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Abstract
B A C K G R O U N D Household air pollution (HAP)-associated acute lower respiratory infections cause
455,000 deaths and a loss of 39.1 million disability-adjusted life years annually. The immunomodulatory
mechanisms of HAP are poorly understood.
O B J E C T I V E S The aim of this study was to conduct a systematic review of all studies examining the
mechanisms underlying the relationship between HAP secondary to solid fuel exposure and acute lower
respiratory tract infection to evaluate current available evidence, identify gaps in knowledge, and propose future research priorities.
M E T H O D S We conducted and report on studies in accordance with the PRISMA (Preferred Reporting

Items for Systematic Reviews and Meta-Analyses) guidelines. In all, 133 articles were fully reviewed and
main characteristics were detailed, namely study design and outcome, including in vivo versus in vitro
and pollutants analyzed. Thirty-six studies were included in a nonexhaustive review of the innate
immune system effects of ambient air pollution, trafﬁc-related air pollution, or wood smoke exposure of
developed country origin. Seventeen studies investigated the effects of HAP-associated solid fuel (biomass or coal smoke) exposure on airway inﬂammation and innate immune system function.
R E S U L T S Particulate matter may modulate the innate immune system and increase susceptibility to
infection through a) alveolar macrophage-driven inﬂammation, recruitment of neutrophils, and disruption of barrier defenses; b) alterations in alveolar macrophage phagocytosis and intracellular killing;
and c) increased susceptibility to infection via upregulation of receptors involved in pathogen invasion.
C O N C L U S I O N S HAP secondary to the burning of biomass fuels alters innate immunity, predisposing

children to acute lower respiratory tract infections. Data from biomass exposure in developing countries are
scarce. Further study is needed to deﬁne the inﬂammatory response, alterations in phagocytic function, and
upregulation of receptors important in bacterial and viral binding. These studies have important public health
implications and may lead to the design of interventions to improve the health of billions of people daily.
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INTRODUCTION

Nearly half the world’s population is dependent on
the burning of solid fuels, such as coal and biomass,
for daily cooking, drying, and heating activities.1
The combustion efﬁciency of household stoves used
in developing countries may be as low as 80%, leading
to large emissions of the 2 most widely measured pollutants, particulate matter (PM) and carbon monoxide (CO).2 Current World Health Organization
(WHO) guidelines recommend a PM2.5 annual
mean exposure of less than 10 mg/m3 and a 24hour mean of less than 25 mg/m3; however, recent
data suggested that there is no safe level of PM2.5
exposure.3,4 Studies in South Asia, Latin America,
and Africa demonstrate PM2.5 and CO household
air pollution (HAP) cooking exposures ranging
from 110 to 27,000 mg/m3 and 9 to 10,769 mg/m3,
respectively, well above regulatory minimums.5
HAP secondary to the burning of solid fuels is
directly responsible for 3.5 million deaths globally,
predominantly in low- and middle-income countries
(LMIC).6 Acute lower respiratory tract infections
(ALRI) are a leading cause of childhood morbidity
and mortality. HAP, a modiﬁable ALRI risk factor,
has been demonstrated to have an odds ratio (OR)
of 1.78 (95% conﬁdence interval [CI] 1.45e2.18)
and 3.53 (95% CI, 1.93e6.43) in different summaries.7,8 A recent estimate of the global burden of disease suggested that HAP-associated ALRI causes
455,000 deaths and a loss of 39.1 million disabilityadjusted life years annually, with a population attributable fraction of 52%.9
In order for an inhaled pathogen to establish
infection in the lower respiratory tract, it must ﬁrst
evade the innate immune system, which is comprised of barrier defenses, antimicrobial molecules,
alveolar macrophages (AM), neutrophils, natural
killer (NK) cells, and dendritic cells.10 Airway cells
tightly regulate innate immune system function
and, along with AMs, sense pathogen-associated
molecular patterns (PAMPs) via toll-like receptors
(TLRs).11 Activation of TLRs triggers a cascade
of pathogen-induced immune responses, including
cytokine release and AM and neutrophil generation
of reactive oxygen species (ROS), phagocytosis, and
intracellular killing. A tightly regulated response is
required, as excessive inﬂammation can damage epithelial barriers, promote lung injury, and increase
susceptibility to future infection.
The exact component of HAP that modulates the
innate immune response is unknown. PM likely plays
a central role, as diminished immunotoxicity has been
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demonstrated following removal of the PM component of wood smoke.12 Exposures vary not only in
the mixture of toxins involved, but also in the size
of particles released. Indeed, studies comparing the
immune effects of air pollution originating from
developed versus developing countries show different
immune responses, and differences in particulate size,
such as coarse and ultraﬁne, have been shown to
induce different innate immune responses.13,14 Taken
together, these ﬁndings suggest that the immunomodulatory effects are likely emission-speciﬁc and operate through different mechanisms.
Despite the large burden of disease, the mechanism by which HAP secondary to the burning of
solid fuels predisposes children to ALRI is unclear.
Therefore, we conducted a systematic review of all
studies examining the mechanisms underlying the
relationship between HAP secondary to solid fuel
exposure and ALRI to evaluate current available evidence, identify gaps in knowledge, and propose
future research priorities.
MATERIALS AND METHODS

