations (Treg subtypes),
or the ratio among Th1, Th2, and Th17 cells.
We observed that healthy controls and individuals with
clinically cured tuberculosis exhibit a significantly elevated
Th1 : Th2 ratio (𝑃 = 0.003 and 𝑃 = 0.004, resp., KruskalWallis test followed by Dunn’s post hoc test), Figure 4(a),
left bars. Additionally, TB-treated patients have a higher
Th17 : Th2 ratio than active-TB patients (𝑃 = 0.014, KruskalWallis test followed by Dunn’s post hoc test), Figure 4(a), right
bars.
Regarding regulatory T cells, TST+ healthy controls
had higher Th1 : Treg ratio for Treg CD4+CD25−FoxP3+
and CD4+CD25High FoxP3+ subpopulations than TB-active
patients (𝑃 = 0.007 and 𝑃 = 0.023, resp., KruskalWallis test followed by Dunn’s post hoc test) and Th17 : Treg
ratios for all the CD4+CD25+FoxP3+ subpopulations evaluated (CD25+, 𝑃 = 0.008; CD25Low , 𝑃 = 0.015; and
CD25High , 𝑃 = 0.017, Kruskal-Wallis test followed by Dunn’s
post hoc test), Figures 4(b) and 4(c). Similar results were
observed in TB-treated patients for CD4+CD25−FoxP3+ and
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Figure 4: Ratios between different subtypes of Mycobacterium-specific T cells in patients with active tuberculosis, patients after
treatment, and TST+ healthy donors. The ratios were calculated using the percentages of double positive cells (transcription factor and cytokine) in cultures stimulated with BCG antigen. (a) From left to right: Th1 (CD4+T-Bet+IFN-𝛾+)/Th2 (CD4+GATA3+IL-4+), Th1/Th17 (CD4+ROR𝛾T+IL-17+), and Th17/Th2. (b) From left to right: Th1/CD4+CD25−FoxP3+, Th1/CD4+CD25+FoxP3+,
Th1/CD4+CD25Low FoxP3+, and Th1/CD4+CD25High FoxP3+. (c) From left to right: Th2/CD4+CD25−FoxP3+, Th2/CD4+CD25+FoxP3+,
Th2/CD4+CD25Low FoxP3+, and Th2/CD4+CD25High FoxP3+. (d) From left to right: Th17/CD4+CD25−FoxP3+, Th17/CD4+CD25+FoxP3+,
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CD4+CD25High FoxP3+ relative to Th1 cells (CD25−, 𝑃 =
0.046; CD25High , 𝑃 = 0.0028, Kruskal-Wallis test followed
by Dunn’s post hoc test) and Th17 cells (CD25−, 𝑃 =
0.013; CD25High , 𝑃 = 0.034, Kruskal-Wallis test followed
by Dunn’s post hoc test). Regarding the Th2 : Treg ratio, significant differences (elevated ratios) were only observed for
CD4+CD25High FoxP3+ in TB-Treated patients and healthy
controls (𝑃 = 0.048 and 𝑃 = 0.016, resp., Kruskal-Wallis test
followed by Dunn’s post hoc test).

Taken together, our data indicate that important phenomena are related to the development of active tuberculosis
and subsequent clinical cure. The process of triggering active
disease appears to reflect a small but broad repertoire of
T helper cells (Th1, Th2, and Th17) and an increase in
CD4+CD25High FoxP3+ cells, compared with those in TST+
individuals without disease. Clinical cure of tuberculosis
leads to a significant increase in all T cell profiles evaluated
(Th1, Th2, Th17, and Treg, although with differences among
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subtypes of the latter). Interestingly, this repertoire is still
higher than that in TST+ individuals with no history of active
disease. Moreover, although they displayed a smaller overall
repertoire of Th cells, active-TB patients showed a ratio
of these cells favoring Th2 and Treg populations, whereas
healthy controls and clinically cured patients had a higher
proportion of Th1 and Th17 cells.