We conducted research and report the study in
accordance with the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses)
guidelines. We searched PubMed, Ovid Medline,
EMBASE, and Web of Science from their inception to November 2014 with an English-language
restriction. MeSH terms and keyword search items
were used to identify relevant studies. The search
process combined exposure, outcome, and mechanism terms. Article titles and abstracts were initially
screened for eligibility. Articles were retrieved for
full review if they were original studies; used emissions from solid fuel, particularly biomass or coal
originating from developing countries; and investigated the mechanism by which these emissions alter
the innate immune response and/or predispose to
ALRI. We reviewed the reference list of all included
studies to identify additional eligible studies. Additionally, we nonexhaustively reviewed studies of
innate immune response to ambient or urban air
pollution or woodsmoke exposures from developed
countries, to draw lessons from this more expansive
body of literature.
RESULTS

Seventeen studies investigated the effects of HAPassociated solid fuel (biomass or coal smoke) exposure on airway inﬂammation and innate immune
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system function. Thirty-six studies were included in
a nonexhaustive review of the innate immune system effects of ambient air pollution, trafﬁc-related
air pollution, or woodsmoke exposure of developed
country origin.
Alterations in Innate Immune Response to Ambient
or Urban Air Pollution or Wood Smoke Exposures
Originating From Developed Countries. PM indu-

ces a proinﬂammatory state that may have downstream deleterious effects, resulting in lung injury.
AMs phagocytize PM and release cytokines to recruit
inﬂammatory cells15-18 and produce an array of
proinﬂammatory mediators.19,20 Once ingested,
intraphagocytic PM increases ROS production, biotoxic compounds that are critical to host defense.21-24
PM2.5 constituents upregulate heme-oxygenase-1, a
marker of oxidative stress in alveolar type II cell lines,
and induces an oxidant imbalance in AMs.21-25
Primed AM particle-mediated cytokine release may
be inhibited by antioxidants,26 suggesting that PMinduced inﬂammation is oxidant dependent.27
PM reduces M2 cytokines (interleukin [IL]-4,
IL-10, and IL-13) while stimulating the release of
M1 cytokines (IL-12, interferon-g), thereby attracting neutrophils into the airspaces.28-30 PM-induced
AM apoptosis31 leads to further inﬂammation and
compromised host resistance, via abruption and
fragmentation of alveolar epithelial cells, denuded
basement membrane, and increased number of
pinocytic vesicles in close proximity with carbon
black, demonstrating that PM locally affects barrier
defenses.32
PM activates TLRs via endotoxin, metals, microbial components, and other organic compounds.33,11
PAMPs from gram-negative, gram-positive, or fungal
elements bind to TLRs to release a number of cytokines including tumor necrosis factor (TNF), IL-1,
IL-6, and IL-8 and recruit inﬂammatory cells to
the airways. Polymixin B can partially inhibit this
response, suggesting that particle-bound lipopolysaccharide, a component of gram-negative cell walls, is
involved in AM activation.34 TLR2 and TLR4 likely
mediate signaling pathways,35 as these pathways can
be blocked by blocking antibodies.36 Heat-treating
ambient PM2.5-1037 inhibited macrophage and monocyte expression of mCD14, CD11b/CR3, and HLADR but did not eliminate the neutrophil inﬂux,
suggesting that the PM itself, and not the PMassociated microbial products, are important in stimulating neutrophils.
In vitro and animal models of PM-exposed
AM demonstrate reduced pathogen phagocytosis
and impaired bacterial pulmonary clearance.38
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Interestingly, chronic exposure alters phagocytic
activity and superoxide dismutase (SOD) activity
even in the absence of lung histopathologic changes
or inﬂammation.39 The reduction of bacterial clearance was not demonstrated in PM-free smoke and
metals, ubiquitous components of most PM emissions, may play a key role in the impairment of
phagocytosis and subsequent pathogen killing.40
PM may also increase host susceptibility to infection.41,42 Oxidative stress, involved in host defense
against viral and bacterial infections, is believed to
upregulate intercellular adhesion molecule-1, lowdensity lipoprotein, and platelet-activating factor
receptors (PAFR), allowing bacterial invasion.43-45
PM10-induced increased Streptococcus pneumoniae
adherence to human type II pneumocytes and
human primary bronchial epithelial cells may be
reversed with the addition of an antioxidant, N-acetylcysteine, or a PAFR-blocker, again underscoring
the importance of these pathways in PM-associated
bacterial invasion.46
In summary, ambient or urban air pollution and
woodsmoke (originating from developed countries)
exposure data suggest that inhalation of PM may
modulate the innate immune system and increase
susceptibility to infection through a) AM-driven
inﬂammation, recruitment of neutrophils, and disruption of barrier defenses; b) alterations in AM
phagocytosis and intracellular killing; and c)
increased susceptibility to infection via upregulation
of receptors involved in pathogen invasion.
Alterations to Innate Immune Response to HAP
Secondary to the Burning of Biomass Fuels. Ma-

crophages appear central to the inﬂammatory properties of biomass smoke. Two studies47,48
demonstrated carbon loading of AMs in both
adults and children naturally exposed to biomass
smoke.47,48 Marked heterogeneity in AM carbon
loading was noted in participants naturally exposed
to biomass smoke (human alveolar macrophages
[HAM]).14 Exposure of HAM and monocytederived macrophages exposed in vitro to Malawian
or Norwegian woodsmoke showed a dosedependent increase in macrophage carbon content
and reduction of in vitro phagocytosis of ﬂuorescent
beads and S pneumoniae, with a negative linear
correlation between macrophage particulate content
and phagocytosis.14 Malawian woodsmoke had a
larger inhibitory effect than Norwegian woodsmoke,
despite having a lower cytoplasmic particulate load
at each dose. Oxidative burst analysis in AMs
derived from bronchoalveolar lavage (BAL) samples
of Malawian participants naturally exposed to
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biomass smoke, demonstrated reduced burst with
higher PM loads (analysis of variance, P < 0.01).
These results suggested that both exposure composition and intensity determine the extent of carbon loading and support the hypothesis that the
immunomodulatory effects of PM are likely emission-speciﬁc.
In vivo animal and in vitro human cell biomass
smoke exposure appears to induce an oxidant imbalance. Animals exposed to biomass smoke demonstrate increased activity of glutathione-S-transferase
and malondialdehyde (MDA) with concurrent
decreased activity of total antioxidant capacity
(TAOC) in lung, suggestive of an oxidant imbalance.49 Cow dung-derived biomass smoke from a traditional Indian cook stove and PM sampled from
biomass burning in Kathmandu Valley, Nepal, incubated with respiratory tract lining ﬂuid (RTLF) and
glutathione (GSH)50,51 both demonstrated a dosedependent depletion of ascorbate (AA) and GSH.
Co-incubation of RTLF with PM and diethylenetriaminepentaacetate, a metal chelator, inhibited the AA
and GSH changes, implicating PM-associated redox
active metals. Coincubation of RTLF with antioxidants, SOD, and catalase provided limited protection
from antioxidant loses.
Studies investigating peripheral blood markers of
oxidative stress in human participants exposed naturally to biomass smoke, however, show conﬂicting
results. Similar to RTLF experiments, peripheral
AA is reduced by biomass exposure.52 Three studies
demonstrated a signiﬁcant elevation in plasma
MDA,53-55 whereas one failed to demonstrated
any difference from control.56 Antioxidant SOD
has been found to be elevated,55 decreased,52 or normal57 in response to natural biomass smoke exposure. Antioxidants vitamin C and E also have
been demonstrated to be within the reference
range.57 The ratio of GSH to glutathione disulﬁde
has been found to be decreased52; however, a separate study found no signiﬁcant differences in glutathione peroxidase, glutathione-S-transferase, or
glutathione reductase as compared to controls.55
Differences between studies could be reﬂective of
heterogeneity in exposure composition and intensity, with activation of different pathways or variable
doseeresponse relationships.
Acute biomass-associated PM exposure appears
to induce an inﬂammatory response, including neutrophil inﬂux and cytokine (IL-6, IL-8, IL-17, IL1b, keratinocyte-derived chemokine, granulocyte
colony-stimulating factor; granulocyte macrophage
colony-stimulating factor) production.49,58,59 BAL
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ﬂuid (BALF) from mice acutely exposed to dung
or wood PM from India demonstrate a neutrophilic
chemokine proﬁle, with higher levels consistently
found in the dung-exposed group.60 Subchronic
exposure (3 times a week for 8 weeks) to cow
dung PM continued to produce a neutrophilic cytokine proﬁle, whereas subchronic wood PM exposure
produced an eosinophilic cytokine proﬁle. Therefore, the type and duration of exposure may explain
differences in inﬂammatory proﬁles.
Induced sputum, reﬂective of the lower airways,61,62 from biomass users demonstrate marked
inﬂammation with signiﬁcantly more neutrophils,
eosinophils, lymphocytes, and AMs per highpower ﬁeld compared with control liqueﬁed petroleum gas users. Inﬂammatory markers (TNF-a,
IL-6, and IL-8) and markers of oxidant imbalance
also have been demonstrated. However, a convenience sample study of women involved in the
RESPIRE (Randomized Exposure Study of Pollution Indoors and Respiratory Effects) trial, a cookstove intervention trial studying the effects of a
chimney intervention on ALRI, found no difference
in protein levels of IL-8, ﬁbronectin and myeloperoxidase or gene expression of TNF-a, IL-8, and
matrix metallopeptidase 12 (MMP12) between the
control and intervention groups, despite a signiﬁcant difference in exposure.61
The role of PM-associated endotoxin or microbial components in activating TLRs has not been
thoroughly examined. PM-associated endotoxin
has been demonstrated to vary based on biomass
origin and remains active following combustion.60
One study evaluated the effect of biomassassociated endotoxin using small airway epithelial
cells exposed to biomass smoke generated from
dried biomass (India).59 A dose-dependent decrease
in TIMP-1 and dose-dependent increase in MMP1 and IL-8 were observed. These changes persisted
after removal of endotoxin from biomass exposure.
A second study, using a mouse AM line, demonstrated that biomass PM-induced inﬂammation is
dependent on MyD88 signaling and uses TLR2/4
and IL-1R pathways.
Biomass-associated cellular studies are consistently notable for atypical macrophage morphology
on BALF with carbon deposition, macronuclei,
and numerous small villi-like surface projections
suggestive of macrophage activation.58,59 Carbonaceous material also has been noted in lung epithelial
cells. Lung histopathology demonstrates edema,
inﬂammatory inﬁltrates, and destruction of the epithelial mucosa and the intensity of the abnormalities
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increased with duration of exposure. Thickened
blood vessels have also been described.60 Animal
models of subchronic wood PM exposure demonstrate that, although wood PM is less inﬂammatory
than cow dung PM, wood PM exposure induces
more airspace enlargement.60
DISCUSSION