4. Discussion
Our data indicate a decreased capacity for activation of
helper T lymphocytes in patients with active tuberculosis,
represented by the lowest percentage of CD69+ cells. Additionally, the clinical cure of tuberculosis led to a greater
repertoire of CD4+ T cells activated by soluble antigens
derived from M. bovis, demonstrating the potential of these
antigens to stimulate a specific response due to prior development of tuberculosis, contact with mycobacteria without
development of disease, or BCG vaccination, which is widely
administered in the study region.
Several previous reports also suggest a deficiency in this
activation in active tuberculosis patients, in both CD4+ T
cells and CD8+ T cells [29–31]. Our results suggest the possibility that, in patients with active disease, Mycobacterium
antigen-specific T cells are retained in the lungs, thus decreasing the circulating population. Cured individuals, however,
present a large number of specific, highly activated lymphocytes (CD69+) in peripheral circulation. Indeed, several
authors demonstrate that there is not always a relationship
between circulating T cell clones and those retained in an
infectious site, especially in active tuberculosis [32–34]. An
important aspect to be considered is whether the lower
percentage of activated T cells observed in active disease
patients is a consequence of tuberculosis reactivation, in
which microbial antigens impair the antigen presentation and
differentiation of T helper lineages, or whether this decrease
is actually the primary cause of disease reactivation. In fact,
it has been demonstrated that Mycobacterium tuberculosis
molecules can negatively modulate antigen presentation, thus
impacting immunoregulatory cytokine secretion [35].
The role of T helper cells has been extensively investigated in active disease and progression to clinically cured
posttreatment status (for a review, see [36]). As already
discussed, cellular immunity, especially mechanisms based
on Th1 cells, is highly involved in the immune response to
infection with M. tuberculosis. IFN-𝛾 is the major cytokine
secreted by Th1 cells, and its importance has been broadly
investigated. Several experimental models demonstrate a
major susceptibility to M. tuberculosis infection when IFN-𝛾
production is compromised [4, 37]. In fact, our results point
to a reduction in Th1 cells in active-TB patients followed
by an increase in these cells after clinical cure. Our group
also described this outcome in previous results that evaluated culture supernatants [5], in accordance with previous
reports [12, 13, 29, 38–42]. Shams et al. demonstrate that
these active-TB patients present a lower frequency of IFN𝛾-producing CD4+ T cells, a result that is more evident in
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severe disease [43]. A recent study found a reduction in IFN𝛾-producing cells that were associated with active disease
when compared to those from noninfected controls [44]. Furthermore, Mycobacterium tuberculosis-infected mice lacking
T-Bet display an increased susceptibility to disease, most
likely due to an IFN-𝛾/IL-10 imbalance [45]. Over the
years, several studies have identified genetic polymorphisms
associated with different molecules in the IFN-𝛾 induction
pathway, especially T-Bet, STAT1, and IFNGR1/IFNGR2 [46],
and these polymorphisms seem to influence susceptibility
to several infectious diseases, including tuberculosis [46–
48]. Recent reports have shown that STAT1 polymorphisms
impair early, but not late, responses to interferons [49]. It has
also been shown that the relationship between APCs and T
cells appears to be compromised by these polymorphisms in
the IFN-𝛾 pathway, via direct influence on the induction of
cellular immune response profiles [46]. These aspects could
have a direct effect on the development of active tuberculosis,
by delaying the recovery of IFN-𝛾 production that is required
for clinical cure. In fact, polymorphisms in IFN-𝛾 as well
as in IL-10, TGF-𝛽, and IL-12 can influence the response to
antituberculosis treatment [50]. Furthermore, the immune
response to mycobacterial infections can be affected by epigenetic modifications, as recently demonstrated in a bacillus
Calmette-Guérin infection [51], and these mechanisms have
been shown to be essential for the development and stability
of T helper cells [52, 53].
In human tuberculosis patients, the roles of Th2 cells
and IL-4 are similarly controversial. Surcel et al. and van
Crevel et al. found an association between an increase of IL4 and active tuberculosis development, especially in severe
forms of the disease [11, 54]; Lin et al. observed a decreased
Th1 response in active patients who is not accompanied
by an increased Th2 response [12]. Recently, Winkler et al.
reported that, even in active patients presenting a decrease in
IFN-𝛾-secreting CD4+ Th1 cells, there was no difference in
the percentage of IL-4- or IL-13-secreting CD4+ cells when
compared with TST+ controls [31], similar to our results.
Recently, the participation of Th2 cytokines in susceptibility
to tuberculosis has been associated with the inhibition of
autophagy, which is important in the immune response
against M. tuberculosis infection [9, 55, 56]. These findings
corroborate the concept that a Th2 profile favors the development of active tuberculosis. However, it is still unclear if
Th2 cytokine production is the primary cause of tuberculosis
reactivation or simply a consequence of active infection [57].
In particular, our data indicate that active tuberculosis is not
characterized by an increase of Th2 cells compared with TST+
Healthy controls, but Th2 Mycobacterium-specific cells are
augmented in clinically cured tuberculosis patients. However,
despite presenting lower numbers of Th1 and Th2 cells than
TB-treated patients, active-TB patients show a Th1 : Th2 ratio
favoring CD4+GATA-3+IL-4+ cells. This reversal may be
related to imbalances in the host-parasite relationship and the
development of active disease, as well as to difficulties clearly
determining the function of Th2 cells in the establishment
and progression of pulmonary tuberculosis.
Studies in experimental models originally proposed that
Th17 cells would be dispensable for protection against
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mycobacterial infection [58]. However, later studies showed
that IL-17-secreting cells are involved in several aspects of
the immune response to tuberculosis, both in human and
experimental models; these Th17 cells may confer protection
through IFN-𝛾-independent mechanisms by driving the initial events of granuloma formation and remain as long-lived
memory cells [15, 59, 60]. Studies in humans have pointed
to a deficient Th17 response in active TB patients, especially
when compared with latent TB, a finding that seems to be
related to Th17 cell recruitment to the lung environment
[61, 62]. Despite disagreement about the phenotypic stability
of Th17 cells, particularly regarding the transition to a Th1
phenotype [63–65], in a Mycobacterium-specific immune
response these cells seem to assume a stable and distinct
identity from Th1 response [60, 66]. Our study shows an
induction of Th17 cells associated with clinical cure, parallel
to an increase in Th1 and Th2 cells. Despite this overall
increase in Mycobacterium-specific T cell subsets, clinically
cured tuberculosis is accompanied by a functional repertoire
with a favorable Th1/Th17 ratio.
These two populations seem to actively influence each
other during infection with M. tuberculosis. Recent studies
have shown that IL-17 production and the induction of neutrophil accumulation in the lungs aggravate tissue damage
induced by M. tuberculosis infection [67], and high levels
of IFN-𝛾 production reduce this migration and associated
lesions [68]. On the other hand, Wozniak et al. demonstrate
that IL-17-secreting cells can provide IFN-𝛾-independent
protection in tuberculosis, but that cross-regulation between
Th1 and Th17 seems to be essential to confer a significant
protective effect against M. tuberculosis and reduce damage
to infected organs [59]. This Th1/Th17 interface is likely to be
directly related to clinical cure, with control of microorganisms, but not sterilization, reducing tissue damage.
Naturally occurring CD4+CD25+ regulatory T (Treg)
cells, which constitutively express the transcription factor
Foxp3, are indispensable for the maintenance of immune
self-tolerance and homeostasis by suppressing aberrant or
excessive immune responses harmful to the host [69, 70]. The
majority of Foxp3+ natural Treg (nTreg) cells are produced
by the thymus as an antigen-primed and functionally mature
T cell subpopulation specialized for immune suppression.
Some of these cells also differentiate from naive conventional
T (Tconv) cells in the periphery under certain conditions. The
main task of Foxp3+ nTreg cells is to migrate to inflammation
sites and suppress various effector lymphocytes, especially
helper T (Th) cell subsets: Th1, Th2, Th17, and follicular Th
(Tfh) cells [71–74]. Although most Treg cells are CD25+, some
are CD4+CD25−FoxP3+, which reflects induced Tregs [75].
Studies of the direct effect of Treg cells in tuberculosis suggest
that these cells participate in immunosuppression observed
in individuals with more severe active disease [20], showing
that T regulatory cells are increased in these individuals and
also exercise regulatory activity, with IFN-𝛾 levels returning
to normal after depletion [21, 22]. Previous results suggest
an important role of Tregs in reactivation of latent infection
and in the development of active tuberculosis by decreasing
IFN-𝛾 responses, while IL-17 may continue facilitating the
accumulation of cells in inflamed tissues [76]. Furthermore,
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a previous report points to an increase in CD4+CD25+ and
CD4+CD25+FoxP3+ cells associated with active pulmonary
tuberculosis [77], but the inactivation of CD4+CD25+ T
cells has no effect on pathogen load and infection-induced
lung pathology [78]. In addition, there are very few studies
comparing T helper subsets in active disease and after clinical
cure. Our results indicate that, rather than an increase in
the percentage of Mycobacterium-specific Tregs, active TB
presents lower Th1 : Treg and Th17 : Treg ratios. These data,
together with lower Th1 : Th2 and Th17 : Th2 ratios, may
indicate a mechanism by which the breakdown of the hostparasite equilibrium leads to active tuberculosis and that
changes in the repertoire of Mycobacterium-specific Th cells
are associated with clinical cure after treatment of pulmonary
tuberculosis.
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We investigated whether an acute bout of moderate intensity exercise in the postprandial period attenuates the triglyceride and
airway inflammatory response to a high-fat meal (HFM) compared to remaining inactive in the postprandial period. Seventeen
(11 M/6 F) physically active (≥150 min/week of moderate-vigorous physical activity (MVPA)) subjects were randomly assigned
to an exercise (EX; 60% VO2peak ) or sedentary (CON) condition after a HFM (10 kcal/kg, 63% fat). Blood analytes and airway
inflammation via exhaled nitric oxide (eNO) were measured at baseline, and 2 and 4 hours after HFM. Airway inflammation was
assessed with induced sputum and cell differentials at baseline and 4 hours after HFM. Triglycerides doubled in the postprandial
period (∼113 ± 18%, 𝑃 < 0.05), but the increase did not differ between EX and CON. Percentage of neutrophils was increased 4 hours
after HFM (∼17%), but the increase did not differ between EX and CON. Exhaled nitric oxide changed nonlinearly from baseline to
2 and 4 hours after HFM (𝑃 < 0.05, 𝜂2 = 0.36). Our findings suggest that, in active individuals, an acute bout of moderate intensity
exercise does not attenuate the triglyceride or airway inflammatory response to a high-fat meal.