Nearly half of the world’s population is dependent
on the burning of solid fuels, such as coal and biomass, for daily cooking, drying, and heating activities.1 Despite this incredible burden of disease,
little is known about the immunomodulatory effects
of HAP. Ambient or trafﬁc-related air pollution
studies suggest that PM-induced inﬂammation is
driven by AMs, leading to the recruitment of neutrophils and disruption of barrier defenses. Alterations in AM phagocytosis and intracellular killing
are compounded by an upregulation of receptors
involved in bacterial and viral pathogen invasion.
To our knowledge, only a handful of studies have
explored mechanisms in biomass smoke-induced
pulmonary inﬂammation. These studies demonstrate that biomass smoke exposure likely induces
an oxidant imbalance and, acutely, a neutrophilic
inﬂammatory proﬁle. Phagocytosis and intracellular
killing may be impaired. The role of PM-associated
endotoxins, metals, microbial components, and
other organic compounds in activating TLRs appear
important.
There are limitations to the animal and in vitro
study approaches widely used to study biomass
smoke exposure. Most biomass studies test speciﬁc
doses of particulate matter and therefore do not
take into account real-world differences in combustion. Cow dung, for example, has been shown to
produce 23% more PM2.5 per kilogram of sample
burned and burns faster compared with wood.60
Animal or in vitro exposure models therefore may
under- or overestimate inﬂammatory proﬁles or differences in inﬂammation between biomass sources.

A multitude of hazardous pollutants are produced from biomass combustion, not just PM.
Wood smoke may produce 26 hazardous air pollutants, including toxic gases, hydrocarbons, organic
alcohols and acids, aldehydes, phenols, quinones,
and free radicals.63 True combustion mixtures may
lead to different inﬂammatory responses. Animal
and in vitro models fail to capture the effects of lifelong, chronic exposures. One demonstrated differences in inﬂammatory proﬁles following acute and
subchronic exposures.60 It is possible, therefore,
that chronic exposures may result in further alterations to inﬂammatory pathways. Therefore,
although animal and in vitro exposure models are
helpful to begin to understand biomass-induced
immunomodulation, future studies must be
designed to overcome these limitations.
A novel study demonstrated feasibility of obtaining BAL samples from naturally exposed adults in a
resource-poor setting.14 Future studies should take
advantage of ongoing cook-stove intervention studies to obtain tissues or samples from naturally
exposed individuals and controls. As biomass exposure is concentrated in resource-limited settings
where bronchoscopy is not always available, techniques such as induced sputum may be considered to
obtain lower respiratory samples.
CONCLUSIONS

Epidemiological studies suggest that chronic, in
utero and early childhood HAP exposure secondary
to the burning of solid fuels alters immune function
and predisposes infants to ALRI. Data from developing country biomass exposure are scarce, but suggest that PM may modulate the innate immune
system and increase susceptibility to infection similar mechanisms are likely involved but more work is
needed. These studies have important public health
implications and may lead to the design of interventions to improve the health of billions of people
daily.

REFERENCES
1. Desai MA, Mehta S, Smith KR.
Indoor smoke from household solid
fuels: Assessing the environmental
burden of disease at national and local
levels. (WHO Environmental Burden
of Disease Series, No. 4). Geneva,
Switzerland: World Health Organization; 2004.

2. Smith KR, Uma R, Kishore VVN,
Zhang J, Joshi V, Khalil MAK.
Greenhouse implications of household
fuels: an analysis for India. Annu Rev
Energy Environ 2000;25:741e63.
3. WHO Air quality guidelines for
particulate matter, ozone, nitrogen
dioxide and sulfur dioxide. Global

update 2005. Summary of risk assessment. Available at: http://whqlibdoc.
who.int/hq/2006/WHO_SDE_PHE_
OEH_06.02_eng.pdf; 2005. Accessed
August 28, 2015.
4. Raaschou-Nielsen O, Andersen ZJ,
Beelen R, et al. Air pollution and
lung cancer incidence in 17

Annals of Global Health, VOL. 81, NO. 3, 2015
M a y eJ u n e 2 0 1 5 : 3 6 8 – 3 7 4