1. Introduction
The prevalence of asthma has been on the rise, particularly in
obese individuals [1]. Asthma is an airway hyperresponsiveness and inflammatory disorder. Specifically T helper type 2
(TH 2) activation causes airway eosinophilia in an acquired
immune response via the JAK/STAT/Raf-1 signal transduction pathway [2]. However, asthma may also be an innate
immune response via MyD88/IRAK signal transduction [2].
Recent studies confirm that saturated fatty acids activate
macrophages in this signal transduction pathway via nuclear
factor kappa B (NF𝜅B), increasing the cytokines IL-8, IL6, and TNF-𝛼 from the airway cells as well as increasing
the presence of pulmonary neutrophils [3]. Fat induced
activation of NF𝜅B occurs due to circulating nonesterified
fatty acids (NEFA), as well as reactive oxygen species (ROS)
[4]. Toll-like receptor-4 (TLR4) can also be activated by fatty
acids and can activate NF𝜅B [5]. This inflammatory cascade

results in an increase in inflammation in the airway via neutrophil influx and activation [6]. Ultimately, the burden of
eosinophilic and neutrophilic inflammation present in
asthma is reactive oxygen species (ROS) production and subsequent oxidative stress.
Typically the Western diet is calorically dense and nutrient poor, which leads to postmeal dysmetabolism and oxidative stress that increase in direct proportion to glucose and
triglycerides after a meal [7]. Increased dietary fat has been
found not only to activate the innate immune system, but also
to increase asthma risk [8], airway hyperresponsiveness [9],
and risk of chronic obstructive pulmonary disease (COPD)
[10] and negatively affect asthma outcomes [11]. In the past
decade, asthma prevalence has increased in Westernized
countries, with over 10% of US adults diagnosed with asthma
[12], which suggests that the consumption of dietary fat may
play a substantial role in asthma pathology [13].

2
Even a single high-fat meal (HFM) leads to an increase
in both systemic and airway inflammation that is thought
to be associated with elevated triglycerides [14, 15]. In 2010,
Rosenkranz et al. showed that airway inflammation (assessed
via exhaled nitric oxide (eNO)) increased by ∼20% in healthy
individuals after a HFM [15]. Exhaled NO has been validated
as an acceptable proxy for measuring airway inflammation
[16]. Similarly, Wood and colleagues reported an increase in
toll-like receptor-4 (TLR4) mRNA activation and subsequent
neutrophil influx in healthy subjects in the postprandial
period [17]. Neutrophil influx and activation have been linked
to asthma development and also endothelial dysfunction
[18]. Clearly previous research supports the notion that
the increased airway inflammation is associated with an
increased postprandial lipemia (PPL).
Previous work aimed at modulating postprandial airway
inflammation has focused on modification of fat quality [17]
or using dietary supplementation [19]. Ade and colleagues
reported that, after three weeks of fish oil supplementation
in the experimental group, there was no change in eNO
after HFM when compared to the control group (∼20%
increase in eNO after HFM). Researchers hypothesized that
the experimental group had a decreased sensitivity to triglycerides after the supplementation. Therefore it is important
to explore other methods to modulate airway inflammation
and diminish the potential effects of triglycerides on the
airways. To our knowledge, no research has investigated how
an acute bout of exercise or physical activity status affects the
postprandial airway inflammatory response.
Chronic exercise training has been shown to reduce basal
levels of systemic inflammation and attenuate both oxidative
stress and inflammation following an acute bout of physical
activity [20]. Therefore chronic exercise training may be
associated with an attenuation of airway inflammation in
the postprandial period. Chronic exercise training also leads
to an increased capacity to oxidize free radicals (i.e., an
increased antioxidant status) [21]. A HFM leads to a transient
increase in ROS, activating NF𝜅B [22]; however this increase
may by lessened in active individuals due to an increased
capacity to scavenge free radicals. It is possible that this may
lead to a decrease in sensitivity to the HFM. Additionally, an
acute bout of physical activity in the postprandial period is
effective in decreasing PPL and proinflammatory cytokines
[23]. A single bout of moderate-intensity exercise (∼60%
VO2max ) has been shown to decrease PPL in physically active
subjects [24]. The reduction in PPL from aerobic exercise
is beneficial from 16 hours prior to a HFM to 1.5 hours
after HFM [25]. An acute bout of exercise also is marked
by a transient increase in antioxidants that may protect
the vascular endothelium after a high-fat meal [26]. These
protective effects in the vascular endothelium may translate
to the airway endothelium.
Therefore the primary aim of the study was to investigate
whether an acute bout of moderate physical activity after
a HFM would attenuate PPL as well as modulate markers
of airway inflammation. We hypothesized that moderate
intensity physical activity in the postprandial period in
active individuals would attenuate the airway inflammatory
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response to a HFM compared to remaining inactive in the
postprandial period.