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

European cohorts: prospective analyses from the European Study of
Cohorts for Air Pollution Effects (ESCAPE). Lancet Oncol
2013;14:813e22.
Saksena S, Thompson L, Smith KR.
Database of Household Air Pollution
Studies in Developing Countries, Protection of the Human Environment.
Geneva, Switzerland: World Health
Organization; 2003.
Gordon SB, Bruce NG, Grigg J, et al.
Respiratory risks from household air
pollution in low and middle income
countries. Lancet Respir Med
2014;2:823e60.
Dherani M, Pope D, Mascarenhas M,
et al. Indoor air pollution from unprocessed solid fuel use and pneumonia
risk in children aged under ﬁve years:
a systematic review and meta-analysis.
Bull World Health Organ 2008;86:
390e398C.
Po JY, FitzGerald JM, Carlsten C.
Respiratory disease associated with
solid biomass fuel exposure in rural
women and children: systematic
review and meta-analysis. Thorax
2011;66:232e9.
Smith KR, Bruce N, Balakrishnan K,
et al. Millions dead: how do we
know and what does it mean? Methods used in the comparative risk
assessment of household air pollution.
Annu Rev Public Health 2014;35:
185e206.
Tsai KS, Grayson MH. Pulmonary
defense mechanisms against pneumonia and sepsis. Curr Opin Pulm Med
2008;14:260e5.
Bauer RN, Diaz-Sanchez D, Jaspers I.
Effects of air pollutants on innate
immunity: the role of Toll-like receptors and nucleotide-binding oligomerization domain-like receptors.
J Allergy Clin Immunol 2012;129:
14e24. Quiz 25e16.
Thomas PT, Zelikoff JT. Air pollutants: modulators of pulmonary host
resistance against infection. Air pollutants and effects on health. London:
Academic Press; 1999.
Samuelsen M, Nygaard UC, Lovik M.
Particle size determines activation
of the innate immune system in the
lung. Scand J Immunol 2009;69:
421e8.
Rylance J, Fullerton DG, Scriven J,
et al. Household air pollution causes
dose-dependent inﬂammation and
altered phagocytosis in human macrophages. Am J Respir Cell Mol Biol
2015;52:584e93.
Fujii T, Hayashi S, Hogg JC, et al.
Interaction of alveolar macrophages
and airway epithelial cells following
exposure to particulate matter produces mediators that stimulate the bone
marrow. Am J Respir Cell Mol Biol
2002;27:34e41.

Lee et al.
Immunomodulatory Effects of Household Air Pollution

16. van Eeden SF, Tan WC, Suwa T,
et al. Cytokines involved in the systemic inﬂammatory response induced
by exposure to particulate matter air
pollutants (PM(10)). Am J Respir
Crit Care Med 2001;164:826e30.
17. Sibille Y, Reynolds HY. Macrophages
and polymorphonuclear neutrophils in
lung defense and injury. Am Rev
Respir Dis 1990;141:471e501.
18. Kulkarni N, Pierse N, Rushton L,
Grigg J. Carbon in airway macrophages and lung function in children.
N Engl J Med 2006;355:21e30.
19. Hogg JC, van Eeden S. Pulmonary
and systemic response to atmospheric
pollution. Respirology (Carlton, Vic)
2009;14:336e46.
20. Mukae H, Hogg JC, English D,
Vincent R, van Eeden SF. Phagocytosis of particulate air pollutants by
human alveolar macrophages stimulates the bone marrow. Am J Physiol
Lung Cell Mol Physiol 2000;279:
L924e31.
21. Lalonde C, Picard L, Campbell C,
Demling R. Lung and systemic oxidant and antioxidant activity after
graded smoke exposure in the rat.
Circ Shock 1994;42:7e13.
22. Dubick MA, Carden SC, Jordan BS,
Langlinais PC, Mozingo DW. Indices of antioxidant status in rats subjected to wood smoke inhalation
and/or thermal injury. Toxicology
2002;176:145e57.
23. Demling RH, LaLonde C. Moderate
smoke inhalation produces decreased
oxygen delivery, increased oxygen
demands, and systemic but not lung
parenchymal lipid peroxidation. Surgery 1990;108:544e52.
24. Demling R, Lalonde C, Picard L,
Blanchard J. Changes in lung and systemic oxidant and antioxidant activity
after smoke inhalation. Shock
(Augusta, Ga) 1994;1:101e7.
25. Koike E, Hirano S, Furuyama A,
Kobayashi T. cDNA microarray analysis of rat alveolar epithelial cells following exposure to organic extract of
diesel exhaust particles. Toxicol Appl
Pharmacol 2004;201:178e85.
26. Imrich A, Ning Y, Lawrence J, et al.
Alveolar
macrophage
cytokine
response to air pollution particles: oxidant mechanisms. Toxicol Appl Pharmacol 2007;218:256e64.
27. van Eeden SF, Hogg JC. Systemic
inﬂammatory response induced by
particulate matter air pollution: the
importance of bone-marrow stimulation. J Toxicol Environ Health A
2002;65:1597e613.
28. Park EJ, Roh J, Kim Y, Park K,
Kim DS, Yu SD. PM 2.5 collected
in a residential area induced Th1type inﬂammatory responses with oxidative stress in mice. Environ Res
2011;111:348e55.

29. He M, Ichinose T, Yoshida S, et al.
Urban particulate matter in Beijing,
China, enhances allergen-induced
murine lung eosinophilia. Inhal Toxicol 2010;22:709e18.
30. Yoshizaki K, Brito JM, Toledo AC,
et al. Subchronic effects of nasally
instilled diesel exhaust particulates on
the nasal and airway epithelia in
mice. Inhal Toxicol 2010;22:610e7.
31. Hiura TS, Kaszubowski MP, Li N,
Nel AE. Chemicals in diesel exhaust
particles generate reactive oxygen radicals and induce apoptosis in macrophages. J Immunol (Baltimore, MD:
1950) 1999;163:5582e91.
32. Inoue
H,
Shimada
A,
Kaewamatawong T, et al. Ultrastructural changes of the air-blood barrier
in mice after intratracheal instillation
of lipopolysaccharide and ultraﬁne
carbon black particles. Exp Toxicol
Pathol 2009;61:51e8.
33. Bovallius A, Bucht B, Roffey R,
Anas P. Three-year investigation
of the natural airborne bacterial
ﬂora at four localities in sweden.
Appl Environ Microbiol 1978;35:
847e52.
34. Soukup JM, Becker S. Human alveolar macrophage responses to air pollution particulates are associated with
insoluble components of coarse material, including particulate endotoxin.
Toxicol Appl Pharmacol 2001;171:
20e6.
35. Becker S, Fenton MJ, Soukup JM.
Involvement of microbial components
and toll-like receptors 2 and 4 in cytokine responses to air pollution particles. Am J Respir Cell Mol Biol
2002;27:611e8.
36. Becker S, Dailey L, Soukup JM,
Silbajoris R, Devlin RB. TLR-2 is
involved in airway epithelial cell
response to air pollution particles.
Toxicol Appl Pharmacol 2005;203:
45e52.
37. Alexis NE, Lay JC, Zeman K, et al.
Biological material on inhaled coarse
fraction particulate matter activates
airway phagocytes in vivo in healthy
volunteers. J Allergy Clin Immunol
2006;117:1396e403.
38. Jakab GJ. Relationship between carbon
black particulate-bound formaldehyde,
pulmonary antibacterial defenses, and
alveolar macrophage phagocytosis.
Inhal Toxicol 1992;4:325e42.
39. Zelikoff JT, Nadziejko C, Fang K,
Gordon T, Premdass C, Coher MD.
Short-term, low-dose inhalation of
ambient particulate matter exacerbates
ongoing pneumococcal infections in
Streptococcus
pneumoniae-infected
rats. Presented at Third Colloq Particulate Air Pollution and Human Health 894-8-104 1999.
40. Zelikoff JT, Schermerhorn KR,
Fang K, Cohen MD, Schlesinger RB.

373

374

Annals of Global Health, VOL. 81, NO. 3, 2015
M a y eJ u n e 2 0 1 5 : 3 6 8 – 3 7 4

Lee et al.
Immunomodulatory Effects of Household Air Pollution

41.
42.

43.

44.
45.

46.

47.

48.

A role for associated transition metals
in the immunotoxicity of inhaled ambient particulate matter. Environ Health
Perspect 2002;110(Suppl 5):871e5.
Greve JM, Davis G, Meyer AM, et al.
The major human rhinovirus receptor
is ICAM-1. Cell 1989;56:839e47.
Cundell DR, Gerard NP, Gerard C,
Idanpaan-Heikkila I, Tuomanen EI.
Streptococcus pneumoniae anchor to
activated human cells by the receptor
for platelet-activating factor. Nature
1995;377:435e8.
Ishizuka S, Yamaya M, Suzuki T, et al.
Acid exposure stimulates the adherence
of Streptococcus pneumoniae to cultured human airway epithelial cells:
effects on platelet-activating factor
receptor expression. Am J Respir Cell
Mol Biol 2001;24:459e68.
Miller RA, Britigan BE. Role of oxidants in microbial pathophysiology.
Clin Microbiol Rev 1997;10:1e18.
Roebuck
KA,
Rahman
A,
Lakshminarayanan V, Janakidevi K,
Malik AB. H2O2 and tumor necrosis
factor-alpha activate intercellular
adhesion molecule 1 (ICAM-1) gene
transcription through distinct cisregulatory elements within the
ICAM-1 promoter. J Biol Chem
1995;270:18966e74.
Mushtaq N, Ezzati M, Hall L,
Dickson I, et al. Adhesion of
Streptococcus
pneumoniae
to
human airway epithelial cells
exposed to urban particulate matter.
J Allergy Clin Immunol 2011;127:
1236e1242.e2.
Fullerton DG, Jere K, Jambo K, et al.
Domestic smoke exposure is associated with alveolar macrophage particulate load. Trop Med Int Health
2009;14:349e54.
Kulkarni NS, Prudon B, Panditi SL,
Abebe Y, Grigg J. Carbon loading
of alveolar macrophages in adults and