2. Methods
2.1. Subjects. Seventeen college-aged participants (24.7 ±
5.9 years) took part in the study (11 M/6 F). All subjects
were nonsmokers and were free of pulmonary, metabolic,
or cardiovascular diseases determined via a medical history
questionnaire. All subjects were active and exceeded physical
activity guidelines (i.e., engaged in moderate-vigorous physical activity (MVPA) ≥ 150 minutes per week), determined
via accelerometry. Written and verbal consent were obtained
from all subjects. The study was approved by the Institutional
Review Board Involving Human Subjects at Kansas State
University and conformed to the Declaration of Helsinki.
2.2. Experimental Design. Subjects visited the laboratory
two separate times, with one week in between trials. On
the first visit, height, weight, and waist to hip ratio were
assessed. Height was measured to the nearest 0.1 cm with a
portable stadiometer (Invictus Plastics, Leicester, England),
and body mass was measured to the nearest 0.1 kg with a
digital scale (Pelstar LLC, Alsip, IL, USA). A dual-energy Xray absorptiometry (DEXA) scan was performed to assess
body composition (GE Lunar Prodigy, Madison, WI, USA).
Pulmonary function tests (PFTs) were performed to ensure
that subjects had normal pulmonary health (MIR Winspiro
Pro, Waukesha, WI, USA). Subjects then completed a VO2peak
test on a treadmill to determine aerobic capacity, as well as
the duration of submaximal exercise if they were randomized
to the experimental (EX) group. Subjects then received
Actigraph GT3X accelerometers to assess physical activity for
the week (Actigraph, Pensacola, FL, USA).
Randomization occurred once subjects signed up for the
study by a random number generator (IBM SPSS Statistics
v22.0, IBM Corporation, Armonk, NY). The random number
generator assigned either a (1) for control (CON) condition
or a (2) for the exercise (EX) condition. In CON, subjects
remained sedentary in the postprandial period while in the
EX, subjects exercised at 60% of VO2peak (a brisk walk) to
expend half the calories they consumed from the HFM.
The subjects began the bout of exercise 60 minutes after
consuming the HFM. There were no dropouts after the subjects’ initial assessment. Subjects picked up the prepackaged
foods the night before the HFM and were asked to consume
only the foods provided and to return any foods that were
not consumed. Additionally, in the week after their initial
assessment and prior to the HFM testing day, subjects kept
a detailed 3-day food log.
One week following their initial assessment, subjects
visited the lab for their HFM testing session after a 12hour fast and abstaining from caffeine or alcohol. They were
also asked not to exercise for 24 hours prior to testing.
Subjects first completed measurements of exhaled nitric
oxide (eNO) followed by sputum induction. Afterwards, a
fingerstick was performed to measure triglycerides, glucose,
and cholesterol. Subjects then had 20 minutes to consume
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Figure 1: Experimental protocol for HFM testing day.

the HFM (described below). Immediately after the HFM
subjects underwent resting metabolic rate measurements,
which were repeated 200 minutes after HFM, blood draws
were performed at 2 and 4 hours after HFM. Exhaled nitric
oxide was assessed at 2 and 4 hours after HFM and sputum
induction and processing were performed at baseline and 4
hours after HFM. The experimental protocol is depicted in
the flow diagram (Figure 1).
2.3. Experimental Measures
2.3.1. Dietary Recall Log. A 3-day food record was used to
determine percent fat in the diet. Dietary intake was measured with a 3-day food record during the week between
lab visits. Subjects were trained to accurately complete the
dietary logs and diet was recorded on two weekdays and
one weekend day. Dietary intake was entered and analyzed
by a trained research assistant with Nutritionist Pro nutrient
analysis software version 5.2.0 (Axxya Systems, Nutritionist
Pro, Stafford, TX).
2.3.2. Pulmonary Function Assessment. Pulmonary function
tests were carried out during the first visit to the lab to assess
pulmonary health. Subjects performed standard PFTs (peak
expiratory flow (PEF), forced vital capacity (FVC), forced
expiratory volume in 1 s (FEV1 ), and forced expiratory flow
at 25–75% of vital capacity (FEF25–75 )) a total of three times
and within 10% of one another, and the maximal value was
recorded in accordance with the American Thoracic Society
Guidelines [27].
2.3.3. Peak Aerobic Capacity. An incremental test on a treadmill was performed to assess peak oxygen consumption
(Precor 932i). Heart rate was measured continuously using
a (Polar Wear Link Coded) chest strap heart rate monitor.
Metabolic and ventilatory data were assessed continuously
through breath-by-breath analysis (Parvo Medics TrueOne
2400 Metabolic Cart, Sandy, UT). A modified Borg rating
of perceived exertion (RPE) scale from 0 to 10 was used to
assess perceived effort at the end of each 3-minute stage. The
incremental protocol began after a four-minute warm-up at
the subjects fastest 5 k pace on 2% incline. The speed was
increased by 0.5 mph every two minutes and increased by

0.5 mph and 1% incline every two minutes past the third stage.
Heart rate and VO2 were recorded at the end of each stage
and upon completion of the test, and RPE was recorded 30
seconds prior to the end of each stage.
2.3.4. High-Fat Meal. The HFM consisted of 10 kcal/kg of
body weight (Jimmy Dean’s Meat Lover’s Breakfast bowl; 63%
fat). Subjects were required to ingest the meal within 20
minutes of their first bite [15, 19]. The nutritional make-up
of the meal was 460 calories per bowl, 33 grams of fat, 265
milligrams of cholesterol, 17 grams of total carbohydrate, and
24 grams of protein. Total kilocalories consumed ranged from
554.0 to 1113.0, while kilocalories from fat ranged from 349.0
to 701.2.
2.3.5. Blood Sampling. Blood sampling was done at baseline
prior to the HFM and at two hours and four hours after the
HFM. A fingerstick was performed to measure triglycerides,
glucose, and cholesterol. The fingerstick was performed and
blood was collected in a capillary tube and analyzed using
LDX cassettes (Cholestech LDX Analyzer, Alere San Diego
Inc., San Diego, CA).
2.3.6. Resting Metabolic Rate. Indirect calorimetry using
a ventilated metabolic hood was used to assess resting
metabolic rate (Parvo Medics TrueOne 2400 Metabolic Cart,
Sandy, UT). Subjects were instructed to lie down with their
head raised on a pillow for RMR measurements. They were
instructed to remain still on the bed with the hood over
their head for 30 minutes. An investigator stayed with the
subject to ensure the blower for CO2 remained at 1%. The
first five minutes and the last five minutes were not included
in the data. All other data were recorded every five minutes
during the testing session and averaged for calculation of
macronutrient utilization, resting energy expenditure, and
estimated energy expenditure during the testing procedure
duration.
2.3.7. Exhaled Nitric Oxide. Nitric oxide in exhaled breath
was measured via chemiluminescence (Sievers Nitric Oxide
Analyzer 280, Sievers Instruments Inc., Boulder, CO, USA).
Subjects were asked to inhale to total lung capacity and
steadily exhale at a constant flow rate for 6 seconds while
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Table 1: Subjects’ characteristics.

Age (years)
Height (cm)
Weight (kg)
Body mass index (BMI) (kg/m2 )
Body fat (%)
Waist circumference (cm)
Systolic (mmHg)
Diastolic (mmHg)
VO2 (L/min)
VO2peak (mL/kg/min)
Baseline pulmonary function tests
PEF (L/s)
FVC (L)
FEV1 (L)
FEV1 /FVC
FEF25–75% (L/s)

CON (7 M/2 F)
Value ± SD
22.4 ± 3.3
177.0 ± 9.6
79.3 ± 16.4
25.1 ± 2.9
16.1 ± 6.8
84.8 ± 5.1
120.6 ± 14.7
65.1 ± 9.4
4.3 ± 0.9
54.2 ± 4.7
CON (7 M/2 F)
Value ± SD
9.4 ± 3.02
6.0 ± 1.9
5.1 ± 1.5
86.7 ± 7.3
5.4 ± 1.5

Range
19–30
165.4–193.5
62.3–111.3
20.9–29.7
5.4–24.3
77.5–91.3
98–141
50–79
3.3–5.6
47.2–63.1
Percent of predicted
109.1 ± 22.1
121.1 ± 21.8
5.1 ± 1.5
86.7 ± 7.3
112.1 ± 23.1

EX (4 M/4 F)
Value ± SD
27.3 ± 7.3
170.4 ± 7.8
70.7 ± 10.2
24.4 ± 3.1
23.5 ± 11.1
85.5 ± 6.3
114.0 ± 6.4
66.8 ± 7.5
3.9 ± 1.0
54.9 ± 11.1
EX (4 M/4 F)
Value ± SD
8.3 ± 2.3
4.7 ± 1.3
4.2 ± 1.2
87.8 ± 2.0
4.8 ± 1.2

Range
19–38
162.6–183.1
55.5–87.5
19.5–27.9
8.5–42.2
75.7–95.1
108.5–126.5
60.5–82.0
2.9–5.6
39.2–68.9
Percent of predicted
104.3 ± 9.5
108 ± 11.6
111.4 ± 15.2
105.8 ± 3.7
108.3 ± 18.9

Values are expressed as mean ± SD. There were no significant differences between CON and EX at baseline, 𝑃 > 0.05.
PEF: peak expiratory flow; FVC: forced vital capacity; FEV1 : forced expiratory volume in 1 s; FEV1 /FVC (%): ratio of forced expiratory volume in 1 s to forced
vital capacity; FEF25–75 : forced expiratory flow between 25 and 75%.

data were recorded in real time. All tests were performed
according to ATS Guidelines for measuring eNO [28]. The
test was performed three times, and values within 5% of one
another were averaged and included in analysis [15, 19].

was not countable. Sputum cell differentials were performed
by a blinded investigator. Cell differentials were performed
the same as validated methods from Telenga and colleagues
[32].

2.3.8. Sputum Induction. For sputum induction, hypertonic
saline (5%) was administered for up to 30 minutes via an
ultrasonic nebulizer (Omron Healthcare, Lake Forest, IL,
USA). The aerodynamic diameter was 5 𝜇m and the output
was 0.7 mL/min. Subjects were asked to rinse their mouth out
carefully and try to expectorate sputum into a container every
five minutes. The nebulizer was stopped after 30 minutes or
earlier if enough sample was collected and a selective plug
could be obtained [29].

2.3.10. Statistical Analysis. Data analyses were conducted
using IBM SPSS Statistics v22.0 (IBM Corporation, Armonk,
NY). Pearson’s 2-tailed correlations were used to determine
associations between independent and dependent variables.
All parametric assumptions were met and therefore appropriate parametric tests were used to determine differences
between and within groups. Statistical comparisons between
conditions (EX versus CON) at each time point were performed using a one-way analysis of variance (ANOVA). For
blood analytes, a 2 (condition) × 3 (time) mixed factors
ANOVA was performed, where condition was the betweensubjects factor and time (baseline, 2 hours, and 4 hours)
was the within-subjects factor. This was followed by post hoc
Bonferroni tests to test pairwise comparisons. For metabolic
and airway cell differentials, 2 (condition) × 2 (time) mixed
factors ANCOVAs were conducted, with baseline inflammatory cell levels entered as covariates. For all analyses, the
significance criterion was set at 𝑃 < 0.05.