49.

50.

51.

52.

53.

54.

55.

56.

children exposed to biomass smoke
particles.
Sci
Total
Environ
2005;345:23e30.
Hu G, Zhou Y, Hong W, et al.
Development and systematic oxidative
stress of a rat model of chronic bronchitis and emphysema induced by biomass smoke. Exp Lung Res 2013;39:
229e40.
Kurmi OP, Dunster C, Ayres JG,
Kelly FJ. Oxidative potential of smoke
from burning wood and mixed biomass fuels. Free Radic Res 2013;47:
829e35.
Mudway
IS,
Duggan
ST,
Venkataraman C, et al. Combustion
of dried animal dung as biofuel results
in the generation of highly redox
active ﬁne particulates. Part Fibre
Toxicol 2005;2:6.
Padhy PK, Padhi BK. Effects of biomass combustion smoke on hematological and antioxidant proﬁle among
children (8-13 years) in India. Inhal
Toxicol 2009;21:705e11.
Ceylan E, Kocyigit A, Gencer M,
Aksoy N, Selek S. Increased DNA
damage in patients with chronic
obstructive pulmonary disease who
had once smoked or been exposed to
biomass. Respir Med 2006;100:
1270e6.
Isik B, Isik RS, Akyildiz L, Topcu F.
Does biomass exposure affect serum
MDA levels in women? Inhal Toxicol
2005;17:695e7.
Montano M, Cisneros J, RamirezVenegas A, et al. Malondialdehyde
and superoxide dismutase correlate
with FEV(1) in patients with COPD
associated with wood smoke exposure
and tobacco smoking. Inhal Toxicol
2010;22:868e74.
Guzman-Grenfell
A,
NietoVelazquez N, Torres-Ramos Y,
et al. Increased platelet and erythrocyte arginase activity in chronic

57.

58.

59.

60.

61.

62.

63.

obstructive pulmonary disease associated with tobacco or wood smoke
exposure. J Investig Med 2011;59:
587e92.
Oluwole O, Arinola GO, Ana GR,
et al. Relationship between household
air pollution from biomass smoke
exposure, and pulmonary dysfunction,
oxidant-antioxidant imbalance and
systemic inﬂammation in rural women
and children in Nigeria. Glob J Health
Sci 2013;5:28e38.
Lal K, Mani U, Pandey R, et al. Multiple approaches to evaluate the toxicity of the biomass fuel cow dung
(kanda) smoke. Ecotoxicol Environ
Saf 2011;74:2126e32.
Mehra
D,
Geraghty
PM,
Hardigan
AA,
Foronjy
R.
A comparison of the inﬂammatory
and proteolytic effects of dung biomass and cigarette smoke exposure
in the lung. PLoS One 2012;7:
e52889.
Sussan TE, Ingole V, Kim JH, et al.
Source of biomass cooking fuel determines pulmonary response to household air pollution. Am J Respir Cell
Mol Biol 2014;50:538e48.
Guarnieri MJ, Diaz JV, Basu C, et al.
Effects of woodsmoke exposure on
airway inﬂammation in rural Guatemalan women. PLoS One 2014;9:
e88455.
Dutta
A,
Roychoudhury
S,
Chowdhury S, Ray MR. Changes in
sputum cytology, airway inﬂammation
and oxidative stress due to chronic
inhalation of biomass smoke during
cooking in premenopausal rural Indian
women. Int J Hyg Environ Health
2013;216:301e8.
Naeher
LPSKR,
Brauer
M,
Chowdhury Z, et al. Critical Review
of the Health Effects of Woodsmoke.
Ottawa, Canada: Air Health Effects
Division; 2005.