2.3.9. Sputum Processing and Analysis. All samples were
processed within two hours of sputum induction. The quality, size, and number of plugs were recorded and treated
with 0.1% dithiothreitol (DTT) in diluted water (4 times
by weight) and phosphate-buffered saline (PBS) [30]. Cell
viability was assessed by the trypan blue exclusion method
and recorded from counts performed on the hematocytometer. The remaining filtrate was resuspended and three
cytospins were made from every sample with 100–150 𝜇L
at 500 rpm for 15 minutes. Slides were stained with DiffQuick and mounted with Permount. Salivary contamination
was assessed using methods of Pizzichini and colleagues
[31]. In 20 subjects, 55% completed the sputum induction
measurements at baseline and the 4-hour time point, and
an additional six completed baseline measurements only and
either were not able to expectorate at 4 hours or the sample

3. Results
3.1. Subject Characteristics. Subject characteristics and baseline pulmonary function measurements are shown in Table 1.
Average age for the CON and EX was 22.4 ± 3.3 years and
27.3 ± 7.3 years, respectively, and average body mass was
79.3 ± 16.4 kg for CON and 70.7 ± 10.2 kg for EX. There
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Table 2: Blood analyte values at baseline and 2 hours and 4 hours after HFM.
Baseline

𝑛=
TG (mg dL−1 )
TC (mg dL−1 )
HDL (mg dL−1 )
LDL (mg dL−1 )
Glucose (mg dL−1 )
TC/HDL

CON
Value ± SD
9
67.0 ± 32.0
143.6 ± 16.3
50.4 ± 12.9
80.3 ± 12.6
84.4 ± 6.4
3.0 ± 0.7

2 hr

EX
Value ± SD
8
56.4 ± 18.5
145.0 ± 21.4
56.8 ± 11.6
75.3 ± 28.6
82.6 ± 13.7
2.6 ± 0.5

CON
Value ± SD
9
118.4 ± 59.7∗
135.0 ± 13.3
45.1 ± 8.4
64.9 ± 19.2∗
76.2 ± 6.5
3.1 ± 0.7∗

4 hr
EX
Value ± SD
8
98.3 ± 35.3∗
154.5 ± 17.2‡
59.1 ± 8.3‡
74.7 ± 17.5‡
92.1 ± 10.6‡
2.7 ± 0.4

CON
Value ± SD
9
154.2 ± 92.9∗
149.2 ± 25.7
43.8 ± 8.5
62.8 ± 19.9∗
86.1 ± 4.7
3.3 ± 0.7∗

EX
Value ± SD
8
131.9 ± 79.7∗
147.5 ± 14.9
54.9 ± 7.9
66.1 ± 14.9‡
86.6 ± 7.7
2.7 ± 0.6

Blood analyte data at baseline and 2 hr and 4 hr after HFM in CON versus EX. Values are expressed as mean ± SD.
∗
Significantly different from baseline (𝑃 < 0.05).
‡
Significantly different from CON (𝑃 < 0.05).
TG: triglycerides; TC: total cholesterol; HDL: high-density lipoprotein; LDL: low-density
lipoprotein; glucose; TC/HDL: ratio of total cholesterol to high-density lipoprotein.

Triglyceride response after a HFM

300

∗

Triglycerides (mg/dL)

250
200

∗

150
100
50
0

Baseline

2 hr

4 hr

CON
EX

Figure 2: Triglyceride response after HFM. Black circles indicate
CON and white circles indicate EX. There was a significant increase
(∗) in triglycerides at two hours and four hours after HFM in both
CON and EX. However, there was no significant difference between
CON and EX (𝑃 > 0.05).

the interaction of TC and condition was significant (𝑃 =
0.044). HDL did not significantly change over time; however
it significantly decreased in CON from baseline to two hours
compared to EX (𝑃 = 0.025). The interaction of HDL and
condition was not significant (𝑃 = 0.064). LDL significantly
decreased from baseline to four hours in CON (𝑃 < 0.05)
and not in EX (𝑃 = 0.18) and was significantly lower
in CON at two hours and four hours versus EX (𝑃 =
0.047). There was a significant interaction between LDL and
condition as a quadratic function (𝑃 = 0.047). Glucose did
not significantly increase at any time point or by condition
(𝑃 > 0.05); however the interaction of glucose and condition
was significant as a quadratic function, where EX was higher
than CON at two hours and decreased at four hours (𝑃 <
0.001). The ratio of total cholesterol to HDL (TC/HDL) was
significantly increased over time (𝑃 = 0.026), but there was
no difference between CON and EX and no interaction effect.

were no significant differences between the CON and EX
subject characteristics at baseline. Subjects had PFT values
within normal ranges and percent predicted values at baseline
according to ATS Guidelines [30]. Average FVC for the CON
and EX was 6.0 ± 1.9 L and 4.7 ± 1.3 L, respectively.

3.3. Metabolic Data. Mean values for metabolic data are
shown in Table 3. Respiratory exchange ratio (RER), resting
energy expenditure (REE), and kilocalories of carbohydrate
utilized significantly increased at 200 minutes after HFM
as a main effect of time (𝑃 < 0.05), but not by condition
(𝑃 > 0.05). There were not significant outcome measures by
condition alone (𝑃 > 0.05); however the interaction between
time and condition was significant in percent of carbohydrate
(𝑃 = 0.019), percent of fat (𝑃 = 0.019), kilocalories of fat
(𝑃 = 0.025), and kilocalories of carbohydrate (𝑃 = 0.005)
utilized.

3.2. Blood Analytes. Mean values for blood analytes are
expressed in Table 2. Figure 2 displays the increase in triglycerides in both CON and EX at two hours and four hours
after HFM. Triglycerides doubled in the postprandial period
(𝑃 < 0.05) but did not differ between CON and EX. Total
cholesterol (TC) significantly increased in EX at two hours
when compared to CON (𝑃 = 0.001), but there was no
significant main effect of time when comparing baseline
and two and four hours after HFM (𝑃 > 0.05), although

3.4. Airway Inflammation. Figure 3(a) illustrates that the
percentage change in neutrophils from baseline to 4 hours in
the EX was associated with minutes of walking in the exercise
bout (𝑟 = 0.879, 𝑃 = 0.050). The percent of fat intake
determined via the food log was positively associated with the
percent change in neutrophils from baseline to four hours in
EX (𝑟 = 0.826, 𝑃 = 0.043) and was not significant in the CON
(Figure 3(b)). The percent change in neutrophils present at 4
hours was significantly correlated with the amount of kcals
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Table 3: Metabolic data at baseline and 200 minutes after HFM.
Baseline

Respiratory exchange ratio (RER)
Resting energy expenditure (REE)
Carbohydrates utilized (%)
Fat utilized (%)
Carbohydrate (kcal/day)
Fat (kcal/day)

CON (𝑛 = 8)
Value ± SD
0.8 ± 0.04
1909.5 ± 566.8
31.4 ± 12.7
68.1 ± 12.6
639.8 ± 451.8
1257.6 ± 308.2

200 minutes
EX (𝑛 = 8)
Value ± SD
0.8 ± 0.05
1741.9 ± 397.1
32.1 ± 16.1
67.3 ± 15.9
581.8 ± 361.3
1148.9 ± 319.3

CON (𝑛 = 9)
Value ± SD
0.8 ± 0.04∗
2177.7 ± 510.4∗
44.8 ± 17.8
54.7 ± 14.7
1027.2 ± 536.2∗
1136.8 ± 238.6

EX (𝑛 = 8)
Value ± SD
0.8 ± 0.03
1873.0 ± 452.6
27 ± 9.5
72.1‡ ± 9.6
517.3 ± 262.5∗
1343.3‡ ± 343.9∗

50

120

40

100
Change in neutrophils (%)

Change in neutrophils (%)

Metabolic data at baseline and 200 minutes after the HFM. Values are expressed as mean ± SD. There is one missing piece of data at baseline in CON condition.
Asterisks indicate being significantly different at 200 minutes from baseline (𝑃 < 0.05). ‡ Significantly different from CON (𝑃 < 0.05).
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Figure 3: (a) displays the percent change in neutrophils present at 4 hours which was significantly correlated with minutes of walking in
the exercise bout (𝑟 = 0.879, 𝑃 = 0.050). (b) displays the percent of kilocalories of fat in the diet which is significantly correlated with the
percentage increase of neutrophils in EX (𝑟 = 0.826, 𝑃 = 0.043), but not in CON.

consumed per kilogram of body weight in the CON (𝑟 =
0.954, 𝑃 = 0.012) and not in EX.
Airway inflammation data are displayed in Table 4. There
was a significant increase in neutrophils and eosinophils in
the postprandial period as a main effect of time (𝑃 < 0.05)
but was not different between CON and EX (𝑃 > 0.05).
There was no significant interaction in any inflammatory cells
with condition. There was no significant linear relationship
for eNO across these assessments; however, there was a
significant quadratic relationship, F(1, 10) = 5.70, 𝑃 < 0.05, 𝜂2
= 0.36, such that, averaging over the EX and CON condition,
the eNO tends to be lower in the first and last trials, but
higher at the 2-hour time point. There were no significant
differences in eNO between the CON and EX condition.
The percent increases in eNO and sputum neutrophils were
not associated with the percent change in triglycerides (𝑃 >
0.05) (Figures 3(a) and 3(b), resp.). There were no significant
associations between the increases in eNO with the presence of eosinophils or neutrophils four hours after HFM.

Additionally, there were no significant associations between
the percentage increase in triglycerides with percentage
increase in eNO or neutrophils (Figures 4(a) and 4(b), resp.)

4. Discussion
4.1. Major Findings. The current study suggests that a moderate intensity exercise bout performed one hour after a
HFM is not effective in reducing PPL and subsequent airway
inflammation in active subjects. Both the CON and EX
groups showed significantly increased PPL after a HFM, and
there were no statistically significant differences between the
groups. However, pulmonary eosinophils, neutrophils, and
exhaled nitric oxide did increase after HFM. The increase
in the presence of inflammatory cells in both the CON and
EX groups is an unexpected finding. The increases in eNO,
neutrophils, and eosinophils in both the CON and EX groups
were not associated with one another and therefore will be a
highlighted topic of this discussion.
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Table 4: Airway inflammatory cell differentials at baseline and 4 hours after HFM.
Baseline
CON (𝑛 = 9)
Mean ± SD
Range: 2.0–2.6
28.9 ± 11.8
61.3 ± 15.8
0.3 ± 0.4
1.3 ± 1.4
8.6 ± 4.7

Total cell counts (×106 /L)
Percentage of macrophages
Percentage of neutrophils
Percentage of eosinophils
Percentage of basophils
Percentage of lymphocytes

4 hr
CON (𝑛 = 5)
Mean ± SD
Range: 2.0–2.4
26.9 ± 13.4
64.8 ± 10.4∗
0.5 ± 0.8∗
0.4 ± 0.5
7.6 ± 3.7

EX (𝑛 = 8)
Mean ± SD
38.1 ± 15.1
53.3 ± 16.8
0.5 ± 0.5
0.9 ± 0.8
7.7 ± 5.7

EX (𝑛 = 6)
Mean ± SD
28.7 ± 9.3
64.5 ± 15.0∗
0.5 ± 0.7∗
0.8 ± 0.9
7.6 ± 4.7

Airway inflammatory cell differentials in CON and EX at baseline and 4 hr after HFM. Values are expressed as mean ± SD. Asterisks indicate that there was
a significant increase in percentage of pulmonary neutrophils and eosinophils from baseline to 4 hours after HFM (𝑃 < 0.05). There were no significant
differences between CON and EX (𝑃 > 0.05).
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Figure 4: Percent change in triglycerides and airway inflammation four hours after HFM. Percentage change in triglycerides and percentage
change in exhaled nitric oxide (ppb) is depicted in (a). There was no significant association between the percentage increase in triglycerides
and the percentage increase in eNO (𝑅2 = 0.250, 𝑃 > 0.05). Percentage change in triglycerides as well as percentage change in pulmonary
neutrophils is depicted in (b). There was no significant association between the percentage increase in triglycerides and the percentage increase
in pulmonary neutrophils (𝑅2 = 0.065, 𝑃 > 0.05).

4.2. Physical Activity Level and Postprandial Airway Inflammation. Our study is the first to account for physical activity
status in the postprandial airway response to a HFM. Our
findings indicate that subjects with high levels of physical
activity (≥150 minutes/week) have similar airway inflammatory responses following a HFM as compared to previous
research in subjects with lower physical activity levels [17].
Previous research has shown that chronic exercise training
increases antioxidant status and the ability to scavenge
reactive oxygen species (ROS) [33]. ROS and oxidative stress
occur after a single HFM due to activation of NF𝜅B by
endotoxin (lipopolysaccharide (LPS)) in both animals and
humans [34]. However, chronic exercise training reduces
NF𝜅B activation and leads to decreased TLR4 mRNA expression [35]. This could potentially reduce neutrophil influx and
the inflammatory burden, although it has never been investigated in the airways. We did not measure antioxidant status
directly; however, it is possible that the subjects’ activity levels
may still have attenuated airway inflammation if compared

to less active subjects or overweight and obese individuals.
A high-fat meal causes significantly greater NF𝜅B activation
and prolonged ROS production in obese subjects than in
healthy weight controls [22]. Future research should be conducted to determine how chronic physical activity modulates
the lung immune response. Additionally, the exercise bout
in the present study did not lower PPL. Active individuals
have increased lipid turnover and clearance and therefore
lower area under the curve (AUC) and peak triglycerides [36].
Therefore it is probable that the inflammatory burden of a
HFM would be much greater systemically and in the airways
in physically inactive or overweight/obese individuals.
4.3. Triglycerides and Postprandial Airway Inflammation.
Existing studies have reported a correlation between blood
triglycerides and exhaled nitric oxide [15, 19], which was not
found in the present study. Both of these studies showed
that eNO and TG at baseline and two hours after HFM were
associated; however the postprandial increase in TG was not
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associated with the eNO response to the HFM in either study.
Similarly in the present study, the increase in eNO at any
time point was not associated with triglycerides. However
there may be a greater magnitude in the airway inflammatory
response in subjects who display greater PPL (e.g., sedentary
or overweight/obese subjects). Increased PPL increases the
risk for developing both asthma and obesity [37], so it is
important to determine the magnitude of the inflammatory
response after a HFM in these subjects, as well as how chronic
diet and exercise may also moderate airway inflammation in
the postprandial period.
4.4. Explanation for Increases in Airway Inflammation after
HFM. Previous research has reported that dietary fat activates innate immune mechanisms in the airway, as described
previously (see Section 1). Recent animal studies have found
that high-fat challenges recruit inflammatory cells [38], but
only one human study has found increased neutrophils in
the postprandial period in healthy control subjects [17].
Therefore our results are in agreement with only the other
human study, to our knowledge, performed in nonasthmatic
subjects that found an increased presence of pulmonary
neutrophils after a HFM. Interestingly, our research study is
the first to find an increase in pulmonary eosinophils after a
HFM in healthy subjects, although due to the small sample
and high standard deviations, this is unlikely to be clinically
significant in healthy individuals. These findings may be
particularly relevant to obese or healthy weight asthmatics
who may experience worsened symptoms when consuming
a chronically high fat diet associated with presence of both
eosinophilic and neutrophilic airway inflammations.
Several other studies have reported a significant linear
increase in eNO from baseline to two hours after HFM [15,
19]. Conflicting studies have found there was not a significant
increase in eNO measured at baseline and four hours after
HFM [17]. This is the first study to measure eNO at two
and four hours after HFM, which may elucidate the conflicting results in the previous studies. In the present study,
exhaled nitric oxide significantly increased from baseline to
two hours after HFM as a quadratic function, rather than
a linear function as previously described. Therefore there
was no statistical significance from baseline to two hours,
but there was significance when considering all three time
points nonlinearly. It appears that the eNO does return near
baseline values four hours after HFM. It is clearly important
to consider multiple time-points as a way to interpret the
time course in which eNO may be associated with both
systemic markers of inflammation and the inflammatory cell
recruitment in the airway.
4.5. Potential Mechanisms. A novel finding in the present
study was an increase in eNO as a quadratic function as
well as increased airway inflammatory cells four hours after
the HFM, yet there were no significant differences between
the CON and EX conditions. However since changes in
eNO, eosinophils, and neutrophils were not associated with
one another, it is possible that the airway inflammation
occurred via different mechanisms. Exhaled nitric oxide was
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not associated with sputum neutrophils or eosinophils, so we
must consider other sources that may modulate the presence
of inflammatory cells independent of one another. Although
studies report active individuals have an increased capacity to
oxidize free radicals [35], which would attenuate the transient
increase in ROS after HFM, studies have also reported
ROS increase immediately after exercise [39]. Therefore it
is possible that the increase in ROS from exercise led to
subsequent neutrophil influx and activation. Since increases
in presence of neutrophils were significantly associated with
minutes of walking in EX, it is possible that the increased
airway inflammation was the result of the acute exercise bout,
although the bout of exercise in the present study was a
lower exercise intensity than in the existing literature [40,
41]. Increases in eNO have been found with exercise [42],
although this is not a consistent finding [43]. The existing
literature investigating the inflammatory burden of various
intensities of exercise is scarce and needs to be explored in
greater detail.
4.6. Important Considerations in Modulation of Airway
Inflammation. Along with decreased physical activity, a
chronic high fat diet has been linked to decreased antioxidant
status [44]. In the present study, there was a significant
correlation between chronic dietary fat intake and percent
change in neutrophils in the EX group only, which may be an
important moderating variable to consider in future studies.
Wood and colleagues determined dietary modification modulates airway inflammation in an acute high fat challenge,
but no studies have reported chronic diet and the airway
inflammatory response. Therefore it is possible that chronic
diet may play a moderating role in the airway inflammatory
response to both postprandial airway inflammation and
exercising in the postprandial period. This concept may have
clinical utility when recommending exercise interventions
and nutritional guidance to overweight and obese subjects.
Studies have reported higher saturated fatty acid intake in the
normal diet of overweight and obese subjects [45]. If chronic
dietary fat intake may exacerbate airway inflammation during
exercise, it may be important to consider modulating diet as a
means to reduce the response to exercise, which may reduce
asthma symptoms severity during exercise [46].
4.7. Future Directions. This study provides interesting insight
into the innate immune mechanisms that may cause airway
inflammation after a HFM. Research thus far has primarily
investigated airway inflammation after HFM after modulating the composition of fatty acids in an acute highfat challenge. It is necessary to develop other strategies
to reduce the postprandial inflammatory burden on the
airways that is present in asthmatics. This may be beneficial
in improving clinical outcomes and therefore warrant further investigations. No previous studies have accounted for
physical activity, which could reduce PPL and subsequent
airway inflammation. Antioxidant status may play a role
in modulation of airway inflammation in the postprandial period via activation of NF𝜅B. Therefore an exercise
intervention to determine if this response is modifiable is
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important. Additionally, future research studies must focus
on determining therapeutic methods to attenuate the airway
inflammatory response, specifically in high risk populations
or people already diagnosed with asthma.
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